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In clinical practice, hypoglycaemia is the commonest side effect of the treatment of diabetes
mellitus. If uncorrected it leads to the development of characteristic warning symptoms and
impairment of higher cerebral function. For patients with diabetes such events can have major,
negative impacts on both the quality of life and diabetes control. Caffeine has been shown to
augment the perception of and physiological responses to hypoglycaemia in both healthy
volunteers and patients with type 1 diabetes. However, these studies were laboratory based and
involved caffeine abstinence for 72 hours prior to testing.

The five studies that constitute this thesis investigated both the impact of caffeine consumption
on hypoglycaemic events in free-living patients, as well as the effects of tolerance to the
aforementioned responses to hypoglycaemia. In addition the relationship between caffeine and
hypoglycaemia was further elucidated by studying the electrophysiological effects during
controlled hypoglycaemia and the recovery period.

Clinically, caffeine increased the number of symptomatic hypoglycaemic events in free-living
patients. This enabled them to take action against hypoglycaemia. This change was not at the
expense of increased severe hypoglycaemic events, although the number of such events was
small. Pressor responses were preserved in females only but middle cerebral artery blood
velocity (Vuca) was most affected in males.

Complete tolerance was not demonstrated in 3 laboratory studies. Following overnight
abstention only from caffeine, all responses to hypoglycaemia (2.5 mmol/, induced by a
hyperinsulinaemic glucose clamp technique) were augmented after a caffeine challenge
compared to placebo. However, due to caffeine’s long half-life, these effects continued into the
recovery period, as the ‘normal’ responses to a period of hypoglycaemia were affected, namely
no rise in Vyca above baseline, increased time for symptom recovery and restoration of
endocrine milieu; in addition possibly slower recovery of cerebral function as measured by
P100 visual evoked potentials.

In two further studies, the response to 200mg caffeine challenge during euglycaemia or
hypoglycaemia ( induced by glucose clamp technique), with subjects either caffeine-replete or
caffeine-naive, tolerance was either not demonstrated (general cognition, symptoms, mood) or
partial (Vyca, blood pressure). Caffeine consumption was associated with negative aspects of
mood during the euglycaemia study (which could relate to short term caffeine deprivation) and
worsening verbal-logical test results during the hypoglycaemia study.

The final study illustrated that caffeine-withdrawal should not be underestimated. Even a small
dose of caffeine (that in 2 cans DIET COKE) ameliorated the symptoms of caffeine withdrawal,
with positive effects on mood. In addition Vyca decreased and blood pressure rose following
the reintroduction of caffeine.

Thus caffeine alters the responses to hypoglycaemia in both clinical and laboratory studies.
Whilst it can negatively affect the recovery period, the ability for it to improve hypoglycaemia
awareness proves its potential to be of benefit to patients with type 1 diabetes. Further work is
required to investigate its role in the treatment of hypoglycaemia unawareness.



The prevention or rapid correction of hypoglycaemia is critical to survival of the brain

and thus the individual.  Philip Cryer
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Section I HYPOGLYCAEMIA



1. General Introduction and Objectives

Since Banting and Best developed the insulin extraction process, treating their first
patient with type I diabetes mellitus successfully in 1922, the management of this
condition has seen many changes. Fundamentally diabetes mellitus would be an easy
disease to treat if it were not for the problem of hypoglycaemia. Doctors often
underestimate the frequency of hypoglycaemia as well as the anxiety and disruption it
causes to patients and their relatives. From the patients’ point of view, the
consequences can range from mild inconvenience to a phobic avoidance of low blood
glucose (Cox D. et al 1987). A consequence of this is prevention of a patient striving
for good diabetic control (Surwit R. et al 1982). Even before the publication of the
Diabetes Control and Complications Trial (DCCT 1993), Siperstein had concluded that
‘physicians must weigh the possible beneficial effects of aggressive insulin therapy

against the known harmful effects of hypoglycaemia’ (Siperstein M. et al 1977).

‘Hypoglycaemia is a biochemical term and the value that defines it depends on the
nature of the sample” (Marks V. 1986). In clinical practice, hypoglycaemia are usually
defined as the blood glucose level at which detectable physiological changes occur,
which if uncorrected leads to the development of characteristic warning symptoms and
impairment of higher cerebral function. Caffeine has been shown to augment the
perception of and physiological responses to hypoglycaemia in both healthy volunteers

and people with type I diabetes mellitus (Kerr D. et al 1993; Debrah K. et al 1996).

In the following three sections, the current literature of hypoglycaemia (the problem in
general), caffeine and the relationship between the two are reviewed. The aims of this
thesis include firstly to examine in greater detail the physiological effects of
hypoglycaemia and caffeine, including the influence of caffeine once euglycaemia has
been restored. Second, the questions of caffeine tolerance and withdrawal effects to
these phenomena are explored in healthy individuals within the laboratory. Finally the
influence of caffeine on the recognition and response to hypoglycaemia in free-living
patients with type I diabetes mellitus is investigated. It is my overall aim to

demonstrate whether caffeine has a potential role in the treatment for hypoglycaemia
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unawareness, a condition with wide implications on employment, the ability to drive
and quality of life for patients treated with insulin.

2. Frequency of Hypoglycaemia

When studying the frequency of hypoglycaemia, it is useful to divide the spectrum of
iatrogenic hypoglycaemia into three categories:

1) Asymptomatic / Biochemical hypoglycaemia

i1) Mild- Moderate hypoglycaemia

iii) Severe Hypoglycaemia

This last category has a consensus definition which is hypoglycaemia sufficiently
disabling to require the assistance of a third party (DCCT 1993). This definition is used
throughout this thesis.

The true frequency of asymptomatic hypoglycaemia in type 1 diabetes is not known but
almost certainly occurs in all such patients. Whilst accurate data on this matter is
limited Thorsteinsson et al demonstrated that patients treated to a daytime blood
glucose median of 5.0mmol/l, had 10% of serial blood glucose measurements of less
than 3.0mmol/l. (Thorsteinsson B. et al 1986). Night time hypoglycaemia is a
particular problem. During this time it is usual to go without food and the body 1s most
sensitive to insulin. It has been calculated that if the blood glucose upon retiring is less
than 6.0mmol/l, the likelihood of nocturnal hypoglycaemia is 80% in the patients
studied and of the nocturnal hypoglycaemic episodes detected most are asymptomatic

(Pramming S. et al 1985).

Symptomatic episodes of hypoglycaemia are also common and are divided into mild,
moderate and severe as above. In real life the first two categories are often considered
together, with the third having major effects on the individual patient’s life. In a study
of 411 patients with type 1 diabetes (75% using twice daily injections of insulin) there
was an average of 1.8 episodes of mild - moderate hypoglycaemia per week (Pramming
S. et al 1991). Similar rates were seen in the DCCT with rates of 1 or 2 episodes per
week in the conventional and intensive groups respectively (DCCT 1993). Thus the
average patient is likely to suffer thousands of episodes of symptomatic hypoglycaemia

over a lifetime with type I diabetes.
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A total of 1441 patients were followed over an average period of 6.5 years in the
DCCT. 35% of those in the conventional therapy group (n = 730) and 65% in the
intensive group (n = 711) suffered episodes of severe hypoglycaemia (DCCT 1995).
19% and 38% respectively suffered severe hypoglycaemia with coma or seizures. The
event rates for severe hypoglycaemia have been calculated as 19 and 61 episodes per
100 patient years for the conventional and intensive groups respectively. Thus in
attempting to control blood glucose close to the normal range, the rate of severe

hypoglycaemia is more than trebled.

Whilst the DCCT is taken as the gold standard for modern diabetes care, it probably
provides minimum estimates of the frequency of iatrogenic hypoglycaemia. This is
firstly because the patients were recruited carefully and arguably represented the most
motivated and physically well patients. Secondly patients who had previously
experienced severe hypoglycaemia were excluded from the full trial but this is a strong
predictor of further episodes of hypoglycaemia (DCCT 1997). Thirdly the DCCT
patients were supported to a degree by healthcare professionals which is in excess of
that available to non-trial patients. Therefore the approximate further doubling of rates
for severe hypoglycaemia reported in other studies may be more representative (Cryer
P. 1994; Reichard P. et al 1991). Lower rates of severe hypoglycaemia have been
recorded (Bott S. et al 1997) but severe hypoglycaemia here was defined as requiring

glucagon or intravenous glucose for recovery.

Pampanelli et al (Pampanelli S. et al 1996) reported one episode of severe
hypoglycaemia per 100 patient-years in newly diagnosed type 1 diabetic patients
started immediately on intensive insulin therapy and followed for 13 years. These data
should be interpreted with caution not only because all patients were on the same drug
regimen and able to contact a physician 24 hours a day but also because of the shorter
duration of diabetes in these patients. Although they were followed up over a 13 year
period, the duration of diabetes was still comparatively short, during this time there
would also be a relatively low frequency of defective glucose counterregulation as well
as the initial ‘honeymoon’ phase. In addition the reported rate of severe hypoglycaemia

was estimated retrospectively and thus incurred the problems of limited ascertainment
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due to poor recall of events. This is in contrast to the Stockholm trial where such

incidents were ascertained prospectively (Reichard P.et al 1991).

3. Morbidity and Mortality associated with Hypoglycaemia

latrogenic  hypoglycaemia causes significant morbidity, both physical and
psychological, as well as mortality. Physical morbidity from an episode of
hypoglycaemia ranges from unpleasant symptoms and cognitive impairment to
profound neurological symptoms including seizures and coma. Whilst complete
recovery can usually be anticipated from an acute hypoglycaemic event, permanent
damage may also occur from chronic hypoglycaemia, e.g. cortical blindness and stroke
(Gold A. et al 1996). There is a relationship between the severity and duration of
hypoglycaemia and the damage inflicted. Plasma glucose levels less than 1.1mmol/l for
5 hours were required to consistently produce neurological damage in monkeys (Kahn

K. etal 1971).

The incidence of permanent neurophysiological damage was not increased in the
mtensive therapy group in the DCCT (DCCT 1996a). Whilst there were no differences
in psychiatric status between the 2 treatment groups, there was a relationship between
the frequency of hypoglycaemia episodes with seizure or coma and psychiatric
symptoms including depression, interpersonnal sensitivity and paranoid ideation
(Diabetes 1996b). In addition a significant proportion of diabetic patients who have
experienced severe recurrent hypoglycaemia develop permanent EEG abnormalities
(Gold A. et al 1993). With regard to permanent cognitive impairment due to recurrent

hypoglycaemia the relationship remains ‘not proven’ (Deary L. et al 1996).

The cardiovascular and cerebrovascular circulations are also affected by
hypoglycaemia and it may be associated with myocardial ischaemia and stroke disease,
although much of the evidence is anecdotal. The profound stimulus to the
sympathoadrenal system may result in morbidity because of the concurrent
haemodynamic changes (Hilsted J. 1993). There are case reports of hypoglycaemia-
induced myocardial ischaemia or infarction (Gilbert R. et al 1946), as well as multiple

cerebral effects including hemiplegia (Lala V. et al 1989).
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Hypoglycaemia can provoke cardiac arrhythmias by several mechanisms:
e increased sympathetic drive

e increased plasma adrenaline

e hypokalaemia

e sympathovagal imbalance

The psychological morbidity of iatrogenic hypoglycaemia includes fear of such an
episode, increased anxiety and lower levels of overall happiness (Pramming S.et al
1991; Jacobson A. 1996; DCCT 1996b; Gold A. et al 1997). Fear of hypoglycaemia can

be an impediment to glycaemic control and future health.

The true hypoglycaemic mortality rate in type 1 diabetes mellitus is unknown. This is
because a post mortem diagnosis cannot be made with certainty. Following death the
glucose concentration rises in the central veins because of hepatic glycogenolysis and
falls peripherally with post mortem glucose uptake (Gale E. 1980). The British
Diabetic Association Cohort Study looked at all cause mortality in patients with type 1
diabetes mellitus incident at a young age. In a cohort of 23752 patients, there were 949
deaths in the follow up period (maximum 25 years). Of these 18% and 6% of all deaths
were attributed to hypoglycaemia in males and females respectively (Laing S. et al
1999). The relationship of hypoglycaemia, if any, to the deaths of patients who appear
well upon retiring but are found ‘dead in bed’ is unknown (Tattersall R. et al 1991).
During the DCCT, there were few deaths, with one death in each group possibly
attributable to hypoglycaemia. The relative risk of death was not increased in the

intensively treated group compared to the conventional treatment group (DCCT 1995).

4. Risk Factors for Hypoglycaemia Development

Current insulin replacement regimens remain imperfect and thus situations will arise
where there is a surplus of insulin, leading to hypoglycaemia. Whilst there may be an
excess of administered insulin, an ill-timed dose or wrong type of insulin administered,
this alone is not the whole problem. Complex inter-relationships between amount, type
and timing of food consumption combined with endogenous glucose production and

utilisation (insulin and non-insulin dependent) and also varying insulin sensitivity exist.
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The DCCT demonstrated that HbAlc levels accounted statistically for only 60% of the
increased risk of severe hypoglycaemia in the intensively treated group (DCCT 1997).
Other studies have identified additional features which may be involved:

1) previous severe hypoglycaemic episodes (DCCT 1997; Bott S.et al 1997)

ii) long duration of type 1 diabetes (more than 6 years) (DCCT 1997; Cox D.et al 1994)
ii1) absolute insulin deficiency (Bott S.et al 1997, DCCT 1997)

iv) sleep (DCCT 1997, Pramming S. et al 1985, 1990)

v) impaired hypoglycaemia awareness (Gold A. et al 1994)

vi) alcohol (Kerr D. et al 1990)

vii) activity at the time of hypoglycaemia

viii) special groups - adolescents (DCCT 1997) - pregnancy (Rosen B. et al 1995).

However, the identification of these risk factors is relatively unhelpful in prediction of
future severe hypoglycaemic events. In fact only 7% of future episodes can be
predicted using these factors alone (DCCT 1997). Gold et al improved this to 18%,
using a structural equation model which considers history of severe hypoglycaemia,

hypoglycaemia awareness and an autonomic score (Gold A.et al 1997).

Cox et al developed a low blood glucose index (LBGI), to more accurately predict
those at risk from future severe hypoglycaemia (Cox D. et al 1994). This was
established by relating the blood glucose monitoring results from 78 patients with type
1 diabetes over a 2 - 3 week period, with episodes of severe hypoglycaemia. Those
subjects who recorded more variable and lower blood glucose recordings suffered more
frequently from severe hypoglycaemia. From these results the authors produced the
LBGI and further identified that by including LBGI and the standard deviation of blood
glucose readings for the subjects in their cohort in a regression model then 43.5% of
the variance in severe hypoglycaemia episodes could be accounted for. Subsequently
the LBGI has been shown to provide an accurate assessment of risk in the clinical

situation as well (Kovatchev B. et al 1998).
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5. Recognition of Hypoglycaemia

In the non-diabetic population, hypoglycaemia is a much rarer event as blood glucose is
tightly controlled by multiple homeostatic mechanisms. The pharmacodynamics and
pharmacokinetics of insulin mean that glucose recovery from insulin-induced
hypoglycaemia involves other factors capable of overcoming the glucose-lowering
effects of insulin. This is illustrated by an intravenous injection of 0.1U/ Kg insulin
causing a fall in blood glucose within minutes, reaching a nadir between 20 and 30
minutes. Blood glucose then rises over the next 2 hours, despite the concentration of
insulin being at least tenfold greater than baseline insulin concentrations (Garber A. et

al 1976).

The body needs to identify that blood glucose has fallen below an acceptable level and
co-ordinate protective responses. Although more than one system exists, the evidence
to date has identified that this is mainly within the central nervous system (Biggers D.
et al 1989). A bilateral infusion of glucose into both carotid and vertebral arteries was
designed to maintain cerebral euglycaemia whilst simultaneously inducing systemic
hypoglycaemia. In this (canine) experiment the usual endocrine responses to
hypoglycaemia were abolished (Biggers D.et al 1989). However this and similar work
(Frizzel R. et al 1993) illustrated the importance of the brain in the response to

hypoglycaemia but did not localise specifically the ‘glucosensor’.

In a series of experiments, W. and M. Borg et al have subsequently shown that the
ventromedial hypothalamus (VMH), which does not have a blood brain barrier, is a
dominant but not exclusive centre within the CNS for sensing glucopenia. In rats, focal
lesions of VMH abolishes the glucagon and catecholamine responses to systemic
hypoglycaemia (Borg W. et al 1994), as does selective prevention of glucopenia in the
VMH by glucose perfusion via stereotactically placed microdialysis probes (Borg M. et
al 1997). Conversely if localised glucopenia with the infusion of 2-deoxy-glucose is
established around VMH, there is a prompt increase in the counterregulatory hormones
in the absence of systemic hypoglycaemia (Borg W. et al 1995). More recently this
group have demonstrated that in diabetic BB rats (a close model for human type 1

diabetes), the capacity of VMH glucopenia to activate the sympathoadrenal system for
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catecholamine production is only modestly decreased but that the communication
between VMH and the a-cell for glucagon production is completely interrupted (Borg
M. et al 1999). In this same study chronic hypoglycaemia in nondiabetic rats suppresses

the ability of VMH to recognise glucopenia or activate hormonal counterregulation.

Further evidence that VMH has the ability to detect glucose concentration includes the
identification of glucokinase and GLUT-2 gene-expression within (Jetton T. et al
1997). Hypothalamic neurons also contain ATP-sensitive channels which are important
in signal transduction (Zini S. et al 1991). However the cellular mechanisms used by
VMH to transduce the glucose signal are unknown but the evidence to date suggests
that cells within VMH are intrinsically involved. It is possible that VMH may share
common mechanism with the pancreatic $-cell. During et al showed that manipulation
of glucose in the substantia nigra, where most ATP channels are (Zini et al 1991), by
perfusion with 10mmol/l glucose via microdialysis probes in rats’ brains increased
GABA release twofold. Perfusion with the specific channel activator lemalkalim or 2-

deoxy-glucose with oligomycin inhibited GABA release (During M. et al 1995).

Finally the existence of hepatic autoregulation means that peripheral control must also
exist. A study rendering dogs hypoglycaemic (2.6 mmol/l) in the hepatic-portal
circulation but systemically (cerebrally) euglycaemic have provided evidence of
hepatic glucose sensors playing an important role in the sympathoadrenal response to
hypoglycaemia (Hamilton-Wessler M. et al 1994). Bolli et al demonstrated a similar
outcome, studying the effect of a blood glucose level of 1.7mmol/l on glucose

production (Bolli G. et al 1985).

6. Physiological Responses to Hypoglycaemia

A. Endocrine Responses

The endocrine responses to hypoglycaemia are counterregulatory as they oppose the
action of insulin. The most important are glucagon, catecholamines, growth hormone
and cortisol, combined with the decrease in insulin secretion. Of these glucagon and
catecholamines are important in rapid glucose recovery with the others’ effects

occurring several hours later (De Feo P. et al 1989a and 1989b). Initial stimuli to their
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individual secretion will be considered first and then the integrated endocrine

physiological response, including glycaemic thresholds.

Individual Hormonal Responses

@

@

Insulin’s primary mechanism for secretion control is plasma glucose; the two are
inversely related. Changes are sensed by 3-cells of the pancreatic islets, which also
synthesise and store insulin. Other signals are also involved, for example

catecholamines inhibit secretion of insulin,

Glucagon secretion is inversely proportional to circulating glucose concentration
and is also controlled by neurotransmitters (noradrenaline, acetylcholine and
peptides) (Cryer P. 1996). The mechanisms of the glucagon secretory response
include both intraislet and CNS-mediated stimuli to the a-cells. The former appears
to be of greater importance in humans (Cryer P. 1996) and the latter in dogs (Havel
P. et al 1994) and monkeys (Havel P. et al 1996). These species differences may in
fact relate to technical issues involving more profound hypoglycaemia in animals as

well as more complete autonomic blockade during the experiments.

Catecholamines - it has long been recognised that hypoglycaemia stimulates
production of adrenaline and noradrenaline (Goldfien A. et al 1961). Subsequently it
was demonstrated that adrenaline levels rose inversely proportional to blood
glucose, with a sixfold increase during mild hypoglycaemia (Garber A.et al 1976) in
healthy humans. Although hypoglycaemia activates the entire autonomic system, its
main effect is on adrenaline production via the adrenal medulla. This effect is
mediated through the CNS, as discussed above but is interrupted in individuals in
whom the efferent limb has been interrupted by spinal cord transection (Palmer J. et
al 1976). Adrenal production of noradrenaline may rise from 2-8% at rest to 45%
during stress in animals (Goldstein D. et al 1983). It is known that hypoglycaemia
stimulates the sympathetic neurons as well as the adrenal medulla but to what extent
in humans the two processes are contributory to the increase in noradrenaline during

hypoglycaemia has yet to be established (Paramore D. et al 1999)
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e Cortisol and Growth Hormone secretion increases during hypoglycaemia due to
increased production of corticotrophin releasing hormone (adrenocorticotrophic
hormone) and growth hormone releasing hormone respectively. Production of these
hormones is stimulated by o-adrenoceptors and a variety of neurotransmitters

including GABA.

The Intesrated Endocrine Physiological Response

Cryer summarised the effects of selective pharmacological and surgical deficiencies in
secretion and actions of these counterregulatory hormones on brief hypoglycaemia
(Cryer P. 1981). Somatostain infusion was used to block glucagon and growth
hormone secretion, this impaired glucose recovery by approximately 40%. Glucagon’s
importance was then demonstrated by correction of the deficit when glucagon was
infused simultaneously with the somatostatin infusion but not with growth hormone
infusion. Combined «- and - adrenoceptor blockade or adrenalectomy illustrated the
relative importance of catecholamines, in that there was little effect on the recovery
from brief hypoglycaemia under these conditions. This was probably due to the
overriding importance of glucagon. However with combined glucagon and
catecholamine deficiency glucose recovery did not occur over a sixty minute period.
Now it is well established that glucagon is the most potent counterregulatory hormone
with catecholamines in second position. Therefore if glucagon and catecholamines are
deficient, as in type 1 diabetes with hypoglycaemia unawareness, counterregulation is

severely compromised (Cryer P. 1981).

Whereas recovery from brief hypoglycaemia is largely the result of stimulation of
glucose production, that from prolonged hypoglycaemia involves both stimulation of
glucose production and limitation of glucose utilisation. Bolli et al were the first to
suggest that whilst all the aforementioned hormones participated in glucose
counterregulation, during prolonged hypoglycaemia adrenaline may play a greater role
(Bolli G. et al 1984). De Feo et al showed that during prolonged hypoglycaemia (12
hours at 2.8mmol/l blood glucose) glucagon was of fundamental importance increasing
glucose production but had no effect on glucose utilisation (De Feo P. et al 1991a).

Isolated absence of an increase in adrenergic action reduced the glucose production
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response early and increased glucose utilisation later (De Feo P. et al 1991b). Both
cortisol and growth hormone deficiencies had no effects initially but later caused
reduced rates of glucose production and increased rates of utilisation (De Feo P.et al
198%9a, 1989b). Boyle and Cryer have demonstrated that in hypopituitary patients
cortisol and growth hormone were not critical to recovery from prolonged

hypoglycaemia (Boyle P. et al 1991).

In early hypoglycaemia glycogenolysis accounts for about 85% of glucose production
but gluconeogenesis increases progressively between 2 and 6 hours, accounting for
about 85% thereafter (Lecavalier L. et al 1989). Glucagon stimulates glycogenolysis
and gluconeogenesis but does not affect glucose utilisation. Adrenaline also increases
hepatic glycogenolysis and it mobilises gluconeogenic precursors such as alanine,
lactate and glycerol to the liver (Chu C. et al 1996). Adrenaline also limits glucose
utilisation by tissues such as skeletal muscle during hypoglycaemia and glycogen
deposition is reduced (Cohen N. et al 1995). Cohen suggests that the majority of
glucose made available to the brain during hypoglycaemic counterregulation is due to
limitation of glucose disposal. There is evidence to suggest that adrenaline stimulated
lipolysis mediates the effects on hepatic glucose production and muscle glucose
utilisation. For example the effect of adrenergic antagonists in reducing glucose
production and limiting glucose utilisation which is associated with lower nonesterified
fatty acids was partially reversed by infusion of heparin and triglycerides (Fanelli C. et

al 1992).

Glyeaemic Thresholds

It is the plasma glucose concentration itself during hypoglycaemia, rather than the rate
of decline or the magnitude of decrease that determines the counterregulatory response
(Amiel S. et al 1987). Several groups, from different institutions, have shown that the
cascade of responses to hypoglycaemia are triggered at specific glucose levels
(Schwarz N. et al 1987; Mitrakou A. et al 1991; Fanelli C. et al 1994a). Their results

are consistent, as illustrated in table [.1.
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Table I.1 Mean arterialised venous glycaemic thresholds for decrements in insulin
secretion, increments in counterregulatory hormones, symptom

generation and cognitive dysfunction during stepped hypoglycaemia in

normal volunteers.

Schwarz et al 1987 Mitrakowu et al, 1991 Famelli et al, 1994a
Insulin not measured not measured 4.4
Glucagon 3.8 3.8 3.7
Adrenaline 38 3.8 3.7
Growth Hormone 3.7 37 3.7
Cortisol 32 not measured 36
Symptoms 2.9 3.1
Neurogenic not measured 32 3.0
Neuroglycopenic not measured 2.8 32
Cognitive
Dysfunction not measured 2.7 2.4

Thus the characteristic sequence of events is:

(1) Decreased insulin secretion- this occurs within the physiological plasma glucose
range

(i1) Increased counterregulatory hormones

(iii) Symptoms

(1iv) Cognitive dysfunction.
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These thresholds are however dynamic, changing with physiological and pathological
states. Whilst gender differences with respect to the experience of hypoglycaemia exist
(Draelos M. et al 1995), the glycaemic thresholds are not similarly affected (Fanelli
C.et al 1994a). Similar hormonal response to hypoglycaemia were seen in groups of
young (22-26 years) and older (60-70 years) male volunteers but symptoms began at a
lower blood glucose concentration in the older group, with cognitive dysfunction
worsening at a higher glucose concentration, which also deteriorated to a greater

degree (Matyka K. et al 1997).

Of more significance to diabetes mellitus and the condition’s treatment is the effects of
both hyper- and hypoglycaemia on these glycaemic thresholds. Thresholds for
counterregulatory hormones and symptom generation shift to lower glycaemic
thresholds (higher plasma glucose levels) in poorly controlled diabetes mellitus
(hyperglycaemia) (Amiel S. et al 1988; Boyle P. et al 1988) and to higher levels with
episodes of hypoglycaemia (Heller S. et al 1991; Widom B. et al 1992; Boyle P. et al
1994). This latter phenomenon is related to hypoglycaemia unawareness and is
discussed later. Controversy exists as to whether cognitive dysfunction thresholds

change, which similarly is considered in the section of hypoglycaemia unawareness.

B. Symptoms of hypoglycaemia

In practical terms hypoglycaemia is usually recognised by symptoms. Early reports of
these following the introduction of insulin were comprehensive (Fletcher A. et al 1922;
Banting F. et al 1923) and subsequently have been reproduced (Cox D. et al 1993a).
Further work has confirmed that patients learn to perceive specific physical sensations,
their responses being idiosyncratic.

The following symptoms are most consistently associated with actual low blood

glucose concentrations (Pennebaker J. et al 1981):

e hunger (53%)
o trembling (33%)
e weakness (27%)
o light-headedness (20%)

o pounding/fast heartrate  (both 17%)
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However, there is considerable inter-study variation, e.g. Cox et al showed that
difficulty concentrating was the most consistent symptom (Cox D.et al 1993a).
Ultimately the symptoms of hypoglycaemia are traceable to glucose deprivation of
neural tissue. Therefore work by several groups has established that symptoms of
hypoglycaemia can be divided into 2 major categories, namely neurogenic and
neuroglycopenic symptoms, with a minor category of malaise or other symptoms (table

1.2) (Towler D. et al 1993; Deary Let al 1993a).

Table 1.2 Symptoms of hypoglycaemia.

Deary et al\Towler et al|Deary et alTowler et all|Deary et al\Towler et dal,
1993a 1993 1993a 1993 1993a 1993
sweating sweaty confusion difficulty headache headache
thinking/
confused
palpitation heart pounding |drowsiness tired/ drowsy nausea nausea
shaking shaky/ tremulous jodd behaviour
hunger hungry speech difficulty |difficulty
speaking
tingling inco-ordination
nervous/ weak
anxious
warm

Neurogenic symptoms arise from stimulation of the autonomic nervous system and
thus may also be referred to as autonomic symptoms. Towler et al showed that
awareness of hypoglycaemia is largely dependent on the perception of these symptoms.
In taking healthy individuals and rendering them hypoglycaemic (2.5 mmol/l), it was
demonstrated comparing adrenergic and pan autonomic blockade with no blockade that
these responses were generated mainly by muscarinic cholinergic mechanisms (Towler

D.et al 1993). With respect to shaking however, this is a catecholamine dependent

symptom (Fellows 1. et al 1986). The extent to which the adrenergic symptoms are
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mediated by noradrenaline released from the sympathetic postganglionic neurones

within the target tissues, or adrenaline released from the adrenal medullae, or both is

unclear.

Neuroglycopenic symptoms result from brain glucose deprivation. They are listed in
table 1 and progress to more severe cognitive failure and behavioural changes,
eventually leading to coma and ultimately death. Whilst patients rely on the neurogenic
symptoms, this is arguably an artificial category as autonomic activation is initiated by

hypoglycaemia and maintained by neural glucose deprivation i.e. neuroglycopenia.

Malaise symptoms of headache and nausea were identified as being 2 of 11 key
hypoglycaemic symptoms in 295 insulin treated out-patients, by Deary et al (Deary Let
al 1993a). They are non- specific and not affected by any form of autonomic blockade

(Towler D.et al 1993).

C. Cognitive Function

The effects of acute hypoglycaemia on the brain are manifested by changes in cognitive
function. Whilst this was recognised soon after the introduction of insulin therapy
(Fletcher A.et al 1922), the development of the hyperinsulinaemic glucose clamp (De
Fronzo R. et al 1979) made investigation of the effects of hypoglycaemia more
controlled and reproducible. However even this is not an exact mimic of everyday life

experiences of hypoglycaemia for free-living patients with diabetes mellitus.

In a 1993 review, Deary summarised the effects of hypoglycaemia on cognitive
function tests (Deary 1. 1993b). Subsequent studies have added to this body of evidence
and table 13 describes the tests which have been demonstrably impaired during
hypoglycaemia. A consensus statement on the effects of hypoglycaemia on mental
processing is as yet not possible. This is partly because of the different experimental
protocols for inducing hypoglycaemia, as well as the heterogeneity in both the subjects

and the test batteries used to assess cognition.
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From previous work, it can also be concluded that some cognitive function tests are not
impaired. These include finger tapping, forward digit span and to a lesser extent simple
reaction time. Essentially, tests that involve speed, or are more complex (ie.

demanding more attention) are more likely to show significant impairment during

hypoglycaemia.

Heller and Macdonald have concluded that (Heller S. et al 1996):

e Many aspects of mental performance are impaired at blood glucose levels below 3.0
mmol/l.

e Important individual differences exist.

e Simple motor functions are preserved at near normal levels during quite marked
hypoglycaemia.

e In contrast to choice reaction time (where a mental decision is needed before
reacting to a stimulus)

e Speed of responding is sometimes slowed in a task in which accuracy is preserved

It can take 40- 90 minutes after restoration of euglycaemia for the brain to fully recover

(Blackman J. et al 1992; Lindgren M. et al 1996).
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Table 1.3 Cognitive function tests impaired during acute hypoglycaemia.

Trail making Hoffman et al 1989 2.7
Mitrakou et al 1991 2.4°
Gold et al 1995 2.5°
McCrimmon et al 1996 2.5°
Digit Symbol Substitution Pramming et al 1986 2.0
Stevens et al 1989 3.4°
Kerr et al 1991 2.8°
Wirsén et al 1992 1.8-2.0°
Gold et al 1995 2.5°
McCrimmon et al 1996 2.5°
Reaction Time Holmes et al 1983 33
Heller et al 1987 3.2%/2.5°
Holmes et al 1986 3.1
Mitrakou et al 1991 2.4°
Wirsén et al 1992 1.8-2.0*
Gold et al 1995 2.5°
Mental Arithmetic Holmes et al 1983 33
Gold et al 1995a 2.5°
Verbal Fluency Holmes et al 1984 33
Mitrakou et al 1991 2.4°
Wirsen et al 1992 1.8-2.0%
Kerr et al 1993b 2.0°
Stroop Test Mitrakou et al 1991 247
Boyle et al 1994 3.0°
Grooved Peg Board Kerr et al 1991 2.8%
Pursuit Rotor Hoffman et al 1989 2.7
Letter Cancellation Pramming et al 1986 2.0
Mitrakou et al 1991 2.4°
Delayed Verbal Memory Mitrakou et al 1991 2.4°
Backward Digit Span Mitrakou et al 1991 2.4*
Pramming et al 1986 2.0

Story Recall
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With respect to the variation seen on individuals during hypoglycaemia, the following
factors may increase a person’s degree of cognitive impairment during acute
hypoglycaemia:

e male sex (Draelos M.et al 1995)

e age (Matyka K.et al 1997)

e high IQ (Draelos M.et al 1995; Gold A. et al 1995a)

e impaired hypoglycaemia awareness (Gold A. et al 1995b); although this is
controversial as the cognitive threshold may actually increase in hypoglycaemia
unawareness (Fanelli C. et al 1998; Ovalle F. et al 1998)

e type 1 diabetes mellitus (Wirsén A. et al 1992)

The impairments of mental test performance are likely to have implications for
everyday life. This is illustrated by Cox et al’s study into the complex decision-making
process of driving (Cox D. et al 1993b). They demonstrated significant impairment of
driving skills during controlled hypoglycaemia (blood glucose 2.6 mmol/l), using a
sophisticated driving simulator. Subjects’ performance in steering ability, car control
and road positioning were decreased. They also drove more slowly during
hypoglycaemia, perhaps as a compensatory mechanism. Worringly, 35% of patients
were globally affected during moderate hypoglycaemia but only 50% of these

recognised the decreased ability to drive.

At a time when investigation into hypoglycaemic cognitive dysfunction was developing
Holmes raised the problem that as yet remains unsatisfactorily answered (Holmes C. et
al 1984). The problem is that for many of the psychological tests referenced in table 1.3
the processes involved are unknown. This limits their interpretation as it is not clear to
what extent they index abilities that are important in everyday cognition (Anastasi A.

1990).

An exception to this is the specific aspects of information processing, which have been
examined during acute hypoglycaemia in normal volunteers. McCrimmon et al studied
visual information processing and showed that whilst visual acuity and stereoscopic

vision were not affected by hypoglycaemia (2.5mmol/l) other aspects of vision were



(McCrimmon R. et al 1996). These included contrast sensitivity as well as three aspects
of visual information processing. In this study inspection time, visual change detection
and visual movement detection were all significantly decreased during hypoglycaemia.
These tests are psychophysical measures of the efficiency of the early stages of visual
information processing for high contrast stimuli (Phillips W. 1974). The authors
conclude that “as many decisions are made under conditions of limited perceptual time
and low vision contrast (e.g. driving), the disruptive effect of moderate insulin-induced
hypoglycaemia on visual perception will have important practical implications in
diabetic humans exposed to this metabolic stress’ (McCrimmon R.et al 1996). Similar
deterioration occurs in auditory temporal information processing (McCrimmon R. et al
1997). Simultaneously one test of simple auditory processing decreased significantly
during hypoglycaemia (single tone loudness). Due to the importance of hearing, these
changes during hypoglycaemia have important implications especially for diabetic

people employed in audio-related jobs.

D. Neurophysiological Changes

Hypoglycaemia was one of the first metabolic disturbances to be investigated by means
of electroencephalography (EEG) (Davis P. 1943). Quantitative studies have
subsequently demonstrated a change in a- waves from fast to slow, primarily in the
frontal regions (Harrad R. et al 1985; Tamburrano G. et al 1988) with increased 6 and &
wave activity (Harrad R.et al 1985). Similar findings were demonstrated in type 1
diabetic patients during hypoglycaemia (Tribl G. et al 1996). In this study differences
between patients with good or poor awareness of hypoglycaemia were only evident
during euglycaemia and mild hypoglycaemia (3.0 mmol/l). The performance
decrements described by the studies using cognition testing do not indicate which
function is being affected. For example reaction time is the result of the time used by
several cognitive processes such as selective attention and motor-related processes,
even when a simple reaction time test is used. Electrical neurophysiological
investigation provides another approach into the effects of hypoglycaemia on the brain

and cognition.



Evoked potentials (EP) represent the neuronal response to a given stimulus. Visual
evoked potentials (VEP) record the response to an external visual stimulus usually a
reversing checkerboard pattern. The first and most prominent deflection over the
occipital cortex is positive and seen at 100ms after the stimulus, thus it is called P100.

Measurements are taken by electrodes around the scalp placed in standardised

positions.

Electrophysiology studies of the early stages of visual function have reported the
effects of hypoglycaemia on visual sensation. Harrad et al found that the P100 latency
increased (mean 10.8 ms) during hypoglycaemia (mean 2.0 mmol/l) in both healthy
volunteers and type 1 diabetic patients (Harrad R.et al 1985). In a later study no
significant change was demonstrated during hypoglycaemia (2.38 mmol/l)
(Tamburrano G.et al 1988). These different findings could be explained either by the
more severe condition of hypoglycaemia in the former study (absolute nadir 1.5
mmol/l) or the fact that in this study euglycaemia was not adequately controlled for;
blood glucose prior to testing was reported as 7.1 £ 5.35 mmol/l for both the patients

and healthy subjects.

Event related potentials (ERP) which is the neuronal response to an external stimulus
when the subject is selectively attentive to that stimulus, distinguishing the target from
a group of related stimuli. An investigation which combines these two elements is the
oddball task. Here the subject is presented with a sequence of two distinguishable
audible or visual stimuli, one occurring frequently and the other, the oddball,
infrequently. The subject listens to (or watches) these, whilst counting mentally. A
response is only required on presentation of the oddball stimulus. Electrical responses
are recorded to the frequent and oddball stimuli and averaged separately. In the
auditory test the response to the former consists of a series of waves. In the audio test,
this relates to activity in the auditory pathway, which are divided into early-, mid- and
long-related responses. The early response is also called the Brain Stem Auditory
Evoked Potential (BAEP) and reflects activity in the peripheral and brain-stem auditory
structures. It is divided into components [-V. Waves [, II[, V correspond to activity in

the acoustic nerve, pons and brain stem respectively. The latencies between them
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reflect neuronal conduction. Abnormal prolongation of these relates to a disturbance of

central auditory conduction.

The electrical activity to the oddball stimulus is characterised by the N200 (negativity
at 200ms) or P300 (positivity at 300ms) waves. The N200 is thought to be related to a
cognitive process involved in automatic feature extraction of a stimulus (Naatanen R.
et al 1986). P300 is thought to be related to the cognitive process of stimulus evaluation

or context updating (Donchin E. et al 1988).

Several studies have used the oddball task (Blackman J. et al 1990; Jones T. et al 1990;
Ziegler D. et al 1992; Munte T. et al 1995). Ziegler (Ziegler D.et al 1992) observed
increases in the inter-peak latencies as well as an increase in the amplitude of waves 111
and IV of BAEP in a group of type 1 diabetic patients (blood glucose 1.7 mmol/l).
Using a stepped hyperinsulinaemic glucose clamp technique, Jones et al demonstrated
that the threshold for change in BAEP was 3.0 mmol/l in healthy volunteers (Jones T.et
al 1990). This was the same as for symptom generation but higher than that for the
counterregulatory hormone response. Interestingly in both studies central as opposed to

peripheral activity of BAEP was affected.

Blackman et al showed that both auditory and visual P300 waves to the oddball
stimulus were significantly affected at 2.6 mmol/l glucose and suggested that
hypoglycaemia was disrupting different sensory systems to the same degree (Blackman
J.et al 1990). In this and a subsequent study the investigators demonstrated that there
was a lag time of up to 75 minutes before P300 returned to baseline after the

restoration of euglycaemia (Blackman J.et al 1990; Blackman J.et al 1992).

Hypoglycaemia has sometimes been found to increase the latency of the P300 and
decreasé its amplitude, and sometimes only decrease its amplitude (Zeigler D. 1992).
These inconsistent results are difficult to interpret because of the different methods of
latency and amplitude assessment, differences in subject groups and experimental
design. Other problems are more specific and include consideration of the relationship

between change in the overall electrophysiological state of the brain and its effect on
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performance (Rugg M. et al 1995). Furthermore the N200 and P300 waves are actually
composed of a number of small deflections which are sensitive to distinct experimental
factors, the functional interpretation of which is not clear (Naatanen R.et al 1986; Rugg

M.et al 1995).

Smid et al sought to demonstrate that new developments in ERP research had made it
possible to assess the timing of two major cognitive processes in the brain: stimulus
selection and response selection. A distinguishing feature of these methods is that they
are concerned with difference potentials which have clearly defined relationships to
differential cognitive processing (Smid H. et al 1997). This group studied 24 healthy
individuals, 12 went through the -euglycaemia-hypoglycaemia (2.6 mmol/l)-
euglycaemia arm of the study, with the other 12 in the euglycaemia-euglycaemia-
euglycaemia arm. During hypoglycaemia ERP measurements of selective attention,
response choice and reaction time were all delayed compared to baseline performance.
With the restoration of blood glucose the onset of selective attention returned to
baseline, whereas the lateralised readiness potential (response selection) was still
delayed. The authors suggest that hypoglycaemia delays both stimulus selection and
motor-response selection and that the former recovers more quickly. They conclude
that hypoglycaemia affects mainly the executive processes of the frontal lobes, citing
EEG and regional blood flow evidence in support. This may be presumptive not least
because they did not study more basic aspects of vision during hypoglycaemia but also

the study was insufficiently powered as it was not a crossover study.

E. Emotions

Mood change is part of the experience of hypoglycaemia. The UWIST Mood Score

measures three basic moods (Matthews G. et al 1990):
FEnergetic arousal - feelings of being lively and active

Tense arousal - feelings of anxiety and nervous

Hedonic tone - feeling happy
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In the laboratory setting, hypoglycaemia changes all 3 aspects of mood (McCrimmon
R. et al 1999a) with people feeling less energetic, more tense and less happy. Some
people also become irritable and angry (McCrimmon R. et al 1999b). Low energy

feelings take the longest time to be restored (about 30 minutes).

In addition, altered mood may account for the symptom of ‘odd behaviour’ from the
Edinburgh hypoglycaemia symptom score (Deary Let al 1993a). Altered mood may be
a factor in the behavioural disturbances which are a primary feature of hypoglycaemia

in children (McCrimmon R. et al 1995).

F. Haemodynamic Changes

Haemodynamic changes during hypoglycaemia are in response to activation of the
sympathetic nervous system and are largely attributable to catecholamine mediated (3-
receptor stimulation. It has previously been established that hypoglycaemia in healthy
individuals causes a rise in heart rate, systolic blood pressure and a decrease in
diastolic blood pressure (French E. et al 1955; Hilstead et al 1993). Increasing vagal
tone counteracts the increase in heart rate so this rise is transient. Cardiac output is
increased by a raised stroke volume, which is augmented by direct B2 stimulation
(Fisher B. et al 1987). Peripheral resistance is reduced (Hilsted J. 1993). It is this
combination which causes the rise in systolic blood pressure and fall in diastolic, which

leads to a widening of the pulse pressure but no change in mean arterial pressure.

G. Cerebral blood flow
Whilst changes in blood flow during hypoglycaemia have been observed in multiple
tissues and organs (Patrick A. et al 1989; Maggs D. et al 1994), of particular relevance

here is the changes in cerebral blood flow (CBF).

CBF increases during hypoglycaemia (Tallroth G. et al 1992) but this phenomenon is
not seen until blood glucose has fallen to 2.2 mmol/l, a level well below the threshold
for cognitive dysfunction (Powers et al 19996). Boyle et al has demonstrated that in
both healthy individuals exposed to recurrent hypoglycaemia (2.5mmol/l) and type 1

diabetic patients with good control (average HbAlc 7.2%) normal brain glucose uptake
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is maintained during a hypoglycaemic insulin clamp (Boyle P.et al 1994; Boyle P. et al
1995). This could be due to capillary recruitment increasing CBF or an increase in the
number and activity of GLUT 1 transporters. The latter is associated with chronic
hypoglycaemia (Hargreaves R.etal 1986; Kumagai A. et al 1995). As a corollary,
increasing cerebral blood flow (and thus substrate delivery) with a bolus of
acetazolamide by 30% at the onset of acute hypoglycaemia both the counter-regulatory
hormonal responses to and perception of hypoglycaemia are attenuated (Thomas M. et
al 1997). This indicates that the brain is acutely sensitive to substrate delivery.
Furthermore a caffeine-induced decrease in CBF augments the usual hypoglycaemic
responses to hypoglycaemia in both healthy individuals and type 1 diabetic patients
(Kerr D.et al 1993a; Debrah K et al 1996).

Eckert et al demonstrated that CBF increased by more than 10% during 66 minutes of
hypoglycaemia (2.2mmol/l) and remained at this level for more than 90 minutes after
the restoration of euglycaemia (Eckert B. et al 1998). This was also in the presence of
basal concentrations of counterregulatory hormones after the hypoglycaemic stimulus.
Additional, as yet unidentified factors are involved with this vasculatory response

which are not coupled to cerebral metabolism directly.

Abnormal CBF and cerebro-vascular reactivity without experimental hypoglycaemia is
recognised in type 1 diabetic patients. Lower CBF may actually be associated with
increasing duration of disease (McCall A. 1992). Cerebro-vascular reactivity is
abnormal in some patients; for example Rodriguez et al showed that some type 1
patients respond poorly to acetazolamide induced changes in regional blood flow
(Rodriguez G. et al 1993). As a whole this evidence suggests that diabetic patients
could be more vulnerable to hypoglycaemia as the usual response of increasing CBF in
moderate/ severe hypoglycaemia is attenuated. MacLeod et al demonstrated that an
alteration in the pattern of baseline regional cerebral blood flow exists in type 1
diabetic patients. There was an increase to the frontal lobes with a relative posterior
reduction. The differences were particularly marked in the group who had a history of
recurrent severe hypoglycaemia, thus postulating the idea that these permanent changes

may represent an adaptive mechanism to protect these regions from such a problem but



causing cumulative cerebral damage (MacLeod K. et al 1994). Interestingly a study of
normal humans showed a similar result in differential regional cerebral blood flow
when hypoglycaemia was compared to the euglycaemic state (Tallroth G. et al 1992).
This study compared regional blood flow during both euglycaemia and hypoglycaemia.
During hypoglycaemia frontal areas showed a strong increase in regional blood flow at
the expense of posterior regions. (Acute hypoglycaemia may lead to capillary
recruitment and glucose transporter mobilisation (Hargreaves R. et al 1986). See

before.)

7. Hypoglycaemia- associated autonomic failure - Clinical Relevance

The syndromes of defective glucose counterregulation and of hypoglycaemia
unawareness are distinct concepts, but with significant overlapping features. The
former is characterised by a compromised physiological defence with an absent
glucagon response. The latter’s key feature is a deficient behavioural (symptomatic)
response, attributable to reduced autonomic (sympathetic, neural and adrenomedullary)

responses with hypoglycaemia.

Both syndromes are associated with a high frequency of iatrogenic hypoglycaemia and
share several pathophysiological features including elevated glycaemic thresholds
(lower plasma glucose concentrations) required for endocrine and symptomatic
responses to hypoglycaemia. Affected patients exhibit reduced adrenomedullary,
parasympathetic neural and perhaps sympathetic neural (neurogenic symptoms)
responses to a given level of hypoglycaemia. Therefore it has been suggested that these
syndromes can be coupled together as examples of hypoglycaemia- associated
autonomic failure in type 1 diabetes (Cryer P. 1992). To summarise the two basic

components of this phenomenon each will be considered in turn.

Defective Glucose Counterregulation

The diagnosis of type 1 diabetes means that an important counterregulatory step against
hypoglycaemia has been lost already in that insulin production can not be decreased.
Glucagon is the major counterregulatory hormone in non-diabetic individuals. However

just as a patient with type 1 diabetes becomes totally deficient of insulin over the first
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few years of disease duration, so is the hypoglycaemic response of glucagon lost
(Gerich J. et al 1973; Bolli G. et al 1983). This is a selective deficit of glucagon
production, as response to other stimuli remain largely intact (Wiethop B. et al 1993).
The exact mechanism of damage is unknown but is thought to be a loss of signalling
mechanism as opposed to alpha cell destruction. The tight relationship of insulin
deficiency and loss of this response imply that glucagon release is signalled by a
decrease in B cell insulin (Samols E. et al 1996). Alternatively as insulin is usually an
inhibitor of glucagon release and supraphysiological levels of insulin have been shown
to impair glucagon release (Kerr D. et al 1991), the hyperinsulinaemia associated with

treatment of diabetes may actually stimulate the loss of the glucagon response.

The alpha cells are however also directly stimulated by circulating glucose and the
autonomic nervous system. Even with the implementation of good control of plasma
glucose there is not restoration of the glucagon response (Bolli G. et al 1982). It has
been found that in patients with a pancreatic transplant the glucagon response is
substantially improved to near normal levels (Kendall D. et al 1997). Fundamentally,
whatever the mechanism, the counterregulation against hypoglycaemia is flawed in
established type 1 diabetes. Physiological defence is adequate in this situation

providing that catecholamine responses are intact.

However this third physiological defence is also compromised when the adrenaline
response to a low blood glucose is attenuated in patients with type 1 diabetes. Like the
absent glucagon response, this is stimulus specific as catecholamine responses to other
stimuli (exercise) are not significantly different (Bottini P. et al 1997). Although
evidence is also presented by Bottini et al to show that when diabetic autoneuropathy is
present the defect is non-selective. However, in deficient catecholamine production,
there has been an elevation of the threshold such that a more profound stimulus (i.e.
lower glucose level) to augment the catecholamine production is required (Dagogo-
Jack S. et al 1993). Other factors involved include recurrent antecedent hypoglycaemia
(Davis S. et al 1997), peripheral autonomic neuropathy (Bottini P.et al 1997) and a

central neurological defect such that recognition is impaired (Borg W.et al 1994).
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Finally the other 2 hormones directly involved in counterregulation against
hypoglycaemia are cortisol and growth hormone. These have roles in prolonged
hypoglycaemia (De Feo P.et al 198%9a; De Feo P.et al 1989b), as described before.
Whilst abnormalities exist with regard to their production in people with type 1
diabetes, these defects are not as prevalent in patients with type 1 diabetes as defective
catecholamine production. Gerich and Bolli have estimated the frequency of abnormal
cortisol and growth hormone responses to rise from 0% at 5 years disease duration to
25% at >10 vears (Gerich J. et al 1993). It is sagacious to remember that an intact

hypothalamic-pituitary-adrenal axis is essential for adequate counterregulation.

Hypoglycaemia Unawareness

Whilst no formal definition has yet been widely accepted, the phenomenon of
hypoglycaemia unawareness (Heller S. et al 1987; Hepburn D. et al 1990; Clarke W. et
al 1991; Pramming S.et al 1991; Gold A et al 1994) represents the loss of the warning
symptoms of developing hypoglycaemia that previously prompted the patient to act
(e.g. eat carbohydrate in a relatively pure form) to prevent progression to severe
hypoglycaemia. Since awareness of hypoglycaemia is normally largely due to the
perception of autonomic symptoms (Towler D.et al 1993), hypoglycaemia unawareness
is most reasonably attributed to loss of these symptoms of developing hypoglycaemia.
In the absence of these manifestations of a falling blood glucose, neuroglycopenia may
develop to a critical level whereby the patient is unable to take avoiding action. In a
prospective study, affected patients are estimated to be at a six fold risk for severe

hypoglycaemic episodes (Gold A.et al 1994).

Hepburn et al (Hepburn D.et al 1990) subdivided hypoglycaemia awareness into 3

categories, which represent a continuum of the problem:

e Normal awareness means that an individual is aware of hypoglycaemia onset

e Partial awareness occurs when symptoms, whilst still present are reduced in
intensity or number or absent on occasion

e Absent awareness is when symptoms present just before or do not occur until the

onset of severe hypoglycaemia
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Total unawareness is rare (Gold A.et al 1994; Clarke W. et al 1995), with the
neuroglycopenic symptoms usually remaining, albeit significantly reduced. The
problem may also vary over time, presumably because of the importance of
environmental and emotional factors in this phenomenon. Impaired hypoglycaemia

awareness is common in patients treated with insulin. Surveys of the prevalence have

been remarkably consistent (table 1.4).

Scotland 302 23

Germany 523 25 Muhlhauser 1991
Denmark 411 27 Pramming 1991
USA 628 20 Orchard 1991

Table 1.4 Population studies of type 1 diabetes mellitus showing the prevalence of

hypoglycaemia unawareness.

This contrasts with estimates of decreased catecholamine production (defective
counterregulation) during hypoglycaemia being present in 66% of the type 1 diabetic
population after 10 years of the disease (Gerich J.et al 1993). Duration of disease is
relevant too, as hypoglycaemia unawareness increases such that about 50% of patients
experience hypoglycaemia without warning after 25 years or more of treatment

(Pramming S.et al 1991).

Although this problem is more prevalent in type 1 diabetes, it is not confined to this
disease. A similar problem has been shown to occur in type 2 diabetes when patients
have been on msulin for several years (Hepburn D. et al 1993). With the increasing use
of insulin following the publication of the UKPDS data, more investigation will be

required to further characterise this problem in type 2 diabetes mellitus.
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The exact pathogenesis of hypoglycaemia unawareness is unknown but is likely to be
multifactorial. The most important mechanisms identified is antecedent
hypoglycaemia. Recurrent episodes of hypoglycaemia lead to reduced autonomic and
symptomatic responses in healthy individuals and people with type 1 diabetes mellitus.
Marked hypoglycaemia is not required to for this phenomenon to develop. For
example, Davis et al found that two 2 hour episodes of hypoglycaemia held at
3.9mmol/l on day 1 were sufficient to blunt the adrenaline, glucagon and muscle
sympathetic activity responses to hypoglycaemia on day 2, in healthy volunteers (Davis
S.et al 1997). This effect was increased when day 1 involved hypoglycaemia of
3.3mmol/l and included a decrease in other responses. There was no further
augmentation when day 1 hypoglycaemia was induced down to 2.9mmol/l. The
minimum requirement for antecedent hypoglycaemia to effect awareness is 2 hours
(Heller S.et al 1991), although recurrent 1 hour episodes on 4 consecutive days has a
similar effect (Widom B.et al 1992); transient (15 minutes), recurrent (over 4 days)
reduction does not influence this problem; although this has only been demonstrated in
healthy volunteers (Peters A. et al 1995). As so many episodes of hypoglycaemia are
nocturnal and not properly recognised, this may result in hypoglycaemia unawareness
(in waking hours) for patients who give no history of recurrent hypoglycaemia

(Veneman T. et al 1993).

Ultimately the glycaemic thresholds are altered and lower plasma glucose
concentrations are required to elicit autonomic and symptomatic responses to
hypoglycaemia during intensive effective treatment therapy (Amiel S.et al 1988). It has
been subsequently demonstrated that diabetic patients self-reporting hypoglycaemia
unawareness were able to mount a sympathoadrenal response to hypoglycaemia but
that this occurred at a lower level of plasma glucose than in patients with
hypoglycaemia awareness or even patients with autonomic neuropathy (Hepburn D. et
al 1991). Conversely chronic hyperglycaemia in diabetes mellitus is associated with
lower response thresholds (Schwarz N.et al 1987; Amiel S.et al 1988; Mitrakou A.et al
1991).
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Hypoglycaemia unawareness is reversible by relatively short-term avoidance of
iatrogenic hypoglycaemia (Fanelli C. et al 1993; Cranston . et al 1994; Dagogo-Jack S.
et al 1994; Fanelli C. et al 1994b). Dagogo-Jack et al showed that over a three day
period of hypoglycaemia avoidance the symptoms improved in patients with
hypoglycaemia unawareness and these became indistinguishable from normal after
about three weeks. Increased albeit not entirely normal plasma adrenaline responses to
hypoglycaemia were found in most studies but glucagon responses were hardly
affected. Interestingly the results were not in agreement with respect to cognitive
dysfunction. Fanelli et al (Fanelli C.et al 1993; Fanelli C.et al 1994b) showed that
glycaemic thresholds for a variety of cognitive tests were improved towards ‘normal’
but Cranston et al (Cranston Let al 1994) showed that the impairment threshold for
four-choice reaction time was unaltered. Plasma glucose concentrations required to
elicit cognitive dysfunction did not appear to be lower following a preceding episode of

hypoglycaemia in another study (Dagogo-Jack S.et al 1993).

This leads onto the question as to whether the changes in hypoglycaemia awareness
(glycaemic thresholds) for symptoms and adrenaline responses are adaptive or
maladaptive during intensive treatment of type 1 diabetes (Amiel S.et al 1988). If the
cognitive thresholds shift this could be protective and explained by the a generalised
increase in blood-to-brain glucose transport. The evidence for elevation of the
glycaemic threshold of cognitive dysfunction after recent hypoglycaemia is mixed, as
the shifts in glycaemic thresholds appear to be more difficult to describe. This may
reflect technical issues such as the details of the antecedent hypoglycaemia and the
variety/ sensitivity of tests used (Amiel S. 1998). Although studies have been
published in support of the glycaemic threshold for cognitive dysfunction not being
altered (Cranston Let al 1994; Dagogo-Jack S.et al 1994), an increasing number of
studies have suggested that it does so subtlely, in both healthy individuals and patients
with type 1 diabetes mellitus (Veneman T.et al 1993; Fanelli C.et al 1998; Ovalle F.et
al 1998).

Adrenaline responses to hypoglycaemia invariably become blunted in long term type 1

diabetes (Bolli G.et al 1983), even if recent antecedent hypoglycaemia is meticulously
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prevented (Fanelli C.et al 1994b). In the shorter term (8 years disease duration) a more
recent cross-sectional study in type 1 diabetes on intensive insulin therapy with nearly
optimal blood glucose regulation since diabetes onset showed normal adrenaline
responses to hypoglycaemia (Pampanelli S.et al 1996). Hypoglycaemia associated
autonomic failure (Cryer P. 1994), autonomic neuropathy (Bolli G.et al 1983), and
diabetes per se (Dagogo-Jack S.et al 1993) have been proposed as possible causes to
the longer term effects, although their individual contribution remains largely
unknown. Bottini et al demonstrated that in the presence of autonomic neuropathy,
independent of antecedent hypoglycaemia, adrenaline responses to hypoglycaemia
were further reduced in type 1 diabetic patients (Bottini P.et al 1997). This was
demonstrated even when autonomic neuropathy was confined to predominant
parasympathetic involvement (i.e. cardiovascular reflexes normal). At this stage the
deficit has also ceased to be selective as there is also a decreased adrenaline response
to exercise. Noradrenaline responses were decreased in these patients without postural
hypotension, suggesting decreased sympathetic activity was already established but not

identified.

Thus in summary following the diagnosis of type 1 diabetes mellitus a patient has lost
the glucagon response to hypoglycaemia and thus has defective glucose
counterregulation. Whilst this is of key importance, the defect is further exaggerated as
a result of decreased adrenaline production in hypoglycaemia. Recurrent iatrogenic
hypoglycaemia results in hypoglycaemia unawareness, serving to elevate glycaemic
thresholds for symptoms and also catecholamine responses. Whilst the full
pathogenesis of these processes are not understood, autonomic neuropathy augments
the inability to detect hypoglycaemia and it remains to be seen whether long term
intensive insulin therapy may prevent the onset of autonomic neuropathy and loss of

the adrenaline response to hypoglycaemia.
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Section [I CAFFEINE



1. General Introduction

Caffeine is a chemical substance which has been isolated from approximately sixty
plants. In its pure form it is a bitter-tasting, white, odourless, crystalline powder. Its

botanical function is thought to be both an antifungal and insecticidal agent.

Caffeine was first isolated in 1820, by Runge and van Giese. It was included into the
medical vocabulary in 1823 but it was not until 1875 that its structural formula was
described by Medicus. Caffeine has a purine base, its chemical name is 1,3,7-

trimethylxanthine:
Figure IL1: Chemical structure of caffeine: §?H10N402- molecular weight 194.19
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Caffeine is one of the most widely consumed substances in the world and in moderate
doses generally considered to have the effect of a ‘mild stimulant, helpful in
temporarily relieving minor fatigue and boredom with little risk of any harmful effects’
(Graham D. 1978). Caffeine is also a multi-million dollar, multi-national business, an
enormous investment has been made to examine health issues around its regular use.
Much debate has ensued. Thus there follows an over view of caffeine, including its

physiological and psychological effects to place in context the hypothesis behind this

thesis.

2. Caffeine Consumption
Throughout the world caffeine is consumed by 80% of the adult population. There are

various forms: some of are internationally recognised such as tea and coffee but others
are only locally consumed e.g. maté in South America and miang in Thailand.

Worldwide the average caffeine consumption is estimated at 50mg/day (Gilbert R

1984).
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The properties of caffeine have been known of since preliterate times when its use was

confined to specific areas- those where coffee plants grew wild (e.g. Ethiopia), until the

time of European colonisation, in the 17™ century. At this time caffeine containing

products were cultivated and subsequently became widely distributed.

The combined physiological and psychological impact of caffeine depends on the

pattern and degree of exposure to the drug. Thus there has been extensive investigation

into the caffeine content of widely consumed beverages and their consumption.

Caffeine Content of Beverages and Food

There is marked variation in the estimates of caffeine content in different beverages

(Barone J. et al 1996). This arises from differences in:
e Methods of preparation- e.g. methods of brewing tea and coffee

e Product source- e.g. black or green tea

e Reference volumes

e Analytical methods

Throughout this thesis, the following standards are used with respect to caffeine

content (table IL.1):

Table TL.1 Caffeine content of beverages and foodstuffs (Barone J.et al 1996).

Coffee:

Ground Roast

Instant
Decaffeinated
Tea:
Leaf or bag
Instant
Cola
Caffeine-free cola
Cocoa (hot chocolate)
Chocolate milk
Chocolate candy

85mg/ 150ml
60mg/ 150ml
3mg/ 150ml

30mg/ 150ml
20mg/ 150ml
18mg/ 180ml
0

4mg/ 150ml
4mg/ 150ml
5-20mg/ 100g
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Caffeine Consumption Studies

It is estimated that 80% of the adult population in the majority of countries worldwide
consume caffeine on a regular (daily) basis. Variation exists in the nature of the
caffeine vehicle. In UK 81% of adults drink tea, whilst in France 81% drink coffee. In
the USA it is estimated that only 52.1% drink coffee but more soft beverages are
consumed than in other countries. Between 1960 and 1982 Gilbert recorded a 231%
increase in the consumption of soft drinks in the USA (Gilbert R. 1984). This rise is

unequaled in the developed world.

Data for estimating a population’s caffeine intake have been available from
prospective and retrospective studies. In general the former has gained more credence
and it has been shown repeatedly that there is good correlation between reported
caffeine intake and subsequent appropriate measurement of caffeine (James J. et al

1988) or caffeine metabolite levels (Klebanoff M. et al 1999).

In 1988 the International Sweetners Association sponsored a dietary survey of foods
consumed in the UK. 644 people, representative of the national population
participated. Each kept a detailed food diary for 7 consecutive days. From these diaries
it was estimated that 95% consumed a caffeine-containing beverage once a day. The
mean intake was 4 mg/ Kg per day (Barone J.et al 1996). Another UK study estimated
the intake to be 5.1mg/ Kg, in adult caffeine consumers (Scott N. et al 1989). This
compares to 3mg/ Kg (Gilbert R. 1984) and 7mg/ Kg (Barone J.et al 1996) in the USA

and Denmark populations respectively.

Finally patterns of caffeine consumption are continually changing. The above describes
the most current estimates, and thus are most relevant to this work. As an example of
the changing pattern in 1984 Gilbert estimated the average UK consumption of caffeine
as 444mg per day (Gilbert R. 1984). Now this has been revised to 359mg per day (Scott
N.et al 1989).
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3. Pharmacokinetics of Caffeine

Absorption

Caffeine absorption from the gastrointestinal tract is rapid. About 90% of the caffeine
in a cup of coffee is cleared from the stomach in 20 minutes, although the stomach is
also able to absorb this substance (Chvasta T. et al 1971). Wide variation of time to
reach peak plasma concentration has been reported in humans (i.e. 15- 120 minutes)
(Arnaud M. et al 1982; Bonati M. et al 1982). However, as absorption may be slowed
by the presence of food in the intestine (Arnaud M. 1987) or when large amounts of the
drug are ingested (Passmore A. et al 1987), on an empty stomach the time taken is
around 40 minutes (Rall T. 1990, Liguori A. et al 1997), with 99% absorbed after 45
minutes (Marks V. et al 1973). The rate of caffeine absorption is similar for tea and
coffee (30 minutes) (Marks V.et al 1973). Although Marks et al demonstrated slower
absorption for a caffeinated soft-beverage (120 minutes), Liguori et al more recently
showed cola and coffee absorption to be similar (39 and 42 minutes respectively)
(Liguori A.et al 1997). It has also been demonstrated that the effects of hot tea and
coffee are mediated through the caffeine and hot water with the addition of milk

playing a modulatory role (Quinlan P. et al 1997).

Distribution

Once absorbed caffeine, due to its hydrophobic properties, can pass through all
biological membranes, including the blood brain barrier. Salivary  caffeine
concentrations have been shown to correlate closely with plasma concentrations,

reaching up to 85% of plasma levels (Setchell K. 1987).

After oral ingestion of 5-8 mg/Kg in humans the peak plasma caffeine concentration
equals 8-10 mg/l (Armaud M.et al 1982; Bonati M.et al 1982). From this it can be
estimated that ingestion of a single cup of coffee, which provides a dose of 85 mg,
would give a peak concentration of 2.0 mg/l in an avareage adult (Pfeifer R. et al
1988). In normal adults the plasma half life is between 3 and 7 hours (Pfeifer R.et al
1988; Rall T. 1990). Whilst there is little or no difference with increasing adult age,
premature and full-term neonates show a markedly increased plasma half-life due to

lower activity of cytochrome P450 (Arunda J. et al 1979) and the relative immaturity
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of some elimination pathways (Aranda J. et al 1974). This state continues for up to 12

months and is then essentially stable throughout life.

Whilst the clearance rate is not different overall between men and women
(Patwardhan R. et al 1980), it is related to the menstrual cycle, being slower in the
luteal phase (6.85 hours luteal vs. 5.54 hours follicular) (Lane J. et al 1992).
Patwardhan et al also demonstrated a significant lengthening effect by the oral
contraceptive pill (OCP) (Patwardhan R.et al 1980). Six month use of OCP lead to a
doubling of the half-life (10.7 hours) compared to non-users (5.2 hours). The authors
suggest that this effect is due to cytochrome P450 inhibition. The third trimester of
pregnancy leads to a significant prolongation of the plasma half-life, up to 15 hours
(Knutti R. et al 1981). In adult males who smoke, caffeine half life is decreased by up
to 50% compared to non-smokers (Parsons W.et al 1978). Interestingly (poorly
controlled) diabetes mellitus does not alter the half-life or pharmacokinetics of caffeine

(Zysset T. et al 1991)

Caffeine Metabolism

Caffeine is metabolised by the cytochrome P450 monoxidase enzyme system,
specifically 3-methylcholanthrene inducible isoenzyme. The major process is
demethylation at the C3 position to produce paraxanthine which accounts for up to
80% of caffeine metabolism (Arnaud M.et al 1982). The other 24 excretory products
include theobromine (3,7-dimethylxanthine), theophylline (1, 3- dimethylxanthine) and
both uric acid and uracil derivatives. Many of the metabolic steps may be saturable in
humans as the elimination half-time for caffeine and some of its metabolites is dose-
dependent (Kaplan G. et al 1997). Less than 2% of the ingested dose of caffeine is

recoverable from the urine unchanged (Arnaud M. 1987).

The abundance of paraxanthine as a metabolite of caffeine has lead investigators to
consider the importance of this compound in the overall effects of caffeine (Dulloo A.
et al 1994). Dulloo et al have shown that paraxanthine mimics the effects of caffeine
on thermogenesis (Dulloo A.et al 1994). More recent work showed that after long-term

caffeine administration the levels of theophylline in the mouse brain may be higher
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than those of caffeine during a substantial part of the day and almost always higher
than paraxanthine (Johansson B. et al 1996). The authors speculate that caffeine in the
brain is metabolised in part by specific, local enzymatic pathways which lead to high
cerebral concentrations of theophylline. This is of possible major importance as most
of the effects of caffeine are thought to be mediated via adenosine receptor antagonism
(see later) and theophylline is 3-5 times more potent, with paraxanthine equipotent to

caffeine. Further studies are needed to see if this situation is relevant to humans.

Leading on from this, as much of the background data is from animal experiments,
extrapolation to humans is difficult. Interspecies comparisons are firstly complicated

by marked differences in:

1. Kinetic and metabolic profiles- kinetic similarity between species does not
necessarily indicate metabolic similarity and vice versa. For example, whilst the
half-life of caffeine is similar in humans and some primates, the major metabolites
are paraxanthine and theophylline respectively. Conversely, paraxanthine is also the
major metabolite in mice but the half-life is about 25% that of humans (Bonati M. et

al 1984-85).

2. Experimental protocols- in animal experiments caffeine is often administered as a
high dose bolus, which differs to usual human caffeine consumption being

distributed throughout the day.

This has lead to the idea of metabolic weight being used as a correction factor. It is
now generally assumed that 10mg/Kg in a rat is equivalent to 3.5mg/Kg in a human i.e.

250mg in a person weighing 70Kg or 2-3 cups of drip-brewed coffee.

4. Mechanism of Caffeine Action

Caffeine exerts a variety of pharmacological actions at diverse sites, both central and
peripheral. Whilst several processes have been investigated as being responsible for
these effects, the mechanism must be activated by caffeine consumption within normal

human amounts. This effectively rules out some hypotheses (Table I1.2).
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Table I1.2: Mechanisms of Caffeine Action.

_concentration required f

~ effective activation .

Adenosine receptor Fredholm 1980 x1
antagonism
Inhibition of Smellie et al 1979 x10
phosphodiesterase
GABA receptor blockade Marangos et al 1979 x 20
Mobilisation of intracellular McPherson et al 1991 x 500
Calcium

Thus the general consensus now is that the only known mechanism that is significantly
affected by the relevant doses of caffeine (i.e. able to achieve extracellular
concentration of 10-50 pM) is binding to adenosine receptors and competitive
antagonism of adenosine (Fredholm B. 1980). Although the effects of caffeine on
behaviour have been well documented, understanding of its cellular mechanisms of

action remains incomplete. The following is a summary of the current literature.

Adenosine Receptors

Adenosine receptors are widely distributed throughout the body, which befits the
mechanism of caffeine action because of the substance’s wide range of effects. For
example adenosine causes bronchoconstriction, negative inotropic effects on the heart,
and inhibits gastric secretions, lipolysis and renin release. All of which are the opposite
to the effects of caffeine. Centrally mediated effects of adenosine are also the reverse

of caffeine.

Receptor Subtypes: 4 distinct adenosine receptors have been identified and cloned.

They are A, Aya, Asp and A; (Fredholm B. et al 1994).In humans it is A; and A, that
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have been shown to be important, as the other 2 are only stimulated with toxic
concentrations of caffeine. A; and A,, are both G- protein coupled. The A; receptor is
coupled to pertussis toxin sensitive G-proteins and activation of these receptors can
cause inhibition of adenyl cyclase and N- and Q-voltage sensitive calcium channels
and activation of certain K-channels, phospholipases C and D (see (Fredholm B.et al
1994)). A, receptors associate with G proteins and activation of these receptors is
associated with activation of adenyl cyclase and calcium channels (L-type). Thus A,
and A, receptors can have opposing actions at the cellular level. Therefore although
these receptors can be coexpressed on the same cell, their individual, specific

distributions are important.

Receptor Distribution: Adenosine A, receptors are widely distributed, although higher

concentrations are in the hippocampus, cerebral and cerebellar cortex and thalamic
nuclei (Fastbom J. et al 1987). A, receptors are distributed more conservatively, being
associated with dopaminergic regions (caudate-putamen, nucleus accumbens, olfactory
tubercle and globus pallidus) (Paxinos G. et al 1986). Whilst caffeine is equally active
at adenosine A; and A,, receptors, it has recently been shown that the stimulatory
central action of caffeine is mainly mediated through an inhibition of transmission of

adenosine A, receptors (Svenningsson P. et al 1997).

Role of Dopamine: Various findings suggest an involvement of dopamine systems in

the central effects of caffeine but the actual mechanisms are ambiguous (Ferre S. et al
1992). It would appear that low caffeine doses increase and high caffeine doses
decrease both dopamine release and locomotor activity (Morgan M. et al 1989). A,
receptors co-localise and functionally interact with D2 dopamine receptors. This has
been demonstrated by a number of experiments, including demonstration of decreased
affinity of the D2 receptor for dopamine combined with decreased signal transduction
in the presence of a specific A, receptor agonist (Ferre S. et al 1991). Similarly A,
receptors appear to negatively interact with D1 dopamine receptors on striatal neurons

(Ferre S. et al 1994; Ferre S. et al 1996).

The importance of the involvement of the dopamine system is in the explanation of the

behavioural effécts of caffeine in both animals and humans (see below).
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5. Physiological Effects of Caffeine- General

The effects of caffeine are legion. Table I1.3 summarises the effects of caffeine on the
body, with the following sections describing the physiological effects on the
cardiovascular, central nervous and neuroendocrine (including adrenomedullary)

systems’ function. Psychological effects are considered separately.

Table I1.3: Summary of the physiological effects of caffeine on the body: from
Debry 1994 (Debry G. 1994)

Gastrointestinal System e increases gastric acid secretion in

susceptible individuals, not related to
gastric ulcers
e hepatic dysfunction increases caffeine
half life
e digestive absorption of alcohol is
increased when caffeine is consumed

prior

Respiratory System e relaxes bronchial smooth muscle
e increases CNS sensitivity to carbon

dioxide

Renal System e stimulate renin release
o diuresis due to increased glomerular

filtration rate and decreased tubular

reabsorption
Adipose Tissue e Stimulates lipolysis
Bone Tissue e in large amounts coffee can contribute

to negative calcium balance in those

with a low calcium intake
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6. Physiological Effects of Caffeine on the Cardiovascular System

The effects on caffeine on the cardiovascular system have been extensively researched
in both experimental and epidemiological studies. It has generated much interest
because of the debate regarding the involvement of caffeine in cardiovascular disease.
The experimental studies have investigated the effects of controlled caffeine exposure,
while epidemiological ones have addressed the relationship of caffeine to

cardiovascular disease.

Caffeine and Blood Pressure

The major cardiovascular effect of caffeine is peripheral vasoconstriction (Pinacomb
G. et al 1985; Sung B. et al 1994), resulting in elevated blood pressure which is not
accompanied by an increase in cardiac output (Whitsett T. et al 1984; Sung B. et al
1990; Pincomb G. et al 1991). Acute tolerance to the pressor response does occur in
regular consumers but is reinstated by a brief period of abstinence, as demonstrated by
the referenced studies. This may be as short as 3 hours (Sung B.et al 1994). Other
evidence includes a study by Lane et al (Lane J. et al 1989) which demonstrated that a
second cup of coffee induced a pressor effect albeit diminished. Finally ambulatory
blood pressure measurements on days of caffeine intake compared to placebo days was
higher in usual caffeine consumers (Jeong D. et al 1990; Green P. et al 1996). Both
systolic (Daniels J. et al 1998) and diastolic (Green P.et al 1996) blood pressures have

been reported as being more significantly affected by an acute caffeine challenge.

In addition caffeine also increases the cardiovascular responses to stress. This includes
the pressor response to mental or physical stress (Lane J.et al 1989; Jeong D.et al 1990;
Sung B.et al 1990), as well as other responses e.g. cardiac output (Pincomb G. et al

1988) and forearm blood flow (Daniels J.et al 1998).

Adenosine causes vasodilatation and suppresses renin activity, antagonsim of
adenosine receptors would account for the main effects of caffeine on blood pressure.
The A, receptors in the periphery mediate vasodilatation (Rongen G. et al 1997). In

addition stimulation of A; receptors are responsible for decreasing renin secretion,
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resulting in reduced production of angiotensin II (Rongen G.et al 1997). This substance

theoretically could account for part of the effects of caffeine during stress:

e angiotensin Il is a cutaneous vasoconstrictor (Pang C. 1983)
e angiotensin II increases myocardial blood flow and enhances reductions in

splanchnic and renal blood flow (Stebbins C. et al 1995).

Again there 1s the possibility of low dose caffeine increasing and higher doses
decreasing blood pressure. Excitatory effects of adenosine include stimulation of
carotid and aortic chemoreceptors (Biaggioni I. et al 1987) and sensory nerves of the
kidneys (Katholi R. et al 1996), heart (Dibner-Dunlap M. et al 1993) and skeletal
muscle (Costa R. et al 1994). If caffeine modified these responses blood pressure and
heart rate would fall. Thus it could be postulated that caffeine levels do not reach

adequate concentrations to stimulate these reflexes.

Caffeine and Heart Rate

The effect of caffeine on heart rate is less well defined. Consumption within normal
limits has been reported as being associated with a decrease (Smits P. et al 1985), an
increase (Gould L. et al 1973) or no change in heart rate (Bender A. et al 1997; Daniels
Jet al 1998). Whilst caution is advised with regard to tachyarrhythmias induced by
caffeine, this 1s associated with excessive doses or underlying cardiac disease
(Sutherland D. et al 1985). Interestingly it is widely believed that caffeine is associated
with palpitations, tachycardia and arrhythmias, by physicians (Hughes J. et al 1988).

Inotropic Effects of Caffeine

Bender et al demonstrated a positive inotropic effect of caffeine on cardiac function
(Bender A.et al 1997). In 12 young, caffeine-withdrawn adults echocardiographic
results following an acute caffeine challenge showed a significant increase in
ventricular contractility compared to placebo, which was sustained over 4.5 hours. This
work replicated previous work in adults (Scholz H. 1984) and preterm infants (Walther

F. et al 1990). However Pincomb et al had demonstrated an increase in systemic
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vascular resistance without an increase in cardiac contractility (Pincomb G.et al 1985).
This difference may be due to differences in technique as earlier studies made no

correction for heart rate, or cardiac pre-/ afterload.

Caffeine consumption can also influence the cardiovascular autonomic responses.
These effects tend to be subtle and are not detected on the most common clinical
investigations of Valsalva manoeuvre and deep breathing tests (Piha S. 1994). However
differences have been observed with a lower heart rate on standing up with caffeine use
before testing, as well as stronger isometric hand grip (Piha S. 1994). As caffeine has
pressor effects it has been recommended as a treatment for orthostatic (Hoeldtke R. et
al 1986) and postprandial (Heseltine D. et al 1991) hypotension. When investigating for

autonomic neuropathy prior caffeine consumption should be avoided.

7. Physiological Effects of Caffeine on the Central Nervous System

The physiological effects on the central nervous system are manifold. In this section
the relevant aspects to this thesis will be described. These include the effects of the
caffeine on cerebral blood flow, cerebral metabolism and electrophysiological activity.

The pyschological effects and the phenomenon of tolerance will be considered

separately.

Cerebral Blood Flow

Caffeine causes cerebro-vasoconstriction 30 minutes after ingestion (Mathew R. et al
1983), via antagonism of the vasodilatory properties of endogenous adenosine. This
effect was first demonstrated over 60 years ago (Gibbs F. et al 1935). 250mg caffeine
causes a decrease in CBF of 15-18 % as measured by the Xenon inhalation technique
(Mathew R. et al 1985a; Mathew R. et al 1985b). Mathew et al in an earlier study
showed no further effect by high dose caffeine (500mg) (Mathew R.et al 1983). The
effects of caffeine on CBF have been demonstrated to last for 90 minutes (Mathew R.
et al 1985a). These changes are independent of mood and arterial partial pressure of

carbon dioxide (Mathew R.et al 1985a).
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Caffeine is associated with differential regional responses to changes in CBF (Mathew
R.et al 1985b). In this study, whilst there was an overall decrease in CBF, frontal lobe
blood flow actually increased. This was after a 250mg caffeine challenge in 8 high
caffeine consumers only who were compared to 6 light users after 2 hours of caffeine
abstinence. Conversely animal experiments have demonstrated a reduction in local
blood flow where it simultaneously increases brain metabolism (see below) (Grome J.
et al 1986). This can either be considered to cause an imbalance in supply and demand

of cerebral metabolism or a reseting of the relationship between CBF and glucose

requirements.

Cerebral Metabolism

Following caffeine administration the stimulant effects on the CNS are associated with
changes in local rates of cerebral energy metabolism. In rat studies a caffeine dose of
10mg/ Kg causes increases in the motor and limbic systems, as well as the thalamus
(specific nuclei only), substantia nigra, ventral tegmental areas, locus ceruleus and
raphe nuclei. These changes in glucose utilisation correlate with changes in locomotor
activity in rats and other behavioural modifications (Nehlig A. et al 1986).The
multiple areas of the brain which are affected by caffeine mean that although the
primary action of caffeine is to block adenosine (a neuromodulator), other

neurotransmitters than dopamine are also affected:

e noradrenaline: caffeine increases both the rate of synthesis and turnover of
noradrenaline, as well as increasing the spontancous electrical activity of
noradrenaline neurons (Grant S. et al 1982).

e serotonin: studies on rodents show that caffeine can increase both concentration
and utilisation of serotonin, especially within the limbic system (Hadfield M. et al
1989)

e acetylcholine: less work has been done with this neurotransmitter and caffeine. In
one study caffeine and theophylline increased acetylcholine transmitted activity in
the cerebral cortex of rats at high doses (>15 mg/kg) (Phillis J. et al 1980).

e glutamate/GABA: caffeine administered initially at 0.5 mg/ml in drinking water for

7 days and then 1.0 mg/ml for the next 14 increased the amount of glutamine in the
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whole brain of mice whilst simultaneously decreasing concentrations of GABA and

glycine (Debler E. et al 1989). These changes could potentially lead to increased
CNS excitability.

Neuroelectrophysiology

EEG: Caffeine is a cerebral stimulant and thus its effects can be measured in the EEG.
The most robust results from a number of studies is that moderate doses of caffeine
effect a decrease in spectral power in the lower o and 6 ranges (Bruce M. et al 1986;
Dimpfel W. et al 1994). Bruce et al also demonstrated using 250 and 500mg caffeine
that these changes in the EEG were dose related (Bruce M.et al 1986). These changes,
especially reduction in alpha power, reflect heightened cortical arousal by caffeine.
Other changes have also been observed but are less consistent. Kenemans et al
demonstrated a decrease in the delta and low beta ranges (Kenemans J. et al 1995),
whereas Newman et al also reported an increase in alpha dominant frequency
(Newman F. et al 1992). It would seem logical that these inconsistencies are more
sensitive to differences in experimental variables. Conversely caffeine withdrawal is
also associated with EEG changes. In people with a minor EEG dysrhythmia (diffuse
paroxysmal slowing) increases in frequency of this abnormality were observed during
caffeine abstinence (4 days) but was restored to baseline frequency with caffeine

ingestion (Reeves R. et al 1995).

Evoked and Event-related potentials: P300 amplitude increases with confidence,

attention, the arousal level and reward (Donchin E.et al 1988). Lorist et al
demonstrated that caffeine can induce such a change as well (Lorist M. et al 1996). In
this study 15 young and 15 older healthy volunteers who had abstained from their usual
caffeine consumption for at least 12 hours were tested with 250mg caffeine or placebo.
Reaction time to a visual stimulus significantly improved and a P300 amplitude
increased, as did that of N100 and N200 in all subjects in the caffeine condition only.
This would suggest that caffeine affects the ‘output’ stages of reaction time as latency
is not affected. This is supported by another study which involved elegant manipulation
of the ERP tracings to demonstrate that sensory discrimination (‘input’ stage) was not

affected by caffeine ingestion (Kenemans J.et al 1995). However the situation is not so
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easily described because in 2 further studies by Lorist et al showed that reaction time
improved with a complicated visual task and changes in the ERP results supported the
idea that caffeine increases cortical arousal and perceptual sensitivity (Lorist M. et al

1994a; Lorist M. et al 1994b).

With regard to aural stimuli, caffeine causes an increase in P300 amplitude during the
oddball but not single tone paradigms which lasts for less than 210 minutes (Kawamura
N. et al 1996). Here reaction time was not improved by caffeine and the authors
suggest that the increase in amplitude of P300 is due to increased ‘allocation of
attentional resources’ i.e. affects the “input’ stage. Studies with respect to aural tests
are less consistent than visual ones. For example, caffeine causes a decrease in
amplitude of N100, N200 and P200 in auditory evoked potentials (Bruce M. et al
1992). These changes were augmented in patients with generalised anxiety disorder.
Finally in this section, both auditory and visual P300 evoked potentials showed a
decrease with caffeine withdrawal in a recent study: no change in latency was observed

(Reeves R.et al 1999).

8. Physiological Effects of Caffeine on Neuroendocrine Function

The effects of caffeine in humans on the endocrine system appear to be confined to the
endocrine response to stress, especially production of catecholamines and cortisol
although other hormones may be important too e.g. growth hormone. Plasma
concentrations and urinary excretion of adrenaline and noradrenaline is increased by
caffeine consumption (Bellet S. et al 1969; Robertson D. et al 1978; Van Soeren M. et
al 1993). Although the methods of augmentation have not been described in detail, in
the case of adrenaline, adenosine attenuates its release from the adrenal medulla. It has
been shown that in tetraplegic individuals in whom sympathoadrenal responses are
blunted, caffeine ingestion (6mg/kg) is not associated with a rise in plasma adrenaline
levels (Van Soeren M. et al 1996). This suggests that caffeine-stimulated release of
adrenomedullary catecholamines is mediated by peripheral sympathetic nerves. Thus
caffeine antagonism may result in increased sympathetic stimulation of the adrenal
gland leading to increased thyroxine hydroxylase activity and thus catecholamine

synthesis (Snider S. et al 1974; Van Soeren M.et al 1993).
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A, adenosine receptor activation causes presynaptic inhibition of noradrenaline release
from postganglionic sympathetic nerves (Wennmalm M. et al 1988). However it is
likely that this mechanism is not as important as autoreceptor control via noradrenaline
acting on o, adrenergic receptors (Fredholm B. 1995). Therefore like increased
adrenaline production, noradrenaline synthesis is controlled centrally by sympathetic
outflow. Lane et al demonstrated that caffeine (3.5 mg/Kg) augmented the response to
psychological stress in both light or habitual users of caffeine (Lane J. et al 1990). In
this study additive effects of stress and caffeine were demonstrated with noradrenaline
production and potentiation of the production of adrenaline during a stressful task

compared to placebo.

Cortisol production is similarly augmented by caffeine and stress (Pincomb G.et al
1988; Lane Jet al 1990).This is thought to be mediated by an increase in
adrenocorticotrophin (Bellet S.et al 1969). This action could also be partly due to
caffeine’s action on prostaglandins (Avogaro P. et al 1973). The effects of caffeine on

growth hormone and prolactin are less well defined.

9. Psychological Effects of Caffeine Consumption

Having previously discussed the effects of caffeine at a molecular and neuronal level,
this section goes on to the effects of caffeine on psychological responses. A large
number of functions are affected, which would be beyond the range of this review, thus

three specific ones are considered.

Behaviour

The first demonstration of an adenosine-dopamine interaction on behaviour was the
finding that several adenosine receptor antagonists (caffeine, theophylline and isobutyl-
methylxanthine) could increase dopamine receptor activated rotation behaviour in
rodents (Fredholm B. et al 1976). This effect has been subsequently repeated and
further investigated (Ferre S.et al 1992; Nehlig A. et al 1992; Daly J. 1993). The effect
of caffeine appears to have a threshold of 1 to 3 mg/kg in rats with a maximal effect
around 30 mg/kg (Garrett B. et al 1994). This study also demonstrated that the effects

of caffeine are synergistic with dopamine agonist injected into the nucleus accumbens
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(Garrett B.et al 1994). More evidence that there is a close relationship between the
changes in animal behaviour induced by dopamine and caffeine is the correlation
between changes observed with apomorphine (dopamine agonist) and caffeine (Casas
M. et al 1989). However although there is evidence that adenosine receptor antagonsim
is involved (Fredholm B.et al 1976), this is not the only mechanism. Evidence includes
the finding that although CGS 15943 (a non-selective, non xanthine adenosine receptor
antagonist) mimics caffeine action in increasing animal rotational behaviour, it is much
less potent than caffeine in doing so (Garrett B.et al 1994). A,, receptors appear to be
of major importance in enhancing the dopaminergic system (Ferre S. et al 1997;
Svenningsson P.et al 1997). This is important as it suggests the possibility of a new
line in treatment of Parkinson’s disease (Richardson P. et al 1997). A, adenosine
receptors modulate the process, as demonstrated by Okada et al. The authors showed
using microdialysis techniques that direct stimulation of the striatal adenosine receptors
blocked the rise in dopamine levels when specific A; agonists were used but not Aj,
agonists (Okada M. et al 1997). it must be noted that this study used high

concentrations of caffeine however,

Of more relevance to human effects of caffeine is drug discrimination and drug self-
administration. For example rodents can be trained to discriminate positively for
caffeine (Mumford G. et al 1991). The discriminative stimulus for caffeine at low
doses (10 mg/kg) are blocked by selective D1 and D2 dopamine receptor antagonists
but not for higher doses (56 mg/kg) (Powell K. et al 1996). The situation is similar in
humans as the discriminative stimulus for caffeine appears to be different for low and
high doses. This is illustrated by the results of studies on low dose discrimination (20-
200mg caffeine) reporting that subjects make the discrimination based on
improvements in positive aspects of mood (Mumford G. et al 1994). This compares to
the parameter used by subjects in high dose studies (up to 800mg) of increased anxiety,

jitteriness and stomach-upset (Evans S. et al 1991).
A drug is considered to be reinforcing if it maintains behaviour on which the delivery

of the drug is dependent. Caffeine is erratically self-administered in animal models of

drug self-administration. However there seems to be a reinforcing effect between
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caffeine and cocaine, as caffeine increases the rates of self-injection of a low dose of
cocaine (Schenk S. et al 1994; Griffiths R. et al 1995). In humans both self-
administration and choice procedures have shown that caffeine acts as reinforcer
(Griffiths R. et al 1988a; Griffiths R.et al 1995; Hale K. et al 1995; Hughes J. et al
1995). In choice studies, subjects typically first sample caffeine or placebo and later
have the opportunity to choose to self-administer one. Caffeine was chosen in
preference to placebo in subjects with or without a prior history of caffeine
consumption and is especially marked in those with a history of drug abuse (Griffiths
R.et al 1995). Although the avoidance of caffeine-withdrawal may be important (James
J. 1994b), evidence that caffeine acts as a reinforcer in the absence of physical
dependence is from a study by Silverman et al (Silverman K. et al 1994). They studied
subjects who had withdrawn from caffeine consumption for at least 6 weeks. 100mg
caffeine acted as a reinforcer when subjects were required to perform a computer
vigilance performance task. Under these conditions caffeine was also positively

associated with improvements in mood.

Performance

Due to the enormous consumption of caffeine worldwide, there has been a vast amount
of work on the performance effects of caffeine. It is far from clear how the benefits and
drawbacks of its consumption balance out. In this section the evidence for the
psychostimulant effects of caffeine on performance are considered, as they are widely

held to be the main benefits of caffeine use.

Effects of acute caffeine ingestion of performance:

Numerous placebo controlled studies have been published. Although the results are
varied with some studies showing no effect of caffeine (as reviewed by James (James
1.1997b)), taken as a whole they confirm a psychostimulant action of caffeine. Specific
positive examples of performance with caffeine vs. placebo are summarised in Table

1.4
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Table 11.4: Positive Effects of Caffeine on Performance Tasks.

Tapping Speed

Azcona O. et al 1995
Clubley M. et al 1979

Simple Reaction Time

Azcona O.et al 1995
Bruce M.et al 1986

Digit Symbol Substitution Kaplan G.et al 1997
Vigilance Lieberman H. et al 1987
Memory Amold MLE. et al 1987

Logical Reasoning/ Miller L. et al 1996
Learning Suenaga N. et al 1997
Perceptual Judgement Gupta U. et al 1994

Simulated Driving Regina E. et al 1974

Net Effects of Caffeine on Performance:

Whilst a wide spectrum of cognitive tests have been investigated in the above studies

under different protocols, some of the specific points can be summarised:

e subjects were young (usually between 18 and 30 years) and otherwise healthy
e subjects were low or moderate habitual users of caffeine
e prior abstinence of caffeine was required for at least overnight

e amount of caffeine in the challenge was relatively high up to 600mg

These points limit the relevance to caffeine consumption in everyday life. The problem
with caffeine deprivation prior to testing, especially for a short period means that
symptoms of caffeine withdrawal can be invoked. Thus it is not possible to describe the
net effects of caffeine with these studies especially as caffeine withdrawal has also
been shown to decrease performarnce in both humans (finger tapping) (Silverman K. et
al 1992a) and animals (Griffiths R. et al 1988b). Strong evidence for the negative
effects of caffeine deprivation of performance comes from a study comparing the
performance of heavy caffeine users to non users in a choice reaction time test (Rizzo

A. et al 1988). With 4 hours of caffeine deprivation there was no difference in
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performance. However, with 48 hours caffeine deprivation the users were markedly
impaired compared to non users. The pharmacokinetics of caffeine as previously
described would predict that caffeine withdrawal effects would be worse after 48 than

4 hours without caffeine ingestion.

However evidence in this area is inconclusive as demonstrated by Richardson et al. The
authors investigated the effects of a caffeine challenge (70 and 250 mg) on caffeine
deprived (1.5hours, 13 hours and 7 days) subjects who were both users and non users of
caffeine (Richardson N. et al 1995). 70 mg caffeine significantly decreased simple
reaction time under all conditions but not 250 mg caffeine. Similarly, in a study of
heavy coffee drinkers an abrupt change to decaffeinated coffee gave subjects symptoms
of caffeine withdrawal but no significant change in a short duration psychomotor test

(Griffiths R. et al 1986a).

However, another standpoint in this discussion is founded on the demonstration of
improved psychomotor performance in non caffeine deprived individuals. A number of
studies have reported performance enhancement when caffeine vs. placebo is
administered to individuals who have consumed caffeine previously (Frewer L. et al
1991; Smith A. et al 1994; Warburton D. 1995). In the first two of these studies higher
doses of caffeine (200-500mg) were used to show that caffeine significantly enhances
performance even in caffeine replete individuals (Frewer L. et al 1991; Smith A. et al
1994). However, Warburton used 75 and 150 mg caffeine in subjects deprived of
caffeine for 1.5 hours only and demonstrated improved performance in attention,
logical reasoning and delayed recall tasks (Warburton D. 1995). It is possible that pre-
treatment only partially eliminates the withdrawal effect (James J. 1997b). However in
a large (9003 subjects) correlational study, Jarvis showed that there was a relationship
between habitual caffeine consumption and performance (reaction time - simple and
choice, verbal memory and visuospatial reasoning) even when all variables were

controlled for (Jarvis M. 1993).
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Interactions between Caffeine and Degraded Performance:

A significant body of evidence suggests that caffeine is most beneficial when baseline
performance 1s degraded by factors other than caffeine abstinence. One example is the
interaction between caffeine and benzodiazepines (File S. et al 1982). Lorazepam alone
significantly decreased a symbol copying task. When given with caffeine this effect
was negated. Similarly cyclizine decreased performance in an arithmetic test. When
caffeine was simultaneously administered this effect was counteracted, although
caffeine had little effect alone (Clubley M.et al 1979). Other such interactions include
caffeine and alcohol (Azcona O.et al 1995) and caffeine and the common cold (Smith
A. et al 1997). In the former study Azcona et al demonstrated an antagonistic
relationship between caffeine (400 mg) and low dose (0.8g/kg) alcohol in simple
reaction time and visual ERP. The results of other studies in this field are conflicting.
For example Oboune and Rogers demonstrate that 150 mg caffeine given with 2.2

ml /Kg alcohol produced a more significant decrease on reaction time than alcohol
alone (Oborne D. et al 1983). It has also been demonstrated that older (55" years)
people are more susceptible to the performance enhancing effects of caffeine (Jarvis
M. 1993), although this was not confirmed in a later placebo-controlled trial (Rogers P.
et al 1998).

Mood

The effects of caffeine on mood have been studied extensively and the results of these
studies have been more consistent than in other areas of caffeine research. Caffeine in
lower doses (up to 250 mg) has positive effects on mood in both caffeine deprived
(Bruce M.et al 1986, Griffiths R. et al 1990; Silverman K.et al 1992b) and caffeine
tolerant studies (Warburton D. 1995). From these and many other studies the benefits
of acute caffeine ingestion on mood include an increase in energetic, confident and
alert feelings, as well as motivation to work, concentrate or socialise. Similar effects
have been described in children whom consume caffeine mainly from soft-drinks
(Goldstein A. et al 1997). Here the authors demonstrated that in school children whom
consumed more than 50 mg caffeine/day, they reported a higher degree of wakefulness

than those who consumed less than 10 mg/ day.
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A similarity to the effects of caffeine on deteriorated performance has also been
demonstrated with mood. Smith et al showed that feelings of alertness improved when
caffeine was ingested during a common cold in a group of (usually) health volunteers

(Smith A et al 1997).

With regard to the relationship between caffeine and psychological (psychiatric)
disturbances, much work has been done too. In 1974 Greden described ‘caffeineism’ in
patients with symptoms of generalised anxiety who consumed more than 1000 mg
caffeine/ day (Greden J. 1974): this diagnosis has subsequently been included in DSM
IIT and DSM 1V, although is now referred to as ‘caffeine intoxication’. Interestingly a
population study by Eaton and MclLeod showed no clear relationship between caffeine
consumption and anxiety in the public at large (Eaton W. et al 1984). Later evidence
supports such a direct relationship (Bruce M.et al 1992); in high doses human subjects
report increased anxiety and jitteriness (Evans S.et al 1991). Strong evidence for the
pharmacological effects of caffeine on anxiety came from an animal study in Nature
(Ledent C. et al 1997). This group showed that mice with a specific, isolated disruption

to adenosine A,, receptors suffered increased anxiety.

Two recent studies have considered the effect of caffeine on depression. Rihs et al
demonstrated that for in-patients there was a direct relationship between caffeine
intake and depression (Rihs M. et al 1996). Typically the second showed an opposite
result. In a study of Japanese, female medical students, caffeine intake negatively

correlated with depression and suicide (Kawachi L. et al 1996).

Other Influences on the Psychological Effects of Caffeine

Further complications into examining the psychological effects of caffeine are due to
the variability in subject personality and time of day (Revelle W. et al 1980). A
subsequent study showed that the effects of caffeine are related to level of arousal
(Anderson K. et al 1982) with a U-shaped relationship. Thus an increase in arousal
improves performance with relatively few information sources which require
monitoring, particularly when time to respond is important. When however multiple

sources of information have to be used arousal and attention selectivity have no
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apparent benefit and may decrease performance (Kenemans J.et al 1995). This study
went on to conclude that caffeine increases cortical activation whilst simultaneously

increasing the accumulation of information and quality of the selection process.

Time of day also influences the effects of caffeine on performance. Smith et al
demonstrated that caffeine ameliorates the post-lunch performance dip (Smith A. et al
1990). In a more complex study Robelin and Rogers demonstrated a flat dose response
relationship for the psychoactive effects of caffeine (86-258 mg caffeine) given in 1 to
3 divided doses throughout the day (Robelin M. et al 1998). Performance can also
relate to ‘morning’ or ‘evening’ type people (Horne J. et al 1976). In this study the
authors showed a relationship between those who found it hard to get up in the
morning (evening types) and those who did not (morning types). Elucidation of the
caffeine withdrawal syndrome however makes it more likely that evening types are
actually experiencing caffeine withdrawal rather than a different aspect of personality.
Finally caffeine’s psychological effects are not influenced by gender. Of the wide
variety of investigations carried out into the effects of caffeine only a few have
demonstrated any difference between males and females e.g. Arnold et al demonstrated

improved memory recall in females (Arnold M.et al 1987).

With the extensive work that has been done in the area of psychological effects of
caffeine, it can be concluded that there is an improvement in mood and performance
with caffeine consumption.. This however has to balanced against the negative effects
of caffeine withdrawal (reviewed below) as well as increased blood pressure, reduced
quality of sleep (Landolt H.-P. et al 1995) and decreased hand steadiness. Thus the
overall effects of caffeine are probably negative but when the enormous world wide

consumption of caffeine is considered its overall effect is considerably greater.

10. Caffeine Withdrawal

The phenomenon of the caffeine withdrawal syndrome is well substantiated and
characterised in detail (Griffiths R.et al 1990; Hughes J. et al 1991; Silverman K.et al
1992a). Symptoms include headache, lethargy, fatigue, muscle pain/ stiffness and

AQ



dysphoric mood states. There follows a full list of symptoms identified by Griffiths to

occur in the caffeine withdrawn state (table I1.5).

Table IL.5: Symptoms of caffeine withdrawal (Silverman K.et al 1992a)

irritable/ cross/ grumpy ~ Well-being
blurred vision desire to talk/ socialise
drowsy/ sleepy urge to do work related tasks
yawning energy/ active
lethargy/ fatigues/ tired/ sluggish content/satisfied
muzzy/ foggy/ not clear headed flu-like feelings
headache self-confidence
heavy feeling in arms and legs
hot or cold spells

Silverman et al investigated the prevalence of symptoms when caffeine consumption
was stopped abruptly in a double-blinded, placebo controlled study (Silverman K.et al
1992a). 62 healthy subjects were recruited who consumed 235 + 126mg daily (mean +
SD). They were maintained on their normal diet for 5 days and then went onto a
caffeine-free diet, consuming either their usual caffeine intake in 2 divided doses or
placebo for 2 days. 52% experienced headache during the placebo period compared to
2% on normal diet or 6% with caffeine capsule substitution. Caffeine withdrawal
negatively affected mood as measured by POMS (Profile of Mood States) with an
increase in tiredness and anxiety along with a decrease in vigor. Depression scores
also rose (Beck depression inventory score). The study illustrated that abrupt cessation
of caffeine resulted in a clinically important withdrawal syndrome in normal adults. It
is noteworthy that the prevalence of headache in the general population is 27%
(Hughes J. 1992), yet only 6% coffee drinkers and 6% tea drinkers associate headache

with omission of caffeine intake (Rogers P. et al 1995).
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The time course for these symptoms to develop is short. Overnight abstinence is part
of the usual pattern of caffeine consumption and it is usual for withdrawal symptoms
to develop (Richardson N.et al 1995). Lane extended this time period to show that
symptoms were not just related to awakening and that missing a mid-morning
caffeinated beverage resulted in loss of energy (Lane J. 1998). Four hours of caffeine
deprivation can cause dysphoria (Phillips-Bute B. et al 1997), although at 90 minutes

there are no symptoms of caffeine withdrawal (Richardson N.et al 1995).

The symptoms increase for 24-48 hours and then begin to improve. Usually they have
subsided by day 7 (Griffiths R.et al 1988b). High daily intake of caffeine can lead to a
prolongation of the symptoms for up to 10 days or more (Griffiths R. et al 1986b). This
may be explained by the fact that the rate of caffeine metabolism may vary by 13 fold
throughout the population (Denaro C. et al 1991). It has been shown that caffeine
consumption is directly related to the symptoms of caffeine withdrawal (Evans S. et al

1999).

Griffiths et al demonstrated that caffeine withdrawal could occur when subjects were
maintained on as little as 100mg caffeine per day (Griffiths R.et al 1990). Evans and
Griffiths showed that whether identical caffeine intake was in single or multiple doses
the effects of withdrawal were indistinguishable. They also demonstrated that 3 days
of caffeine consumption (300mg/ day) was the minimum requirement before

symptoms of withdrawal occurred (Evans S.et al 1999).

Much work has been published on the subjective effects of caffeine withdrawal, less
work has considered performance. Lane and Philips-Bute failed to show psychomotor
impairment with 4-18 hours respectively of caffeine deprivation (Phillips-Bute B.et al
1997, Lane J. 1998). However at 24 hours impairments have been reported in a variety

of tasks e.g. finger tapping (Silverman K.et al 1992a).
The above summarises the parameters whereby caffeine withdrawal occurs in an

otherwise healthy population. It can be so disruptive to life that in 1994 the American
Psychiatric Society included it in the DSM 1V, although only as a ‘proposed’, rather
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than an official category (American Psychiatric Association. 1994). James views this
with a sense of irony as the body of research behind this phenomenon is beyond

contention (James J. 1997b).

11. Caffeine Tolerance

The question that tolerance develops to all or some of the acute effects of caffeine has
continued over several decades and remains highly controversial (Nehlig A. 1998,
James J. 1997a). There follows a review of the literature on the development of
tolerance to the cardiovascular and mood effects of caffeine, those on behaviour and
performance having been previously discussed. The mechanism underlying these
effects is not known. It is thought to be mediated centrally rather than by an increase in
caffeine metabolism as there is little change in plasma caffeine level with daily
injections of caffeine into rats (Lau C. et al 1994). Centrally, the number of adenosine
A, receptors is increased following long term caffeine administration in rats (Fredholm
B. 1982). This effect appears to be due to up regulation as opposed to increased gene
transcription (Johansson B. et al 1993). This is not the complete explanation however.
Mukhopadhyay and Poddar showed that GABAergic activity is decreased in the
cerebral cortex in rodents not tolerant to the locomotor effects of caffeine which is
increased to baseline levels as tolerance develops (Mukhopadhyay S. et al 1998): they

demonstrated that this was also caffeine dose dependent.

Tolerance to Cardiovascular Effects of Caffeine

The most cited reference in favour of tolerance to the haemodynamic effects of
caffeine developing is by Robertson et al (Robertson D. et al 1981). In this and another
study (Robertson D.et al 1978) the authors demonstrated that in young men blood
pressure and hormonal responses (renin and catecholamines) initially increased with a
caffeine challenge (250 mg) but that habituation quickly developed over 3 days with
continued ingestion of 750 mg caffeine per day; less than 10% of the American
population consume this much caffeine (Gilbert R. 1984). Subsequently analysis of
this work has been critical, not least because of the statistics used but other aspects of
the methodology, which include small subject numbers, abnormal salt loading prior to

testing and the aforementioned high doses of caffeine. However other researchers
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have demonstrated tolerance to the cardiovascular effects of caffeine as well (Ammon
H. et al 1983, Izzo J. et al 1983). These studies suggested that habitual use of caffeine
leads to complete or near complete tolerance within days (>1 day). They did not
however, mirror usual, staggered caffeine consumption but the studies are
characterised by a prior period of prolonged abstinence followed by a high dose of
caffeine administered once or twice daily. Thus subsequent studies which have
considered usual patterns of consumption, have demonstrated the pressor effects of
further doses of caffeine during the morning albeit with a smaller response than the
first cup of coffee (Lane J. et al 1989; Goldstein 1. et al 1990). Shi et al demonstrated
that the tolerance phenomenon depended on amount of caffeine consumed, schedule
of consumption and elimination half life (Shi J. et al 1993). They estimated using a
parametric pharmacokinetic-pharmacodynamic model for caffeine that it would take
about 20 hours or five drug half-lives for the effects of caffeine tolerance to wear off.
Given that caffeine consumption is associated with 10 - 12 hours of overnight
abstinence with more caffeine consumed in the morning than afternoon hours, it can
be demonstrated that overnight abstinence is enough for sensitivity to be recovered and

that at best tolerance is partial.

Further evidence for the continuing effects of caffeine on blood pressure are studies
involving 24 hour ambulatory blood pressure monitoring. Most of these studies have
shown an increase in systolic and diastolic blood pressure when caffeine is consumed
compared to placebo, usually shortly after ingestion (Jeong D.et al 1990; James J.
1994; Superko H. et al 1994; Green P.et al 1996). 3 other 24 hour ambulatory studies
failed to show such a strong relationship (MacDonald T. et al 1991; Myers M. et al
1991; Eggertsen R. et al 1993). Interestingly the differences in data analysis may be
causal for this anomaly, as the former studies averaged blood pressure reading over
0.25 to 3 hours as opposed to the equivocal studies which averaged data over 4 to 24
hours. The haemodynamic effects of caffeine are diminished by 3 hours, potentially
obscuring an effect of caffeine when a longer time interval was used in analysis. In
Green and Suls study of 24 hour ambulatory blood pressure readings, subjects were
allowed to consume caffeine/ placebo as per their usual patterns of consumption. The

authors demonstrated a rise in systolic and diastolic blood pressures with caffeine
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consumption (3.6. and 5.6 mmHg respectively). They were able to show that for
systolic but not diastolic blood pressure, the rise was dose dependent (Green P.et al
1996). James et al showed that compared with the effects of caffeine ingestion after a
period of abstinence, habitual caffeine consumption only decreased the peak pressor
response by 25% (James J. 1994), suggesting that tolerance once again is partial not

complete.

Finally the most important but also most controversial question:
Is there an association between long term caffeine consumption and hypertension? Of
the recent studies, most show an inverse relationship e.g. (Gyntelberg F. et al 1995;
Lewis C. et al 1993) and some show no relationship (Lancaster T. et al 1994), with
only one showing a positive relationship (Burke V. et al 1992). James argues
convincingly that these epidemiological studies fail to identify a positive relationship
between caffeine and elevated blood pressure because in measuring blood pressure in
fasted individuals (as the majority of the studies did) means that the caffeine levels in
the subjects’ bodies would be low, thus potentially hiding the relationship (James J.
1997a). In this article he suggests that far from there being no relationship, there
would be a 9-14% reduction in coronary heart disease and a 17 to 24 % decrease in
stroke if the population as a whole ceased to consume caffeine because caffeine
consumption is actually associated with a rise in population blood pressure of 2-4
mmHg using the 24 hour blood pressure data described above (Jeong D.et al 1990;
James J. 1994; Superko H.et al 1994).

Few studies have considered the possibility of tolerance developing to caffeine’s
effects on CBF. No difference was demonstrated between the resting CBF in the high
(6 cups coffee/ day) and light users (3 cups coffee/ day) (Mathew R.et al 1983), leading
the authors to suggest long term effects of caffeine on CBF i.e. tolerance developing.
However this is not valid as the caffeine consumption of the ‘light’ users is only
relative. However, further evidence for this is that on caffeine withdrawal in habitual
users, CBF rises (Couturier E. et al 1997). This study used the technique of transcranial
Doppler sonography to measure blood velocity in the cerebral arteries (anterior and

posterior circulations). It has been demonstrated that changes in blood velocity are
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proportional develop to changes in total CBF (Sorteberg W. 1992: Debrah K.et al
1996).

Overall the situation is not clear as Debrah et al concluded that tolerance did not
develop to this effect in their study (Debrah K. et al 1995). Whilst they showed that the
acute rise in mean arterial blood pressure was lost in the caffeine replete state (9 young,
healthy adults had consumed 250mg caffeine once daily for six days), the decrease in
middle cerebral artery blood velocity was not affected by prior continued caffeine
ingestion. The authors suggest that there is dissociation between the central and

peripheral effects of tolerance to continued caffeine consumption.

Tolerance to the Effects of Caffeine on Mood

The positive effects of caffeine on mood have been described above. There is less
information regarding the question of tolerance developing with continued use.
Warburton carried out an experiment which was designed to be relevant to every day
caffeine consumption. Subjects were given 70 or 150 mg caffeine after one hour of
caffeine abstinence. At both doses subjects felt significantly more clear headed, happy
and calm with a decrease in tension (Warburton D. 1995). However, evidence for the
development of tolerance in these parameters can be found in two field studies by
Hofer and Battig (Hofer 1. et al 1994a; Hofer 1. et al 1994b). In these subjective
wakefulness increased above preabstinence baseline levels when caffeine consumption
was resumed. Similarly Green and Suls did not demonstrate improved mood with

continued caffeine consumption compared to placebo (Green P.et al 1996).

With regard to the negative effects of caffeine, these in habitual users relate to the
effects of caffeine withdrawal and it has been demonstrated that caffeine acts as a
negative reinforcer (Rogers P.et al 1995) ie. consumption is continued to avoid
symptoms of withdrawal. As this occurs on a regular (daily) basis with enforced
overnight abstinence, tolerance would not be expected to develop. Negative changes in
mood with caffeine consumption are observed with high doses of caffeine or in non-
users. The symptoms include anxiety, tension, restlessness and sleeplessness. The
differences in responses to users and non users may be due to tolerance and

habituation.
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Section III REVIEW OF THE BODY OF RESEARCH TO DATE
REGARDING CAFFEINE AND HYPOGLYCAEMIA



The Best Defense against Hypoglycaemia is to recognise it. Is Caffeine

useful?

The following section reviews the current body of evidence regarding the influence of
caffeine on the perception of and physiological response to hypoglycemia. Many of the
aspects have been previously described in detail. Important points are repeated here for
clarity and emphasis. It is my hope that this section brings together the hypothesis
behind this thesis, thus enabling the reader to move onto the experimental sections with

an understanding of the line of investigations.

The diagnosis of diabetes brings changes to an individual’s lifestyle which may be
more dramatic than with most other chronic diseases. Many of the ‘simple’ pleasures
of life are at best limited (e.g. avoidance of certain pleasurable foods) or at worst
become a potentially mortal sin (e.g. smoking). Alcohol has to be consumed with
caution because of its acute effect on the perception of hypoglycaemia (Kerr D. et al
1990), chocolate becomes a rare treat and sexual intercourse a pleasant memory if the
complications of diabetes develop. These are but a few basic aspects of daily living
which the majority of the population take for granted. Even the simple pleasure of
consuming the most commonly used drug in the world, 1, 3, 7-trimethylxanthine or

caffeine has implications for the person with diabetes.

Caffeine, a basic component of coffee, tea and over the counter remedies for coughs
and colds, is also added during the manufacturing process to a number of non-alcoholic
soft drinks (Institute 1983). Thus it is consumed in many different forms throughout the
world but is consistently taken by 80% of adults in most populations. Given the
ubiquitous presence of caffeine, there is a general perception that at worst there are no
negative consequences for health. In fact, acute ingestion of modest amounts is
recognised to raise blood pressure, alter cognitive performance and reduce cerebral
blood flow (Mathew R.et al 1985b; Nehlig Aet al 1992). These effects may be
particularly relevant for patients with diabetes, especially those at risk of

hypoglycaemia as a consequence of treatment with insulin or sulphonylureas.
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‘Hypoglycaemia is a biochemical term and the value that defines it depends upon the
nature of the sample’ (Marks V. 1986). In clinical practice hypoglycaemia is usually
defined as the blood glucose level at which detectable physiological changes occur
which, if not corrected, leads to the development of characteristic warning symptoms
and impairment of higher cerebral function. The level of blood glucose that defines
hypoglycaemia varies but is usually taken to be less than 3.0 mmol/l. For individuals at
risk of hypoglycaemia, the important consequences of caffeine ingestion relate to a
direct effect of uncoupling the relationship between cerebral blood flow and glucose
utilisation within the brain. As the brain cannot manufacture glucose, nor store
significant amounts, it is exquisitely dependent on a continuous supply of this substrate
from the peripheral circulation to maintain normal function. For more than 60 years, it
has been recognised that ingestion of caffeine acutely reduces cerebral blood flow
(Gibbs F.et al 1935) even with amounts similar to those found in 1-2 cups of tea or
coffee (Mathew R.et al 1985a). In addition caffeine augments brain glucose utilisation
due to increased firing of cortical neurons and release of local neurotransmitters
(Nehlig A. et al 1984). Therefore, caffeine ingestion may increase an individual’s
sensitivity to neuroglycopenia through the combined influence of reducing substrate
delivery whilst simultaneously increasing brain glucose metabolism. These
physiological changes appear to be mediated by antagonism of adenosine receptors
(Fredholm B. 1980; Daly J. 1993) and may be prolonged because of caffeine’s long
half-life (Pfeifer R.et al 1988).

As blood glucose levels fall below normal the trigger for release of counterregulatory
hormones and the development of warning symptoms depends upon cerebral glucose
availability and the ability of the brain to maintain metabolism (Boyle P.et al 1994).
Thus it may be anticipated from the above that caffeine can alter the usual
physiological responses to hypoglycaemia (Figure I11.1). Under laboratory conditions,
acute ingestion of caffeine (in doses equivalent to that in 2-3 cups of drip-brewed
coffee) markedly enhances the symptomatic and sympathoadrenal responses to
hypoglycaemia in healthy volunteers and patients with type-1 diabetes (Kerr D.et al
1993a; Debrah K.et al 1996). Debra et al used a hyperinsulinaemic clamp to compare

the effects of 250mg caffeine and matched placebo on the physiological responses to
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stepped hypoglycaemia. Within 30 minutes of caffeine administration, there was a 15-
20% reduction in middle cerebral artery velocity; a surrogate measure CBF (Sorteberg
W. 1992). With the combination of caffeine and mild hypoglycaemia (3.8mmol/l),
adrenaline levels were more than twice that seen with placebo. When blood glucose
was clamped at 2.8mmol/l, adrenaline, growth hormone and cortisol responses were
also higher following caffeine administration (but not noradrenaline) compared to
placebo. At this blood glucose level patients reported more intense symptoms of

hypoglycaemia (autonomic and neuroglycopenic) with caffeine ingestion .

Figure IT1.1 The usual hierarchy of physiological responses to hypoglycaemia and
the influence of caffeine.
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As a corollary, increasing cerebral blood flow by 30% at the onset of acute
hypoglycaemia (using a bolus injection of acetazolamide) attenuated both the
counterregulatory hormonal response to and perception of hypoglycaemia without
altering the normal cognitive responses to acute blood glucose lowering (Thomas M.et
al 1997). Caffeine has been shown to block the increased cerebral blood flow induced

by hypoglycaemia in rats (Horinaka N. et al 1997). In this study animals who had been
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rendered hypoglycaemic (blood glucose 2.0 mmol/l) showed a 51% rise in CBF. This
rise was reduced in the presence of 10 mg/kg caffeine and abolished by 20 mg/kg

caffeine iv.

Caffeine alone stimulates catecholamine release from the adrenal medulla, with plasma
adrenaline production being more sensitive to caffeine than noradrenaline (Robertson
D.et al 1978). This influence of caffeine on catecholamine release may be relevant for
patients with type-1 diabetes who have lost the usual glucagon response to a low blood
glucose level. In such individuals ‘catecholamines are in the very first line of defence

against hypoglycaemia’ (Bolli G. 1998).

Caffeine may also be a useful adjuvant therapy for patients in whom intensive insulin
regimens are prescribed who run the risk of suffering from an increased risk of severe
hypoglycaemia (DCCT 1993). Within the DCCT 31% of severe hypoglycaemic
episodes occurred without warning symptoms and in 51% the symptoms were
insufficient to avert the problem. For some patients, fear of hypoglycaemia may cause

them to eschew all attempts at improving glycaemic control.

As the counterregulatoy hormones have been shown to increase during hypoglycaemia
in the presence of caffeine, the rate of glucose recovery theoretically could be
enhanced. A related compound theophylline (1,3 dimethylxanthine) has been shown to
augment glucose recovery, when given intravenously prior to the induction of
hypoglycaemia. By inhibiting phosphodiesterase, theophylline increases cyclic
adenosine monophosphate (cAMP) levels, the intracellular messenger of glucagon and
adrenaline. Enhanced glucose recovery was correlated to the concentration of cAMP
but not levels of counterregulatory hormones (Hvidberg A. et al 1994). Interestingly
this effect was attenuated with long term oral supplementation prior to hypoglycaemia

induction (Hvidberg A. et al 1998).
Intellectual performance is affected both by hypoglycaemia and caffeine ingestion.

Perceived wisdom suggests that caffeine can improve intellectual performance by

increasing alertness and improving concentration, whilst hypoglycaemia has the
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opposite effect (Pramming S. et al 1986). Although there is a large literature of formal
studies examining the effect of caffeine on a variety of intellectual tasks, the results are
often conflicting and inconclusive. In a review of caffeine’s effects, Nehlig et al
concluded ‘it is very difficult to form a definite opinion on caffeine’s effects on the
central nervous system. Interpretation of the data is highly subjective and the effects
vary greatly from one subject to another. A number of positive effects of caffeine on
cognitive performances are related to an increase in arousal and a suppression of
boredom in repetitive tasks rather than a direct effect on cognitive performances’
(Nehlig A.et al 1992). In healthy volunteers subjected to modest hypoglycaemia (90
minutes at 2.8 mmol/l), caffeine ingestion was associated with greater deterioration in
cognitive performance as assessed by P300 auditory evoked responses (Kerr D.et al
1993a). In contrast patients with type-1 diabetes appear to be protected from any
adverse effect of caffeine during lowering of blood glucose (Debrah K.et al 1996).
These discrepancies may be partly explained by the demonstration that cerebral
glucose metabolism can be preserved during prolonged hypoglycaemia in healthy
volunteers (Boyle P.et al 1994). The effects of caffeine on intellectual function may be
less marked in diabetic patients whose cerebral glucose metabolism has had to “adapt’
as a consequence of previous hypoglycaemic episodes. Thus for individuals at risk of
hypoglycaemia the effects of caffeine on brain glucose metabolism may be more

important than its influence on substrate delivery.

Others have argued that the proposed ‘beneficial’ effects of caffeine are in fact a
manifestation of treating acute caffeine withdrawal in experimental volunteers who
have fasted from the previous evening (James J. 1994). The clinical manifestations of
acute withdrawal, namely headache, lethargy and mood disturbance including
depression and anxiety are often unrecognised but can be severe enough to interfere
with normal daily activities (Silverman K.et al 1992a). Daily consumption of caffeine
can, in itself, be related to an increase in anxiety and tension. Other negative aspects of
caffeine consumption include exacerbation of panic attacks (Hughes R. 1996)
decreased hand steadiness (James J. 1997b), poor quality of sleep (Landolt H.-P.et al
1995). Rarely caffeine can become a drug of abuse and induce the syndrome of
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‘caffeine intoxication’, (American Psychiatric Association 1994). This is characterised

by restlessness, insomnia, rambling flow of thought and tachycardia.

Numerous studies have examined coffee as an independent risk factor for ischaemic
heart disease. Whereas case control studies have tended to find an association, many
cohort studies and meta-analysis have not (Greenland S. 1993; Kawachi 1. et al 1994).
There have been no studies specifically examining the cardiovascular consequences of
ingesting caffeine in patients with diabetes or its effects on the rate of silent myocardial
ischaemia. Caffeine toxicity has been associated with many types of cardiac
arrhythmias. This effect appears to be dose dependent because most studies have
indicated a neutral effect of ingesting a modest amounts of caffeine on cardiac rhythm

(Myers M. et al 1990).

Another widely held belief about caffeine is that individuals can become tolerant to its
effects. Initial studies suggested that the peripheral consequences of caffeine ingestion
e.g. a rise in blood pressure are lost with sustained use (Robertson D. et al 1981,
Robertson D. et al 1984). Others have reported conflicting results (Green P. et al 1996).
In people who are susceptible to hypertension the effect of caffeine on blood pressure
may be augmented and prolonged compared to normotensive controls (Pincomb G. et
al 1996). Within the brain, Debra et al has shown that its action on reducing cerebral
blood flow does not diminish completely with recurrent dosing (Debrah K. et al 1995).
Furthermore the development of tolerance may be weakened by the very nature of
caffeine use — in some individuals overnight abstention may be long enough to allow
the pressor response to caffeine to return. Tolerance to caffeine may develop via a
number of different mechanisms including an increase in adenosine receptors (Kaplan
G. et al 1992) and possibly an increase in neuronal GABAergic activity
(Mukhopadhyay S.et al 1998).

In summary, ingestion of modest amounts of caffeine enhances the intensity of warning
symptoms and increases levels of counter-regulatory hormones at least under
laboratory conditions. Thus caffeine could become part of the strategy used to deal
with the problem of hypoglycaemia unawareness (Figure I11.2). Caffeine has been

described as the ‘opium of the people’ (Horton R. 1998) but controversy continues as
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to the purported health risks and benefits of regular caffeine use. The view has been
expressed that ‘if caffeine is not bad for you it should be’ (Grady D. 1986). Suspicions
remain as to the motives of the multinational multibillion-dollar caffeine industry,
which adds a substance of no (or very little) health benefit during the manufacture of a
wide variety of food and drinks. Nevertheless, for patients with diabetes at risk of
hypoglycaemia, caffeine may be beneficial. Unlike most other therapies it is

inexpensive, safe and remarkably popular with its consumers.

Figure I1L2 Hypoglycaemia Unawareness: the problems and suggested treatments
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Section [V METHODS



1. Study Details

Ethical Permission

The hospital ethics committee granted permission for each of the studies carried out at
the Royal Bournemouth Hospital, Bournemouth (studies 2- 6). The Defense Evaluation

and Research Association (DERA) granted ethical permission for study 1.

Written, informed consent was obtained from all subjects, following detailed

explanations about the experimental procedures.

Subjects

The details of selection criteria for the subjects are explained in the individual study
chapters. Prior to enrolment for study 1, the general level of mental ability was
assessed on each individual using the National Adult Reading Test (NART) (Nelson H.
et al 1991) . This assesses the premorbid IQ, i.e. the peak level of mental ability
attainable by a subject prior to cognitive deterioration. In this task the subject was
asked to read aloud 50 irregular, english words of progressing difficulty (e.g. ache,
depot). The number pronounced correctly equaled the score. The NART has been
validated against the Wechsler Adult Intelligence Scale (Wechsler D. et al 1981) and
has been shown to correlated closely with this test in subjects without reason for

cognitive decline.

Schedule
The studies were all perfoﬁned between August 1996 and September 1998 at the Royal

Bournemouth Hospital, Bournemouth, Dorset and DERA- Queen’s Gate,

Farnbourough, Hants.

2. Laboratory Studies of Hypoglycaemia

Experimental Procedure

The subjects were admitted to DERA research room in study 2 or to the Bournemouth
Diabetes and Endocrine Centre research department in study 4: see the individual study
chapters for precise details of time and fasting instructions. A Teflon cannula was

inserted into the ante- cubital fossa of the non- dominant arm. This was used to infuse
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insulin (Actrapid, Novo Nordisk, Copenhagen, Denmark) via a pump. Simultaneously

an infusion of 20% dextrose at a variable rate was infused.

A second cannula was inserted retrograde into a vein on the back of the non-dominant
hand. This hand was heated using a Plexiglas box to 60°C and the cannula used to take
arterialised blood samples. These were taken at 3- 5 minute intervals and measured at

the bedside (Yellow Springs Instrument 2300 Stat, Yellow Springs, Ohio, USA).

The process of warming the hand causes arterio-venous shunting to occur here.
Arterialised venous blood has been shown to approximate closely with true arterial
blood glucose concentrations (Liu D. et al 1992). Thus the concentration of substrate
delivered to the tissues can be accurately measured and the problem of venous blood

glucose variability during hypolgycaemia minimised.

Hyperinsulinaemic Glucose Clamp Technique

In studies 2 and 4 hypoglycaemia was induced and maintained using a modified,
manual hyperinsulinaemic glucose clamp (De Fronzo R.et al 1979). This method uses a
fixed rate insulin infusion and a variable rate 20% dextrose infusion. Insulin was
infused at 6 mU/Kg/min starting at time 0, it was then decreased to 4 mU/Kg/min at 4
minutes and finally to the maintenance rate of 2 mU/Kg/min at 7 minutes. This initial
loading with insulin serves to saturate the insulin receptors thus facilitating subsequent

manipulation of blood glucose by the experimenters.

An infusion of 20% dextrose was commenced 5 minutes after the insulin infusion, at
an initial rate of 2 mg/Kg/hour. The subsequent rate of dextrose infusion was
determined by the arterialised blood glucose concentrations measured by the bedside

every 3- Sminutes (see below).

In both studies a period of stable euglycaecmia was first established to enable baseline
measurements to be taken. Hypoglycaemia was induced by halving the rate of dextrose
infusion used for the maintenance of euglycaemia. The rate was then adjusted as

required, to maintain stable hypoglycaemia, at the predetermined level. The time
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allowed for the change from euglycaemia to hypoglycaemia was 20 minutes. The blood
glucose was then held steady for 10 minutes prior to a set of measurements being
made. The predetermined glucose concentrations for both studies were 4.5mmol/l and

2.5mmol/l for euglycaemia and hypoglycaemia respectively.

This is the one-step euglycaemia- hypoglycaemia clamp. It allows the investigator to
provide a reproducible fixed level of hypoglycaemia for a predetermined time and
identical stimulus with which to compare subjects. The subjects were not informed of
their blood glucose concentrations throughout the glucose clamp. During a
euglucaemic clamp, the blood glucose was maintained throughout at 4. 5mmol/l. In
study 2 insulin was stopped after "180 minutes with euglycaemia restored over 20
minutes. Measurements of blood glucose continued through a final test battery studying

the effects of caffeine on the recovery period.

The hyperinsulinaemic glucose clamp produces plasma insulin levels that are
supraphysiological. This may have an influence on the outcome of experimental studies
employing this technique. However, as both studies 2 and 4 are of a cross over design,
this variable is controlled for. The variability of the threshold for cognitive dysfunction
between individuals causes a methodological problem too (Gonder-Frederick L. et al
1994). There is less variability in this parameter though than others, such as the
threshold for counterregulatory hormones production. In choosing 2.5mmol/ 1 as the
blood glucose concentration during hypoglycaemia, the threshold for cognitive
dysfunction is reached or exceeded for the majority of subjects, especially healthy
volunteers. One more important reservation of this technique is that it is not wholly
analogous to the ‘real life’ experience of hypoglycaemia. Therefore interpretation of
the results must be made with caution. Despite these uncertainties  the
hyperinsulinaemic glucose clamp is the only method available for reliably maintaining
the blood glucose at predetermined concentrations for enough time to allow the

administration of a battery of tests.
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3. Physiological Measurements during euglycaemia and hypoglycaemia studies
Heart Rate and Blood Pressure 7

Heart rate and blood pressure were measured using an automated device (Dinamap,
Critikon, UK) During a set of measurements, three readings for these parameters would
be made and the mean average calculated for use in further statistical analysis. During

the hypoglycaemia studies, electro-cardiac monitoring was mandatory

Middle Cerebral Artery Blood Velocity

The velocity of blood flow in the middle cerebral artery (Vyca) is directly proportional
to total cerebral blood flow (CBF) (Sorteberg W. 1992). The technique has been
validated consistently in multiple studies (e.g. Bishop B. et al 1986, Deborah K. et al
1996). An assumption is made that the change in diameter of the blood vessels is small.
Transcranial Doppler measurement of blood flow in the middle cerebral artery provides
a quick, reproducible method whereby changes in CBF can be monitored over a short
period of time. Left and right Vs were measured in all studies using this technique
(SciMed, Bristol, UK, studies 1, 3, 4 and 5 and Nicolet Biomedical, Warwick, UK in
study 2). Three consecutive readings were taken each time on each side with the

maximum velocity recorded for analysis.

4. Full Blood and Plasma measurements during euglycaemia and hypoglycaemia
studies

Glucose

Whole blood measurements of glucose were made at the bedside (Yellow Springs,
Ohio, USA). During the hypoglycaemic clamp studies these were made every three to
five minutes. During the euglycaemic studies (3+5) these were made every 30 minutes.
In study 1, patients recorded their capillary blood glucose readings using One Touch

Profile Meters (Lifescan, Johnson and Johnson Co., High Wycombe, UK)

Caffeine
Caffeine capsules used throughout the studies described in this thesis contained 200mg

caffeine with lactose filler. Plasma caffeine was measured by enzyme multiplication
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immunoassay (EMIT®; Behring Diagnostics, Milton Keynes, UK) on an Olympus
AUS60 autoanalyser (Olympus Optical, Eastleigh, UK).

Catecholamines

Plasma adrenaline and noradrenaline were measured by HPLC using electrochemical

detection (ESA Inc., North Chelmsford, MA, USA) (Meineke I. et al 1989).

Growth Hormone
Plasma growth hormone was measured using a two site immunoradiometric assay,

standardised against the first international reference preparation of growth hormone

(MRC 66/217).

5. Hypoglycaemia symptoms assessment

A validated symptom questionnaire was completed at the beginning and end of each

stage of the clamp procedure (Hepburn D. et al 1992; Deary L. et al 1993a) to assess the

intensity of hypoglycaemic symptoms. The questionnaire divides 11 of the most

common symptoms of hypoglycaemia into 3 groups:

Neuroglycopenic: confusion, drowsiness, odd behaviour, speech difficulty
inco-ordination

Neurogenic: hunger, palpitations, sweating, shaking

Other: nausea, headache

Each symptom is graded from 1 (not present) to 7 (very intense). The total score for

each sub group is calculated. In study 1, a similar hypoglycaemia study was used,

having been adapted to local needs (Clarke W.et al 1995).

6. Mood assessment in euglycaemia studies

The UWIST mood adjective check list (Matthews G.et al 1990). 24 adjectives which
describe three aspects of mood are graded 1- 4 by the subject throughout the study, at
specific time points. Thus levels of energy, hedonsim and tense arousal can be
measured. Higher scores for the first two are positive, being associated with happiness
and high energy levels respectively. In the third aspect a high score relates to increased

tension. The maximum score for each aspect of mood is 32 and the minimum is 8.
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7. Cognitive function tests used in euglycaemia and/or hypoglycaemia studies
During the individual studies, all the cognitive function testing took place under the

same lighting conditions, in a sound attenuated room.

Four choice reaction timer test

This is a psychomotor performance test (Wilkinson R. et al 1975). The subject is
presented with a square divided equally into four. As each of these quarters lights up
randomly In turn, the subject has to move the light on by pressing a corresponding
button on the control panel. Accuracy and speed of reaction are recorded over 5

minutes.

Visual Perception Threshold Tests

Visual change detection (VNCD) assesses the speed of early visual processing by
measuring the brain’s ability to identify the locus of change in a stimulus array
(McCrimmon R.et al 1996). The stimulus display consists of an array of 49 rectangles
on a computer monitor screen to which, after a variable interval, a single identical
rectangle is added. The subject’s task is to identify this addition. The different time
intervals between the presentation of the array and the onset of the change are 14, 28,
42, 56, 70 and 84 ms. The whole test involves 10 trials of the 6 different stimulus
duration, unless otherwise stated in individual methods section. A total accuracy score

is obtained.

Visual movement detection (VMD) resembles the VCD test in all respects, except that
the target rectangle, rather than appearing after the rest of the array, appears with the
array (McCrimmon R.et al 1996). After a variable interval it moves horizontally by a
distance identical to its width (3mm). This creates the subjective sensation of sudden
movement. The test is generated in the same format as the VCD test. The interval
between the onset of the array and the target rectangle appearing to move are also
identical (i.e. 14-84ms). A random block of 60 presentations (10 trials of 6 different
stimulus duration) is also employed in this test as with VCD test and the total number

of correct responses is obtained.
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8. Statistical methods

The details of statistical analysis carried out the results of each study are described in
each of the relevant chapters. All statistical procedures were carried out on Microsoft

Excel (Microsoft Corp., Seattle, USA) and Systat (SPSS Inc., Chicago, USA)

programmes.
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Section V CLINICAL STUDY



Study 1 Influence of Caffeine on the frequency and perception of
hypoglycaemia in free-living patients with type 1 diabetes mellitus

Patients with type 1 diabetes rarely achieve an ideal standard of glycaemic control,
largely due to the imprecision of insulin therapy, which confers a risk of post
absorptive hypoglycaemia (DCCT 1993). The best defence against hypoglycaemia is
the ability to recognise warning symptoms and to take appropriate action (i.e. consume
carbohydrate in a relatively pure form). Unfortunately, up to 25% of patients with long
standing type 1 diabetes have a severely compromised ability to detect falling blood
glucose levels, putting these individuals at risk of sudden and severe neuroglycopenia

(Hepburn D.et al 1990).

In healthy volunteers and patients with type 1 diabetes, acute ingestion of modest
amounts of caffeine (250-400mg, equivalent to 2-4 cups of drip-brewed coffee) (Debry
G. 1994), markedly enhances the intensity of warning symptoms and the usual
hormonal counter-regulatory response to ‘clamped’ hypoglycaemia, under laboratory
conditions (Kerr D.et al 1993a, Debrah K et al 1996). However although the perception
of hypoglycaemia is augmented by prior caffeine ingestion, it is unclear whether low
blood glucose levels will become associated with warning symptoms if caffeine is used

on a daily basis.

The aim of this study was to examine the influence of caffeine on the frequency and
perception of hypoglycaemia in ‘free-living’ patients with type 1 diabetes during
everyday activities and outside the laboratory environment. The supplement dose of
caffeine was almost equivalent to average consumption of caffeine in the United

Kingdom (444mg/ day) (James J. 1997b).

Methods

Subjects
39 non-smoking patients with type 1 diabetes (Table V.1.1) gave written consent for

the study. They were recruited on the basis of stable glycaemic control (average HbA,,

< 10%), absence of complications (except background retinopathy) and were on no
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other medication apart from insulin as a basal bolus regimen with 4 injections each
day. The study was carried out between October 1996 and September 1998. 5 patients
failed to complete more than 2 phases of the study and their data have been excluded

from further analysis.

Experimental procedure

This was a prospective, randomised, placebo-controlled double blind study consisting
of 4 continuous phases (Figure V.1.1). Throughout phase A (baseline, 2 months
duration) patients continued with their usual diet, during which 7 day food diaries were
used to calculate average daily caffeine consumption. For phases B (2 months), C and
D (3 months each) they were provided with decaffeinated or caffeine-free produéts
(tea, coffee and carbonated soft drinks); thus establishing a low caffeine diet (<15mg
per day) until the completion of the study. In addition, during phases C and D patients
were randomised to capsules containing either 200 mg of caffeine twice daily or
matched placebo with cross-over at 3 months. Patients were contacted directly at least
once a week. Compliance was maintained by encouraging the patients to report any
dietary discrepancy, in addition to regular checks of study medication including

counting capsules.

Four capillary blood glucose levels were collected each day (pre-meal and before bed).
Patients were also instructed to take additional measurements during suspected
episodes of hypoglycaemia. The hypoglycaemic events recorded at the end of a phase
were divided into symptomatic and biochemical hypoglycaemic events. The former
were defined as the development of characteristic warning symptoms with a
confirmatory capillary blood glucose level (< 3.5 mmol/l). The intensities of associated
warning symptoms were recorded using a validated symptom questionnaire (Clarke
W.et al 1995). Nine symptoms were assessed on a scale of 1 to 6. Symptoms were
compared using total scores (i.e. including all symptoms) as previous work has shown
that caffeine affects both neuroglycopenic and neurogenic symptoms (Debrah K.et al
1996). If possible, confirmatory data were obtained from relatives/carers. Biochemical,

asymptomatic hypoglycaemic events were identified by routine testing alone.
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All visits to the Research Unit were scheduled before 1030 hrs, after breakfast and
insulin. During phase A patients familiarised themselves with cognitive function
testing. Thereafter visits were made two days from the start and during the last seven
days of each phase. During phases C and D they took a caffeine/ placebo capsule one
hour before the study time. The visits lasted 1 hour. Height, weight and body mass

index were measured at the start, with the following measurements made after 15

minutes resting supine:

e Capillary blood glucose, HbAlc (Behring Diagnostics, Milton Keynes, UK) and
plasma lipid levels Olympus AU860 autoanalyser (Olympus Optical, Eastleigh,
UK).

e Plasma caffeine level.

e Heart rate and sitting blood pressure.

e Middle cerebral artery velocity.

e Cognitive function using a 4-choice reaction time test.

Statistical Analysis

Sample size calculation was based on the effect of caffeine on changes in symptom
scores reported previously (Kerr D.et al 1993a). Primary outcomes of interest,
highlighted during the planning stage, were frequency of hypoglycemia and effects on
intensity of warning symptoms. This two period, placebo/caffeine crossover design was
analysed using paired t-tests assuming no carry-over effect (Armitage P. et al 1987).
Results are presented as means with standard error or as a difference between the two

treatment phases with 95% confidence intervals. A significance level of 5% was used.
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Figure V.1.1 The 10 month study schedule.

Phase A Phase B Phase C Phase D
recruitment baseline caffeine or placebo caffeine or placebo
0 months 2 4 7, 10

one week washout period

* _ attendance at the research unit 2 days into phase, for clinical measurements

# = attendance at the research unit in last week of phase, for clinical measurements



Results

Patient details are shown in Table V.1.1. Following introduction of a low caffeine diet,
average caffeine levels were <0.4 £ 0.1mmol/l, with caffeine supplementation levels
averaged 2.4 £ 0.3mmol/l 90 minutes after breakfast (p< 0.0001). Throughout all
phases of the study, HbAlc, plasma lipids and body weight were unaffected by caffeine

status.

During phases C and D symptomatic episodes of hypoglycaemia were more frequent
with caffeine (1.3 vs. 0.9 episodes per week; 0.4 [0.2 to 0.9], difference [95%CI],
p<0.03) (Figure V.1.2), associated with more intense warning symptoms (29 vs. 26 for
total symptom scores; 3 [0.3 to 5.4], p<0.05) (Figure V.1.3). In contrast the number of
asymptomatic, biochemical episodes (0.6 + 0.2 and 0.7 £ 0.2 episodes per week) and
the average blood glucose level recorded during a symptomatic event (2.8 + 0.1 and 2.7
* 0.1 mmol/l) were unaffected by the prevailing caffeine status. There were 13
episodes of severe hypoglycaemia affecting 4 individuals on placebo compared to 6
episodes among 3 patients whilst they were taking caffeine supplementation (p = 0.3).
The influence of caffeine on the frequency of hypoglycaemia was strongly influenced

by gender with men being more sensitive to caffeine than women (p<0.02).

Throughout, diastolic blood pressure and heart rate were not influenced by caffeine
status. Among men systolic blood pressure was also unchanged by caffeine (Table
V.1.2). For women, re-introduction of caffeine caused a modest pressor response (115
vs. 110 mmHg; 5 [3 to 8] mmHg, p<0.01). At all stages Vyca was higher in women
than men (Figure V.1.4). With re-introduction of caffeine into the diet Vyca fell
(p<0.001) although this effect was sustained only in men. 4-choice reaction time
improved slightly in both men and women with caffeine supplementation (from 0.55 to

0.54's;-0.01 [-0.02 to —0.01] s, p<0.05).
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Figure V.1.2 Total number of symptomatic and biochemical hypoglycaemic
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Figure V.1.3 Influence of caffeine on intensity of hypoglycaemic warning

symptoms during the caffeine and placebo phases of the trial

(phases C and D).
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Figure V.1.4 Change in middle cerebral artery blood velocity during caffeine or
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Table V.1.1 Patient details (mean = se).

Male : Female

Age ( years) 38+2
Daily caffeine consumption (mg/ day) 395 +£37
Duration of diabetes mellitus (years) 15+1.7
HbA1, at recruitment (%) 79+0.2
BMI at recruitment (Kg/mz) 254+05

(£33



Table V.1.2 Changes in blood pressure and heart rate throughout the study,

showing the mean difference between the caffeine and placebo

supplementation (mean * se).

Syst | A 124 + 3 124 + 3 1213 | 3[14]*
(mmHg)
M 130 + 4 130+ 4 128+ 4 21[-1,2]
F 113+4 115+4 110+ 4 5[2,7]*
Diastol | A 68+72 69+ 2 68+2 1]0,2]
(mmHg)
M 69 + 3 69 +2 68+2 1[-2,2]
F 66 +3 67+ 3 68+2 1[-1,2]
Heart | A 71 +1 72 42 69 +2 0[-2.2]
rate
M 67 +2 67 +3 67 +2 1[-3,4]
F 76 +2 72 +3 73 +3 -1[-4,2]
KEY

* = p< 0.05 caffeine vs. low caffeine status

A = all subjects M = male subjects F = female subjects
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Discussion

In clinical practice hypoglycemia is usually defined as the blood glucose level at which,
if not corrected, leads to the development of characteristic warning symptoms and
impairment of higher cerebral function. In this study ‘free-living” type 1 diabetic
patients reported a 44% increase in the number of mild/ moderate hypoglycaemic
episodes associated with more intense warning symptoms when caffeine was included
within their diet. This was not associated with any adverse effect on diabetic control or
plasma lipid levels. Whilst there were fewer severe hypoglycaemic episodes during

caffeine use, these were too infrequent for useful statistical comparison.

These findings support previous laboratory based work where acute ingestion of
caffeine (in doses equivalent to that in 2-4 cups of drip-brewed coffee) markedly
enhanced the symptomatic and sympathoadrenal responses to ‘clamped’
hypoglycaemia in healthy volunteers and patients with type 1 diabetes (Kerr D.et al
1993a; Debrah K et al 1996). These effects of caffeine may relate to uncoupling of
brain blood flow and glucose utilisation, via antagonism of adenosine receptors (Nehlig
At al 1992). Ingestion of caffeine acutely reduces brain blood flow, whilst
simultaneously augmenting brain glucose utilisation by enhancing firing of cortical
neurones (Grome J.et al 1986). Therefore, caffeine ingestion may increase an
individual’s sensitivity to neuroglycopenia through the combined influence of reducing
substrate delivery whilst simultaneously increasing brain glucose metabolism. The
reduction in Vyca following caffeine ingestion has been reported previously (Kerr D.et
al 1993a) and correlates with changes in cerebral blood flow as measured by Xenon
inhalation (Kerr D. et al 1993a). Thus although not directly measured, changes in

Vmeca are likely to represent alterations in substrate delivery.

Caffeine supplementation did not alter HbA,, or plasma lipid levels. The variable
effects of caffeine on glucose tolerance reported previously may be partly explained by
the prevailing caffeine status of enrolled subjects (Wachman A. et al 1970, Deakins M.
1939). Giving a single dose of 200mg to a caffeine-naive individual will modestly
elevate blood glucose levels 3- 4 hours after a glucose load without any effect on
fasting levels or insulin concentration (Piziol A. et al 1998). Others have reported a

strong positive correlation between coffee consumption and cholesterol level (Thelle
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D. et al 1983), although this discrepancy may be partly explained by the method of
preparing coffee (Urgert R. et al 1997). Under normal circumstances, habitual caffeine
consumption causes a smaller pressor response to caffeine than placebo but the effect
is not eliminated (James J. 1994). The rise in blood pressure seen here was
comparatively modest (systolic only), but could be clinically significant, especially in

those whom are already at increased risk of ischaemic heart disease.

The effect of caffeine on hypoglycaemia frequency was influenced by gender with men
being more affected than women. In general low blood glucose levels are better
tolerated by women (Draelos M.et al 1995) aand detected earlier (Gonder-Frederick L.
et al 1994). The effect of caffeine on memory tasks is also influenced by gender
(Arnold M.et al 1987). Here reaction time improved slightly with regular caffeine use
in all subjects. A review of the effect of caffeine on intellectual performance
concluded that the purported positive effects of caffeine on cognition is due to
increased arousal and suppression of boredom with repetitive tasks rather than a direct

effect on cognitive performances (Nehlig A.et al 1992).

In summary, ingestion of modest amounts of caffeine enhances the intensity of
hypoglycaemic warning symptoms in patients with type 1 diabetes without altering
their standard of glycaemic control. As a consequence the number of mild/ moderate
hypoglycaemic episodes are increased. Although this may be seen as problematic, the
enhancement of early warning symptoms allows an individual to be alerted to
impending hypoglycaemia early enough to be able to do something about it.
Alternatively, given that caffeine did not reduce the number of asymptomatic events
and symptomatic episodes were more frequent with caffeine, this could be considered
as increasing the risk for severe hypoglycaemia (Kovatchev B.et al 1998) but

fortunately this was not seen here.
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Section VI LABORATORY STUDIES OF CAFFEINE AND
HYPOGLYCAEMIA IN HEALTHY VOLUNTEERS



Study 2 Influence of caffeine on symptomatic, hormonal and cognitive

responses during and following recovery for hypoglycaemia

Although caffeine is recognised as having psychostimulant effects, its use is now so
widespread (Barone J.et al 1996) that it is essentially viewed as a socially acceptable
drug. The effects of caffeine on intellectual performance, blood pressure and lipids
have been extensively investigated and may be relevant to people with type 1 diabetes

mellitus who are at increased risk of macrovascular disease.

In addition, acute ingestion of modest amounts of caffeine augments the hormonal and
symptomatic responses to hypoglycaemia in both healthy volunteers and patients with
type 1 diabetes mellitus, (Kerr D.et al 1993a; Debrah K.et al 1996). However both of
these studies involved subjects withdrawing from caffeine for 72 hours prior to testing.
Thus the response obtained may represent relief from the syndrome of caffeine
withdrawal rather than acute effect of caffeine per se (James J. 1994; Rogers P.et al
1998). Studying the response to a caffeine challenge after overnight deprivation mimics

usual patterns of caffeine consumption.

The brain is almost unique, in that it cannot manufacture nor store significant amounts
of the substrate required for normal function (i.e. glucose) and thus is dependent upon a
continuous supply from the peripheral circulation for normal function. Although the
brain can utilise alternative agents such as ketone bodies, this is likely to occur under
extreme conditions only, such as prolonged starvation (Owen O. et al 1967). Previous
studies have suggested that global cerebral blood flow (CBF) does not increase during
hypoglycaemia (to increase substrate delivery) until peripheral glucose levels have
fallen to less than 2.2 mmol/l (Tallroth G.et al 1992; Powers W.et al 1996). However,
one study has suggested that following recovery from hypoglycaemia CBF increased,
even though the blood glucose level achieved during hypoglycaemia did not cross this
threshold (Eckert B.et al 1998). This suggests that the duration of any hypoglycaemic

stimulus is likely to be important in determining physiological and cognitive responses.
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The study reported here also investigated the effect of visual function during
hypoglycaemia with the added effect of caffeine. There are reported specific effects of
hypoglycaemia on visual function. P300 amplitude was decreased during a visual
search task conducted with a blood sugar of 2.5 mmol/l, whereas auditory P300
amplitude was unaffected by such a reduction (Lindgren M.et al 1996). Other changes
include deterioration in the early stages of visual information processing, deterioration
in static contrast and impairment of colour vision (McCrimmon R.et al 1996). P100
(the first major positivity recorded over the occipital cortex following stimulation with
a reversing checkerboard pattern) may be prolonged during hypoglycaemia (Harrad
R.et al 1985). Both type 1 diabetic patients and controls were studied, the changes were
significant in both groups separately and as a whole. However a similar study reported
no significant changes in visual sensation with blood glucose decreased to 2.38 mmol/l

(Tamburrano G.et al 1988).

Previous studies have also given conflicting results as to the influence of caffeine on
electrophysiological function during hypoglycaemia. An increase in latency of the
auditory oddball P300 (blood glucose 2.8 mmol/l) after caffeine ingestion was found,
with no similar change in latency observed in the placebo condition (Kerr D.et al
1993a). This study was conducted on healthy volunteers, whereas no such effect was
demonstrated in patients with type 1 diabetes (Debrah K. et al 1996). The P300 provides
little information about the specific cognitive processes affected by hypoglycaemia or
by caffeine. To investigate the effects of caffeine further, it is necessary to examine its

effects on more specific cognitive processes.

Thus the aim of this study was twofold. Firstly it was to examine the influence of acute
caffeine ingestion on the symptomatic, hormonal and cognitive responses both during
and upon recovery from hypoglycaemia in subjects who had only abstained from
caffeine overnight. Secondly, assessment of the visual system could provide a sensitive
measure of the effects of caffeine, if indeed caffeine has an effect over and above that
of hypoglycaemia. The current study used tests of visual information processing
(McCrimmon R.et al 1996) to examine the simultaneous effects of caffeine and

reduced blood glucose in combination with pattern reversal evoked potentials.
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Methods
Subjects

16 healthy, non-diabetic subjects (8 male, aged 21 to 37 years) gave written, informed
consent for the study. All subjects consumed caffeine on a daily basis and none had any
relevant previous medical history, or were taking any regular medication. They were
right handed except for one male subject and of above average intelligence as assessed
by the National Adult Reading Test (Nelson H.et al 1991). Each subject was informed
that they would be required to attend the department on four separate occasions. The
first visit was to familiarise subjects with the tests and order of testing that would be
used during the experimental condition. This helped to minimise practise and learning
effects. The results from this session were discarded. On the subsequent three
occasions subjects underwent a hyperinsulinaemic glucose clamp. Each study was

performed at least seven days apart to avoid any carry-over effect.

Experimental procedure

Subjects were studied at the Defence Evaluation and Research Agency, Farnborough,
UK. They were admitted at 09.00, having had a light breakfast at 07.00 but abstained
from caffeine consumption from 21.00, the previous evening. Cannulae were inserted

in preparation for the glucose clamp procedure as described in the methods section.

The three glucose clamps took place in a counterbalanced manner. Initially
euglycaemia was maintained for 90 minutes (4.5 mmol/l) at the end of which 200 mg
of caffeine or matched placebo was ingested (Figure V1.2.1). Thereafter blood glucose
was either lowered to 2.5 mmol/l over 20 minutes and held there for a further 70
minutes in two of the conditions (hypoglycaemia with caffeine, H+C or hypoglycaemia
with placebo, H+P). In the third condition 200 mg caffeine was given and euglycaemia
maintained throughout the study (E+C study). At "180 minutes in all conditions the
insulin infusion was turned off and the glucose infusion was increased as necessary to
restore euglycaemia over 20 minutes. Blood sugar was then held at 4.5 mmol/l until the
end of the experiment (70 minutes later). Subjects were not informed of their blood

glucose level at anytime during the laboratory sessions.
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For electrophysiological recording, electrodes were fixed to the scalp according to the
International 10-20 system (Jasper H. 1958). A further chain of five electrodes was
positioned Scm above the inion, extending 10cm to the left and right of the midline.
Activity at all sites was referred to linked earlobes. Electrodes were also positioned
around the eyes to monitor eye movements. A ground electrode was located mid-

forehead.

At 20 (euglycaemia), "120 (hypoglycaemia/ euglycaemia) and "210 (euglycaemia)

minutes the following measurements were made:

@

Left and right middle cerebral artery blood velocity (Viyca),
e Blood pressure and heart rate,

e Plasma counterregulatory hormones and caffeine levels,

&

Hypoglycaemic symptom questionnaire

The above tests were repeated after the following psychometric tests had been

performed.

Tests of visual function

Visual change detection The different time intervals between the presentation of the
array and the onset of the change are 14, 28, 42, 56 and 70 ms. The whole test involves
10 trials of the 5 different stimulus duration.

Visual movement detection The interval between the onset of the array and the target
rectangle appearing to move are identical to VCD (i.e. 14-70ms). A random block of 50

presentations (10 trials of 5 different stimulus duration) is also employed in this test.

Pattern reversal visual evoked potentials (VEP)

The subject was seated 1m from a visual display screen which displayed a black and
white, full-field checkerboard which subtended 16° at the eye. Individual checks
subtended 50° visual angle and the screen was viewed binocularly. The checkerboard
reversed twice per second and averages were computed from responses to two sets of

100 reversals during each test battery. The sampling rate was 2000 samples per second
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across a 200msec epoch. The high pass filter was set to 1 Hz and the low pass filter to

500 Hz. Baseline measurement of VEP were made prior to the start of the insulin

infusion.

Statistical Analysis

Overall differences between serial measurements were examined by repeated measures
ANOVA with factors condition (E+C, H+P and H+C) and time. In addition pairwise
comparisons were also carried out. Comparison of euglycaemia and H+C examined the
direct effects of hypoglycaemia. Whilst the effects of caffeine during hypoglycaemia
were examined by comparing H+P and H+C. The Greenhouse-Geisser correction was

used where appropriate. Data are shown as mean + se.
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Figure VL.2.1 Schematic representation of the study.
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Results

Achieved blood glucose and plasma caffeine levels are shown in Tables VI.2.1 and
V1.2.2 respectively. Following the ingestion of 200 mg caffeine, there was a reduction
in Vyyea in both the caffeine conditions, although this was more marked in the H+C
condition (Figure VI1.2.2) (F= 3.7, p<0.001 all conditions across time; F= 3.5, p< 0.005
H+C vs. P+C; F = 3.5, p< 0.005 H+C vs. E+C). However, there was also an interaction
between Vica and gender. Although both sexes were similarly affected by caffeine
ingestion during hypoglycaemia, Vyca rose above baseline only in females during H+P
(F= 5.9, p< 0.02, H+C vs. H+P). As expected, systolic pressure rose and diastolic
pressure fell during hypoglycaemia, no effects of caffeine was demonstrated (Figure

V1.2.3). Heart rate was unchanged throughout the study.

With the exception of noradrenaline, counteregulatory hormone levels were similar
prior to the ingestion of caffeine or placebo (Figure VI1.2.4). During hypoglycaemia,
adrenaline production was greater in H+C (F = 30.0, p< 0.001 all conditions across
time; F= 4.98, p< 0.005, H+C vs. H+P across time). In contrast noradrenaline rose by a
similar amount during hypoglycaemia, when the initial rise prior to hypoglycaemia was
corrected for. Growth hormone (GH) responses were significantly different between the
two hypoglycaemic conditions, with sustained higher levels of GH during recovery in
H+C (F= 8.6, p< 0.0001 all conditions across time; F= 4.88, p< 0.005 H+C vs. H+P
across time) (Figure VI.2.4). The adrenaline responses during hypoglycaemia were

consistently greater in males ( F=7.97, p< 0.005).

During euglycaemia, symptom scores were unaffected by caffeine (Figure VI.2.5)
whereas total symptoms were more intense during hypoglycaemia and recovery
following caffeine ingestion (total symptom score H+C vs. H+P F= 4.2, p< 0.05). This
was most marked with neurogenic symptoms (F=6.33, p< 0.02). Overall total

symptoms were more intense in females than males ( H+C vs. H+P, F=4.96, p< 0.03).
Change in intellectual performance (VCD and VMD) is shown in during
hypoglycaemia (Figure V1.2.6). In VCD neither absolute nor difference scores changed

across the conditions (Table V1.2.3). There was no difference in the absolute scores for
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VMD across the conditions. However the change in VMD scores showed an effect of
condition (F= 4.1, p< 0.03), such that the direction of change in performance was
different across conditions. There was an improvement in performance during
euglycaemia but not during either hypoglycaemic condition. There was no effect of
caffeine between the two hypoglycaemic conditions but only H+C prevented an
improvement in performance similar to that seen in the euglycaemic condition (F= 5.7,

p<0.05).

There was an interaction during the visual information processing tasks between
performance and gender with females scoring more highly than males (F = 24.36, p=
0.001). This difference was greatest for VMD scores. Further analysis showed that
there was a trend towards poorer performance in VMD for males as a result of

hypoglycaemia (F=3.48, p= 0.059).

Increase in latency for P100 was observed in both hypoglycaemic conditions (F = 3.55,
p< 0.046), there was no specific effect of caffeine (Figure VI1.2.7, Table V1.2.4).
Considerable inter-subject variability in the latency of P100 was noted during the third
test battery, at which point hypoglycaemia had been induced. Subjects were
subsequently divided into 2 groups by a median split based on the change in P100
latency from TB1 (initial baseline state) to TB3 (hypoglycaemia) during H+P
condition. The mean latency increase was 0.5ms for Group 1 and 5.6ms for Group 2
(Figure VI.2.8). There was no difference between these groups in terms of either
gender or age. A group by condition interaction was also observed for P100 amplitude
between E+C and H+C (F = 8.06, p< 0.02). P100 latency showed a group by condition
by time effect between E+C vs. H+C (F=4.43, p< 0.02) and a group by condition effect
between H+P vs. H+C (F = 7.19, p< 0.03).

The subjects who showed the largest P100 latency increase during hypoglycaemia
(Group 2) were also the subjects who showed the most significant deterioration in
performance of the VMD task (F= 8.98, p< 0.02, Figure V1.2.9). This deterioration was

not reversed during the recovery period.
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A comparison of TB2 to TB4 (controlled euglycaemia to recovery) showed that
hypoglycaemia produced an increase in P100 latency (F= 6.26, p< 0.01). In addition
P100 amplitude was decreased in H+C vs. H+P (F= 3.52, p< 0.05). A median split was
also carried out based on the P100 latency change between TB2 (controlled
euglycaemia) and TB3 (hypoglycaemia) during the H+P condition. The mean delay in
latency was 0.4ms Group 1 and 5.7ms Group 2 (Figure VI.2.10): there were no
differences between these groups in terms of gender or age. There were no changes in
P100 latency between groups in the analysis of condition pairs. A summary of the

results of VEP analyses is shown in Table VI.2.5.

VEP data from TB1 to TB2 were compared in order to investigate the differences
between the analyses of TB1 to TB4 and the analyses of TB2 to TB4. The correlation
between the change in blood glucose concentrations and the change in VEP component
latency was computed between TB1 and TB2. A negative correlation was found
between the change in blood glucose concentration and P100 latency for the caffeine
condition across all subjects (r= -0.54, p< 0.05). No correlation was found between the
changes in blood glucose, change in VEP component latency and subsequent allocation

to median group.



Figure VI.2.2 Change in middle cerebral artery blood velocity during the

middle cerebral artery blood velocity
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Figure VL.2.3 Cardiovascular responses during the three study
conditions (a)systolic blood pressure (b) diastolic blood pressure

(c) heart rate: mean * se
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Figure V1.2.4 Counterregulatory hormone concentrations during the
three study conditions (a) adrenaline, (b) noradrenaline (c) growth

hormone: mean + se

114



|
!

SRS
+
Moo
| _
MO
F,_i!x: b
Wy
¥
it
=2
)
uy
A).
&2
&
T |
<
M ft
2
i
s
=

1
!
o] W < vy

(1/8ow) JHOULIGT YIMOIT)

o

80 120 180 210 270

20

Time (min)

118



Figure VI.2.5 Symptoms during the three study conditions

(a) neuroglycopenic, (b) neurogenic, (¢) other symptoms: mean + se
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Figure VI.2.6 Change from baseline in visual perception tests (a) VCD
(b) VMD: mean + se
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Figure VI.2.8a Comparison of VEPs from rest at Oz, for Group 1 (based on

change in P100 latency between runs 1 and 3 in H+P condition).
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Figure V1.2.8b Comparison of VEPs from rest at Oz, for Group 2 (based on
change in P100 latency between runs 1 and 3 in H+P).
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Figure VI.2.9 Change in P100 latency between median groups (based on change in
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Figure VI.2.10 Change in visual movement detection between median groups

(based on change in P100 latency between runs 1 and 3 in H+P)
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Figure VI.2.11 Group averaged VEPS at Oz, comparing runs 3 and 4 with run 2
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Table VI.2.1 Achieved blood glucose concentrations (mmol/l)

E+C | 446+0.36 4.57+0.02 4.50 £0.02 4.50+0.02

H+P | 4.60+0.56 4.6 +0.03 278 £0.02 4.39 £0.04
H+C | 4451036 454 +£0.02 2.82+0.03 431+0.09

Table VL.2.2 Average caffeine levels (mmol/l)

H+P . . 06+01 | 0501 | 0501 | 0401 | 04£01 | 04£0.1

H+C . . 08+04 | 0704 | 28£03 | 251204 | 22+04 | 2.0+05

Table VL.2.3 Mean scores for performance (number correct out of 50) during the

information processing tests

Absolute VCD Score Difference in Absolute VCD Score Difference in
mean * se VCD from BEug mean + se VD from Eug
mean + se mean * se
Eug | Eug/ | Eug | Eug/ | Eug Eug | Eug/ Eug | Eug/ Eug
Hypo Hypo Hypo Hypo

BE+C 28+47 1 31242 | 30439 | 24443 | 31442 | 41£59 | 44227 | 45£36 | 33£55 | 41£48

H+P 302 6.5 | 28£50 | 29+ 63 | -1.ox4.8 | -1.243.9 | 41£37 | 4148 | 40£64 | 02446 | -0.916.4

H+C | 30« 38 | 30+ 4.2 | 29£56 | 04449 | -1.124.7 | 43£34 | 42248 40£70 | -1.2453 | -2.8£59
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Table VL.2.4 VEP latencies TB1 - TB4 and latency changes

TBI TB2 1B3 TB4 TB3-1 TB3-2
E+C 98.1+09 | 98.0%1.1 96.1£0.7 | 96.9+08 | -1.9+07 | -18+07
H+P 96.6+09 | 972%09 | 99.1+12 | 98.7+0.9 26+1.3 2.8+1.0
H+C 97.1+£1.0 | 9831+£14 | 1028£18 | 994+1.1 57+1.6 45+1.7

Table VL.2.5 Summary of significant P100 results

P100

P100

P100 P100
Latency Amplitude Latency Amplitude
All All subjects * - ok -
conditions (condition x time) (condition x time)
Median * * * *
groups (gp x conditionx | (gpxconditionx | (gp x conditionx | (gp x condition)
time) time) time)
Hypo- All subjects kol - ek -
glycaemia {condition x time) {condition x time)
(E+C vs.
H+C)
Median * * - -
groups (gp x condition x {gp x condition)
time)
Caffeine | All subjects - - - #
(H+P vs. (condition x time)
H+C)
Median * - - -
groups {(gp x condition)

- no significant difference

* p<0.05
** p<0.01
*x¥p< 0.001
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Discussion

The present study shows that caffeine, after overnight caffeine abstention, can
influence the perception of and hormonal counterregulatory responses to
hypoglycaemia with prolonged effects even when euglycaemia has been restored. The
combination of caffeine and hypoglycaemia was associated with a significant decrease
in Vyca with no increase above baseline after hypoglycaemia was corrected; this was
more marked in females. In addition warning symptoms during hypoglycaemia were
more intense with caffeine, an effect which lasted into the recovery period. Adrenaline
and growth hormone responses during hypoglycaemia were augmented by caffeine,
compared with placebo with the latter hormonal response continuing into recovery as
well. Whilst cognitive function was similarly affected during hypoglycaemia,
improvement in VMD was significantly prevented with caffeine compared to the
euglycaemia study. Overall males showed a trend to perform less well than females

during hypoglycaemia.

The data confirm that hypoglycaemia has a significant effect on visual function, as
measured by the increase in P100 latency from both rest and controlled euglycaemia to
hypoglycaemia. In addition this study shows that in those subjects who are most
sensitive to a reduction in blood glucose concentration, caffeine ingestion produces a
further increase in P100 latency. For those subjects, there is a significant inverse
relationship between latency and deterioration in performance of a visual information

processing task during hypoglycaemia.

Although tolerance to the effects of caffeine may occur, usual patterns of consumption
(more in the morning with overnight abstinence) means that this phenomenon is
incomplete (Shi J.et al 1993). In this study subjects were asked to abstain from caffeine
consumption for 14 hours only, in contrast to more prolonged abstinence of previous
studies (Kerr D.et al 1993a; Debrah K.et al 1996). Responses to hypoglycaemia were
still increased by the ingestion of caffeine, which has important implications in the use

of caffeine to promote hypoglycaemia awareness.
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Interestingly, caffeine consumption in habitual consumers, under rest conditions is not
associated with increased levels of catecholamines (Spindel E. et al 1984; Del Rio G. et
al 1996). However, during a stressful situation, prior caffeine ingestion can increase
adrenaline production (Van Soeren M.et al 1993). Noradrenaline has consistently been
found to be less affected by caffeine ingestion (Van Soeren M.et al 1993; Van Soeren
M.et al 1996). These findings were replicated here using the stress of hypoglycaemia as

a stimulus.

With respect to other counterregulatory hormones, in vitro experiments have shown
that caffeine increases the production of growth hormone in the presence of GHRH
(Herrington J. et al 1994; Brown O. et al 1999). This may be mediated via intracellular
calcium release, although the concentrations of caffeine achieved in culture have been
high (up to 40 mmol/l (Herrington J.et al 1994)). The prolonged growth hormone
response is interesting. Growth hormone begins to rise at around 20 minutes after the
onset of hypoglycaemia, induced by a bolus dose of insulin (Garber A.et al 1976). The
level remains elevated, after restoration of normal catecholamine levels but this effect
is exaggerated with prior caffeine consumption. The mechanism for this is unclear but

may be due to the increased neuroglycopenia induced by caffeine consumption.

The half-life of caffeine is 3 to7 hours (Rall T. 1990). This is reflected in that Vyca
decreased for 100 minutes and rose in the recovery period but not above baseline.
Although the accepted threshold for CBF to increase in hypoglycaemia is 2.2 mmol/l
(Tallroth G.et al 1992; Powers W.et al 1993), this was not achieved here but there was
a significant rise in Vy,ca recorded in the recovery period, as previously found by
Eckert et al (Eckert B.et al 1998). Previous studies had only demonstrated raised CBF
for a short duration in recovery from hypoglycaemia (Tallroth G.et al 1992). In

restoring normal body function this may be of critical importance.

This late rise in Vi has not been examined in detail. It would appear that the
hypoglycaemic event starts a metabolic or vascular reaction which is slowly restored.
Prolonged hyperinsulinaemia has been shown to increase CBF (Kerr D.et al 1991). In

the present study, insulin infusion was stopped at the end of hypoglycaemia and the
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next Vyca reading was made approximately 35 minutes later. Serum insulin levels
were not measured here, however at the second Vyca measurement during recovery the
effect of insulin would be negligible. Thus even if there was a stimulatory effect of
insulin on CBF, it is not likely that the increase in Vyca was due to insulin.

Symptoms of hypoglycaemia are experienced more intensely with caffeine compared to
placebo in recovery, despite catecholamine levels decreasing dramatically. This is of
clinical importance in that subjects would potentially continue to treat hypoglycaemia
even though glucose levels have returned to normal. Thus glucose disequilibrium could
be extended beyond usual recovery time from hypoglycaemia. Restoration of cognitive
impairment and symptoms of hypoglycaemia depend on the level and duration of
hypoglycaemia but recover between 10 and 90 minutes after restoration of blood
glucose (Blackman J.et al 1990; Blackman J.et al 1992; Gonder-Frederick L.et al 1994;
Lindgren M.et al 1996).

Caffeine had no effect on cognition during hypoglycaemia, which given the
compromise in supply of glucose to the brain with caffeine is surprising. However,
Ruijter et al showed that whilst caffeine only maintained reaction time over an
extended period of testing (10 minutes), this represented the suppression of fatigue and
boredom, ‘supporting other evidence for more pronounced effects of caffeine in
suboptimal conditions’ (Ruijter J. et al 2000). Thus although caffeine causes a decrease
in Vyca, its psychostimulant effects are enough not to compromise cognition further

during hypoglycaemia.

Although not significantly different performance in VMD was preserved better in
females than males during hypoglycaemia. It has previously been demonstrated that
hypoglycaemia is better tolerated by women than men (Draclos M.et al 1995). Women
performed better in the tests of visual information processing with a tendency towards
better preservation of performance in the VMD test in females than males. This
contrasts with the finding of higher total symptom scores during hypoglycaemia in
females but less adrenaline production. Following hypoglycaemia alone Vyca rose

above baseline in females only, suggesting a faster recovery from hypoglycaemia.
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From this study VEP (P100) latency is a sensitive indicator of glycaemic status. It has
identified that P100 latency increase not only from baseline euglycaemia to
hypoglycaemia (Harrad R.et al 1985) but also from controlled euglycaemia to
hypoglycaemia. It is evident from the data that there were large, individual differences
in P100 latency during hypoglycaemia. The median splits which were carried out
showed significant group differences for P100 latency between conditions, indicating
that some individuals were more sensitive to visual function change, as a result of
hypoglycaemia. The comparison with the subjects’ own baseline glycaemic level
produced a greater number of changes in P100 than the comparison with the controlled
euglycaemic condition. In those subjects who were most sensitive to the effects of
hypoglycaemia in the baseline condition, effects of caffeine ingestion were observed
over and above those of hypoglycaemia. In these subjects caffeine produced a further

significant increase in the P100 latency.

Essentially the effects of caffeine are demonstrable during hypoglycaemia after
overnight abstention and some are prolonged such that the restoration of normality 1s
postponed. Physiologically this can be measured with the increase in GH at this time,
as well as the failure of Vyea (CBF) to rise above baseline. Symptoms of
hypoglycaemia remain high in this recovery period after caffeine too. However,
caffeine ingestion combined with hypoglycaemia is not associated with an increased
negative effect on cognition, as measured by the visual inspection threshold tests;
suggesting that the stimulant action of caffeine outweighs the decrease in blood glucose
supply. In addition gender differences were identified, which included less adrenaline
production in females but higher total symptom score of hypoglycaemia following
caffeine ingestion combined with a trend towards better preservation of cognition
during hypoglycaemia albeit in one test only. The results also suggest that those
subjects who are visually sensitive to the effects of hypoglycaemia may experience

further deterioration following caffeine ingestion.
Clinically this study is relevant in that the effects of caffeine on the responses to

hypoglycaemia are present after overnight abstention only in healthy volunteers.

However for the first time the effects of caffeine in the recovery period have been
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studied and these remain, such that recovery is compromised with the prolonging of
symptom generation and no increase in Vyca, a surrogate marker of CBF.
Fundamentally caffeine continues to aid the recognition of hypoglycaemia but may

delay recovery because of its long duration of action.



Study 3 Does the Brain become tolerant to Sustained Caffeine Use?

Implications for Treatment of Hypoglycaemia Unawareness.

Due to the enormous consumption of caffeine world-wide, its effects on performance
and physiology have been extensively investigated. However the debate about the
benefits and drawbacks of caffeine ingestion remains unresolved (James J. 1997b;
Nehlig A. 1998). Numerous placebo controlled studies have been published showing
improvement in a variety of cognitive function tests including simple reaction time
(Azcona O.et al 1995), digit symbol substitution (File S.et al 1982) and logical
reasoning (Suenaga N.et al 1997). Although a smaller number of studies have shown no
effect of caffeine stimulus recognition and memory (Rush C. et al 1994a; Rush C. et al

1994b), the balance of evidence is in favour of a psychostimulant action of caffeine.

The relevance of these studies to everyday life is questionable because in the majority,
subjects were required to abstain from caffeine overnight or for more than 24 hours and
the amount of caffeine administered was relatively high, up to 600 mg in a single dose.
The problem with caffeine deprivation prior to testing, means that symptoms of
caffeine withdrawal can be invoked (James J. 1994). Thus it is not possible to describe
the net effects of caffeine with these studies as caffeine withdrawal has been shown to
decrease performance in both humans (e.g. finger tapping (Silverman K.et al 1992a))

and animals (Griffiths R.et al 1988b).

There is evidence that acute ingestion of caffeine has a pressor effect. It is widely held
that tolerance develops to this with sustained use (Robertson D.et al 1981) but this 1s
disputed (James J. 1994). Furthermore other circulatory effects can be measured e.g.
decrease in cerebral (Mathew R.et al 1985b) and forearm blood flow (Daniels J.et al
1998), which are potentially better markers of the action of caffeine on the
cardiovascular system. Debrah et al demonstrated a dissociation between central
(cerebral blood flow) and peripheral (blood pressure) effects of caffeine with tolerance

developing in the latter only (Debrah K.et al 1995).
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Earlier studies which claimed to show tolerance to the pressor effects of caffeine
(Robertson D.et al 1981; Ammon H.et al 1983; Izzo J.et al 1983; Hofer Let al 1994)
have not mirrored ‘normal’ staggered caffeine consumption but are characterised by a
prior period of prolonged abstinence followed by a high dose of caffeine administered
once or twice daily. Subsequent studies which have considered more usual patterns of
consumption, have reported the pressor effects of further doses of caffeine during the
morning albeit with a smaller response than the first cup of coffee (Lane J.et al 1989,
Goldstein Let al 1990). Shi et al demonstrated that the tolerance phenomenon depended
on the amount of caffeine consumed, schedule of consumption and elimination half life
(Shi Jet al 1993). They estimated, using a parametric pharmacokinetic-
pharmacodynamic model for caffeine that it would take about 20 hours or five drug
half-lives for the effects of caffeine tolerance to wear off. Given that caffeine
consumption is associated with 10 - 12 hours of overnight abstinence with more
caffeine consumed in the morning than afternoon hours, it can be demonstrated that
overnight abstinence is enough for sensitivity to be recovered and that at best tolerance

is partial.

Caffeine has been shown to influence the physiological (decreased middle cerebral
artery blood velocity (Vyca) (Kerr D.et al 1993a; Debrah Ket al 1996),
counterregulatory hormone  (Kerr D.et al 1993a; Debrah K.et al 1996)) and
psychological responses (increased symptoms (Kerr D.et al 1993a; Debrah K.et al
1996), decreased cognitive function (Kerr D.et al 1993a)) to hypoglycaemia. These
studies were conducted in healthy volunteers and type 1 diabetic patients who had
withdrawn from caffeine for 72 hours prior to testing. As part of a further investigation
into these effects on hypoglycaemic responses, the aim of this study was to investigate
the tolerance phenomenon in similar parameters, during euglycaemia in healthy

volunteers.
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Methods

Subjects
14 healthy, left-hemisphere dominant, regular caffeine consumers (180-500mg per day,

7 males and aged 23- 38 years) gave written, informed consent for the study, after
approval was obtained from the local hospital ethics committee. None of the subjects
had any relevant previous medical history, nor were they taking any regular medication
or smoking. Each subject was informed that they would be required to attend the
department on three separate occasions. The first session served to familiarise the
subjects with the study protocol. The following two studies were identical except for
the dietary preparation. They were performed at least two weeks apart to avoid any

carry-over effect.

Experimental procedure

Prior to the second and third visits, subjects consumed a caffeine-free diet for seven
days. This was supplemented, in a double-blinded, randomised, cross-over design with
either 200mg caffeine capsules bd. or matched placebo. The order was counter-
balanced across participants. The final capsule was taken on the morning of the study,
one hour before attending the research unit. Thus, the subjects were either caffeine-

replete (C-replete) or caffeine-naive (C-naive) at the start of each study (Figure VI.3.1).

On the morning of a study, subjects were admitted at 09.00, having fasted overnight. At
this time, subjects completed a questionnaire scoring the strength of 32 symptoms
relating to caffeine-withdrawal rated on a scale of 0 to 3 (Silverman K.et al 1992a). A
retrograde cannula was inserted After insertion of the cannula, subjects rested supine
for twenty minutes before the experimental protocol began. Baseline measurements
were taken of:

(i) Heart rate and blood pressure

(if) Vea

(ii1) Mood using the UWIST mood score
(iv) 4-choice reaction time (4CRT)

(v) Visual information processing tests

e Visual change detection

e Visual movement detection

(vi) Plasma caffeine levels.
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Thereafter, subjects consumed a cup of decaffeinated coffee with 200mg caffeine
added. All measurements were repeated in the same position, at 30 min intervals for
the next 2 hours with blood glucose levels measured every 15 min. Blood sugar was
maintained above 4.0 mmol/l throughout the studies thus avoiding the confounding

effect of hypoglycaemia.

Statistical analysis

Overall differences between serial measurements were examined by summary
measures (Matthews J. et al 1993). Area under the curve (AUC) by the trapezoid
method and maximum response were calculated for the responses of each individual.
Group means were compared by paired Student’s t-tests. Where data were not normally
distributed comparisons were made after logarithmic transformation. Results are

expressed as individual means with point estimate of differences between means and

95%CI. Otherwise data are shown as mean = se.
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Figure VL.3.1: Schematic representation of the study. Each subject completed

2 studies, which were arranged in a counterbalanced manner.

% % = TEST BATTERY= BP, HR, Vyca, 4CRT, VCD, VMD, UWIST

7 days caffeine-free diet with

200mg bd. caffeine or placebo

mood score

200 mg

caffeine

131A



Results

Baseline and maximum caffeine concentrations for the two experimental conditions are
shown in Table VI.3.1 with average blood glucose readings for the duration of the
studies. Caffeine withdrawal questionnaires showed no statistical difference in total

scores after caffeine abstinence or supplementation for 7 days (26.9 + 2.5 C-naive vs.

27.8 £2.3 C-replete, p =0.34).

Haemodynamics

Baseline Vyca, heart rate and blood pressure were similar in both studies. After the
caffeine challenge, Vyca decreased significantly in the both conditions, although this
was more marked during the C-naive condition (-8.0 [-10.0, -6.1] cm/s C-naive vs.
-4.9 [-6.8, -2.9] cm/s C-replete, p<0.02) (mean difference [95%CI ]). The decrease in
Vmea was sustained for the duration of the study (Figure V1.3.2).

In the C-replete state, the caffeine challenge caused a significant rise in systolic blood
pressure at 30 minutes but this was not significantly different from the rise in C-naive
study ("8.7 [4.2, 13.1] mmHg C-naive vs. 4.5 [0.8, 8.3] mmHg C-replete, p = 0.13).
Although there were no differences in baseline blood pressures (systolic and diastolic)
AUC for change in systolic blood pressure against time was significantly different (p<
0.04) (Figure V1.3.3). In contrast the initial rise in diastolic blood pressure was greater
in the C-naive condition ("5.5 [2.3, 8.6] mmHg C-naive vs. "1.1 [-0.8, 3.0] mmHg C-
replete, p< 0.005) but this difference was not statistically sustained for the study
duration (AUC C-naive vs. C-replete p= 0.055) (Figure VIL.3.3). Heart rate was

unaffected by prevailing caffeine status.

Symptom score

Tense mood was most affected by caffeine status (Figure VI.3.4). Baseline
measurements were significantly different (11.6 + 0.6 C-naive vs.16.3 + 1.6 C-replete,
p< 0.01) as were AUC for mood score against time graphs (1302 * 54 score, min C-
naive vs. 1717 £ 127 score, min, p< 0.02). Caffeine consumption in the C-replete state
was associated with a greater decrease in tense mood (-1.1 [-2.6, -0.34] C-naive vs. -4.7

[-7.5, -1.9] C-replete, p< 0.02). Whilst caffeine consumption improved energetic mood
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in both conditions this effect was not significantly different between conditions (p =
0.24) (Figure V1.3.4). Hedonic mood increased significantly from baseline during C-
naive only (increase in hedonic mood score 2.9 + 1.2 above baseline, p< 0.05),
although the increase observed was not significantly different between conditions (p =

0.51) (Figure VL.3.4).

Psychometric tests
VCD and VMD did not improve with caffeine consumption in either condition (Table
VI.3.2). 4 Choice reaction time improved similarly, following caffeine ingestion in

both C-naive and C-replete conditions (Figure VL.3.5).
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Figure VI.3.2: Change in middle cerebral artery blood velocity in C-replete and

Change in Vmca (cm/s)
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Figure VI.3.3: Change in blood pressure in C-replete and C-naive conditions
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Figure V1.3.4: Mood scores in C-replete and C-naive conditions and following

caffeine challenge (mean =+ se)
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#* = C-replete vs. C-naive p< 0.01
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Figure VL3.5: 4-choice reaction time results in C-replete and C-naive

conditions and following caffeine challenge (mean = se)
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Table VL.3.1: Mean plasma caffeine and blood glucose levels during C-replete and

C-naive studies.

*=p<0.001 C-naive vs. C-replete
P=p<0.02 C-naive vs. C-replete

s Bload Glagos

C-replete 2.33 +0.62 541+ 1.45 450+0.1
C-naive 017 +0.05 ° 408+1.187 4.09 + 0.08

Table VL.3.2: Total Scores of VCD and VMD tests during C-replete and C-naive

studies (mean t se).

VCD C-replete 427+ 1.6 436+ 1.3 436+ 1.0
C-naive 425+ 1.7 449+ 1.2 448+ 1.4
VMD C-replete 548+ 12 549+ 09 55.1+ 0.6
C-naive 544+ 14 532+ 1.6 556+ 1.1
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Discussion

Whilst the development of tolerance to some effects of caffeine has been previously
demonstrated (Colton T. et al 1968), it remains a controversial area. In this study,
during euglycaemia, Vyca and blood pressure (systolic and diastolic) responses to
acute caffeine ingestion were attenuated with sustained caffeine use compared to a
caffeine-naive state. However tolerance was incomplete as significant changes from
baseline were still recorded in Vyca and systolic blood pressure. Thus vascular
responses were demonstrated with a subsequent dose of caffeine in the fully C-replete
state as average British caffeine consumption is 359 mg/ day (Scott N.et al 1989) to
444mg/ day (James J. 19997b). Interestingly daily caffeine consumption was associated
with an increase in tense mood which resolved after further caffeine consumption.
Only this aspect of mood that was associated with a significantly different response to
the caffeine challenge between the two conditions. Development of (partial) tolerance
to the haemodynamic changes is in contrast to the effect on psychomotor function.
Here prior caffeine ingestion was not associated with different performance in all the
tests, compared with the C-naive state. Finally the differences recorded are not
explained by the treatment of caffeine withdrawal symptoms as these were at a similar

level at the beginning of both C-replete and C-naive studies.

Mood is influenced by different patterns of caffeine consumption. It has been
demonstrated with free-living and laboratory studies that caffeine consumption is
associated with increased anxiety, tension, restlessness, nervousness and anger (Lane J.
et al 1987; France C. et al 1989; Green P.et al 1996). The UWIST mood score has not
previously been used in caffeine studies but the results here would concur with other
scores used. The marked reduction in tense mood following caffeine ingestion during
C-replete could represent the treatment of caffeine withdrawal symptoms. These can
develop over a short period of time (Lane J. 1997; Lane J. et al 1998) . It may seem
somewhat illogical that people chose to consume a substance which increases negative
feelings. Green and Suls have suggested that consumption continues because of a
perceived benefit such as increased productivity (Green P.et al 1996). Whilst hedonic
mood did not improve significantly from baseline during C-replete unlike energetic

mood, the size of these increases were not significantly different between the two
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conditions. This would suggest that tolerance to caffeine’s more arousing effects did
not develop although this is in contrast to Green and Suls study (Green P.et al 1996).
Increases in positive feelings are a usual feature of caffeine studies (Griffiths R. et al
1989; Silverman K. et al 1992b), although no dose-response relationship has been
demonstrated (Quinlan P. et al 2000). Older people show increased positive effects of
caffeine on mood compared to younger subjects with younger people expressing more
anger with caffeine consumption (Arciero P. et al 1998). With respect to mood,
tolerance has been largely overlooked by investigators in this field, although
Zwyghuizen-Doorenbos et al suggested that instead of tolerance developing Pavlovian
conditioning to the alerting effects of caffeine may also occur (Zwyghuizen-Doorenbos

A. etal 1990).

This study adds to the body of previous work that tolerance to the haemodynamic
effects of caffeine consumption is present but partial. The pressor response may be
reinstated by a brief period of abstinence (Lane J.et al 1989), which may be as short as
3 hours (Sung B.et al 1994). In the conditions of this experiment partial tolerance was
demonstrated to the response in Vyca with regular caffeine ingestion. Earlier, Mathew
et al demonstrated that cerebral blood flow decreases with caffeine ingestion (Mathew
R.et al 1985a; Mathew R.et al 1985b). In the latter study subjects withheld from
caffeine consumption for a minimum of 2 hours only, with an 18% decrease in CBF
associated in caffeine consumption still demonstrated (Mathew R.et al 1985b). This

effect was still measurable 90 minutes after the caffeine challenge.

4-choice reaction time improved in both conditions to the same degree but no
improvement was seen in either condition with the visual perception threshold tests.
The Health and Lifestyle Survey provided an opportunity to examine the issue of
caffeine consumption on cognition and tolerance (Jarvis M. 1993). In this study 9003
British adults completed a number of performance tests (including choice reaction), as
well as information on caffeine intake. Overall caffeine consumption showed a dose-
response relationship with improved cognitive performance with no evidence for the

phenomenon of tolerance to caffeine.
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Caffeine has been shown to narrow attention and thus increase selectivity of
information processing (Anderson K.et al 1982; Lorist M.et al 1994a). In practice
however selectivity may operate at many levels and it has subsequently been
demonstrated that the stimulatory visual effects of caffeine are limited to situations
with only a few visual inputs (Kenemans J. et al 1998). The multiple elements of the

visual information processing tests may exceed this limit.

In conclusion, whilst the history of exposure to caffeine will influence the effect of a
dose, tolerance to this drug’s vascular effects is incomplete both centrally and
peripherally. In contrast tolerance was not demonstrated in performance (4 CRT) nor
improvements in positive aspects of mood. This has implications for the effects of
caffeine on physiological responses to hypoglycaemia in that the augmentation of these
responses may not be lost with continued caffeine use (investigated separately).
Differences in mood can be attributed to caffeine consumption and interestingly, there

are negative effects associated with regular caffeine consumption.
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Study 4 Dissociation of augmented physiological, hormonal and

cognitive responses to hypoglycaemia with sustained caffeine use.

Caffeine is the most ubiquitous psychoactive drug with world-wide consumption
averaging 76mg/person/day (Gilbert R. 1984), rising to 206 mg/person/day in the
United States and more than 350mg/person/day in the UK and Scandinavia (Barone J.et
al 1996). In everyday life the consumption of caffeine present in tea, coffee, soft drinks
and other foodstuffs produces effects that are difficult to detect or so subtle as to go
unnoticed. However, when continuous caffeine use is stopped abruptly, characteristic
symptoms (e.g. headache, lethargy and anxiety) appear quickly, as a consequence of

physical dependence (Silverman K.et al 1992a).

After 24-48 hours abstinence, acute caffeine ingestion is associated with an
approximate 15% reduction in brain blood flow, a rise in blood pressure and release of
adrenomedullary adrenaline (Nehlig A.et al 1992). However with sustained use, the
effects of caffeine on blood pressure and catecholamine release, but not brain blood
flow, are decreased suggesting dissociation between the development of central and

peripheral tolerance to regular caffeine ingestion (Debrah K et al 1995).

Among healthy volunteers and patients with type 1 diabetes who use caffeine regularly,
prior ingestion of modest amounts of caffeine markedly augments the symptomatic and
hormonal counter-regulatory responses to hypoglycaemia (Kerr D.et al 1993a; Debrah
K.et al 1996). For example, compared to individuals who have not been exposed to
caffeine, ingestion of 250 - 400 mg caffeine at the onset of hypoglycaemia is associated
with a more than two fold greater rise in plasma epinephrine levels (Kerr D.et al 1993a;
Debrah K.et al 1996). However, these studies were performed in caffeine users who
had abstained from the drug for at least 72 hours. The observed effects could have
represented relief from the syndrome of caffeine withdrawal rather than acute effect of

caffeine per se (James J. 1994).
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The aim of this study was to determine whether the acute effects of caffeine ingestion
on the perception of and physiological responses to hypoglycaemia are attenuated with

controlled sustained caffeine use.

Methods

Subjects
11 healthy, left-hemisphere dominant, regular caffeine consumers (180-500mg per day,

5 males and aged 24- 36 years) gave written, informed consent for the study. On two
visits to the laboratory, subjects underwent identical glucose clamp procedures. For
seven days prior to each clamp, subjects consumed a caffeine-free diet, supplemented,
in a double-blinded, randomised, cross-over design with either 200mg of caffeine bd.
or matched placebo. The final capsule was taken on the morning of the clamp study,
one hour before attending the research unit. Thus the subjects were either caffeine-

replete (C-replete) or caffeine-naive (C-naive) at the start of each glucose clamp study.

Experimental procedure

On the morning of a study, subjects were admitted at 09.00, having fasted overnight.
Cannulae were inserted in preparation for the glucose clamp procedure as described in
the methods section. During the two glucose clamp sessions, euglycaecmia was
maintained for 80 minutes (4.5 mmol/l) at the end of which a capsule containing 200
mg of caffeine was ingested. Thereafter blood glucose was lowered to 2.5 mmol/l over
20 minutes and held there for a further 80 minutes. Subjects were not informed of their
blood glucose level at anytime during the laboratory sessions (Figure V1.4.1). At 20
(euglycaemia) and 120 (hypoglycaemia) minutes the test battery began and took 60
minutes to complete. The individual tests were administered in the order described

below:

e Plasma caffeine and catecholamine levels.

e Heart rate and blood pressure

e Brain blood flow using a transcranial Doppler technique to assess middle cerebral
artery blood velocity (Vica).

e Hypoglycaemia symptom questionnaire was completed at each stage
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These tests were repeated after the following psychometric tests had been performed.

Psychomeltric tesis of general cognitive function

Trail making type B (Reitan R. et al 1974) is a divided attention task. The subject has
to connect correctly an alternating series of numbers (1-13) with letters (A-L) as

quickly as possible.

Digit symbol task (Wechsler D.et al 1981) is a coding performance test. 1-9 digits are
represented by a specific symbol. Subjects have one minute in which to write down as
many corresponding symbols for each digit, in a given array of numbers.

Four choice reaction time test (Wilkinson R.et al 1975)

Psychometric tests of the hemispheres

Semantic processing and line orientation tests were used to discriminate between
verbal-logical (left hemisphere) and spatial (right hemisphere) processing. Controlled

word association is a test of executive function involving the frontal lobes in particular.

Semantic processing (Baddeley A. 1981) assesses ability to utilise stored information
(semantic memory). This test contains 50 subject-verb questions of which half are
sensible (e.g. Do caterpillars crawl?) and half are nonsensical (e.g. Do dishes yodel?).
The time taken to respond to these sentences is recorded. Different statements are used

each time the test was administered to the same subject.

Line orientation (Benton A. et al 1975) examines the ability to estimate the angular
relationships between line segments by visually matching angled line pairs to 11
numbered radii forming a semi-circle. The number of correct matchings is recorded, as

is the time taken to complete the test.
Controlled oral word association (Benton A. et al 1978) is an oral fluency test

consisting of three word naming trials. The subject says as many words as possible

beginning with the given letter in one minute. In each set of three letters words
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beginning with the first letter have a relatively higher frequency, the second letter has a

lower frequency and the third letter still lower.

Visual information processing tests

Visual change detection (VCD) The different time intervals between the presentation
of the array and the onset of the change were 14, 28, 42, 56, 70 and 84 ms. The whole

test involved 10 trials of the 6 different stimulus duration.

Visual movement detection (VMD) The interval between the onset of the array and the

target rectangle appearing to move were identical to VCD (i.e. 14-84ms).

Statistical analysis

Overall differences between serial measurements were examined by summary
measures (Matthews J.et al 1993). Area under the curve (AUC) by the trapezoid
method and maximum response were calculated for the responses of each individual.
Group means were compared by paired Student’s t-tests. Where data were not normally
distributed comparisons were made after logarithmic transformation. Results are

expressed as individual means with point estimate of differences between means and

959%CI. Otherwise data are shown as mean =+ se.
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Figure VL.4.1 Schematic representation of the study. Each subject completed 2

studies, which were arranged in a counterbalanced manner.

EUGLYCAEMIA HYPOGLYCAEMIA
Caffeine-free diet (4.5 mmol/l) (2.5 mmol/l)
+
caffeine 200mg bd.
or placebo
%

ft tt f f

time 0 20 80 85 120 180

(min) Test Battery

Test Battery

\J

® = 200mg caffeine capsule

TEST BATTERY= BP, HR, Vyca, Cognitive function
(as ordered in the text), BP, HR, Vyca
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Results

Blood glucose levels were indistinguishable in C-naive and C-replete conditions as
demonstrated by achieved average blood glucose levels- 4.49 + 0.01 mmol/l (mean £
se)and 2.61 £0.01 mmol/l C-naive vs. 4.57 £ 0.01 mmol/l and 2.62 + 0.01 mmol/l C-
replete. At the start of the C-naive studies caffeine levels were 0.17 + 0.03 mmol/l vs.
2.2 £ 0.3 mmol/l for the C-replete studies (p<0.001). Peak caffeine levels were reached
at 120 minutes in 21/22 studies (2.79 + 0.2 mmol/l (C-naive) vs. 4.39 + 0.5 mmol/l (C-
replete), p<0.01).

Euglycemia Vyca, heart rate and blood pressure were similar in both studies. After the
caffeine challenge, Vyca fell significantly only in the C-naive condition (-5.1 [-7.3, -
3.0] cm/s C-naive (mean [95%CI for the difference]), p euglycaemia vs. Vyca at 120
minutes < 0.001) compared to -1.9 [-4.0, 0.2] cm/s C-replete, p = 0.1: delta C-naive
vs. delta C-replete p < 0.04). The decrease in Vs was sustained for the duration of

the study (Figure V1.4.2) although AUC were not significantly different (p=0.17).

When blood glucose was lowered to 2.5mmol/l, caffeine status did not affect the rise in
systolic, or the fall in diastolic blood pressure (Table V1.4.1). Heart rate was unaffected

by prevailing blood glucose and caffeine status.

Baseline values for catecholamines were similar at the start and did not alter
significantly during the euglycaemic phase of either study. During hypoglycaemia the
hormonal counter-regulatory response was not significantly affected by prevailing

caffeine status (Figure V1.4.3).

Overall the symptoms experienced in each condition were similar except for
neuroglycopenic symptoms which were more intense in the C-naive condition (p<
0.04). However the pattern of responses generated differed in that the C-naive
condition was associated with an increase in symptoms after approximately 30 minutes
of hypoglycaemia. However by the end of the hypoglycaemia phase (after 80 minutes),

symptoms were experienced more intensely in the C-replete condition (Figure V1.4.4).
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Global cognitive performance (trail making type B, digit symbol substitution and 4
choice reaction time) and information processing deteriorated to the same extent during
hypoglycaemia, in both studies (Table V1.4.2). Verbal tests were more adversely

affected in the C-replete state (p<0.05 vs. C-naive) (Figure V1.4.5).

Figure VI 4.2 Change in middle cerebral artery blood velocity during the two

study conditions from euglycaemia to hypoglycaemia: {(mean =+ se).
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Figure VI.4.3 Catecholamine concentration during the two study
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Figure VI.4.4 Difference between individual symptom scores experienced in the

caffeine naive and caffeine replete conditions at start-time "124

minutes (upper panel) and end of hypoglycaemia-time “173 minutes

(lower panel): (95% CI for mean difference).
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Figure VI.4.5 Change in verbal processing tests during the two study conditions

from euglcyaemia to hypoglycaemia: (mean difference + se).
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Table VL.4.1 Measurements of blood pressure (systolic and diastolic) and heart

rate during the two study conditions from euglycaemia and

hypoglycaemia (mean =+ se; difference [95% CIJ).

Systolic 112+4 121+ 4 911,18] 109+ 3 123+ 4 | 13[7,19]
(mmHg)
Diastolic 59+2 57+ 2 -2[-5,1] 61+ 1.5 | 57+ 1.4 |-4[-6,-1]
(mmHg)
Heartrate | 64+ 2 66+ 2 2 [-2,7] 69+ 19 | 69+ 27 |1]-5,6]
(bpm)

" p<0.01 Euglycaemia vs. Hypoglycaemia
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Table V1.4.2 Measurements of the cognitive function tests (general, right

hemisphere and visual perception threshold tests) during the two

study conditions from euglycaemia and hypoglycaemia (mean =+ se).

Digit symbol 47+ 1.5 44+1.8 45+ 2.2 41+£2.7
substitution
(total score)
4 CRT 0.53+0.02 0.57+0.03 0.52+0.02 0.58+0.03
(s)
Line matching 5+1.2 5+1.1 3+£0.8 412
(wrong score)
VCD 42+ 1.3 40+ 1.6 41+ 1.5 40+1.8
(total score)
VMD 54+09 54+20 55+ 1.1 55+£1.0
(total score)
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Discussion

After a period of abstinence, acute caffeine ingestion simultaneously decreases cerebral
blood flow (Mathew R.et al 1985a) and increases brain glucose utilisation (Nehlig A. et
al 1984). The clinical consequences of these effects of caffeine are a markedly
augmented hormonal and symptomatic response to hypoglycaemia (Debrah K.et al
1996). In the current study, where acute withdrawal was avoided, ingestion of caffeine
was associated with less suppression of middle cerebral artery velocity (a marker of
cerebral blood flow) but virtually identical sympatho-adrenal and global cognitive
responses to hypoglycaemia. In addition caffeine status also influenced the intensity of
associated warning symptoms depending on the duration of the hypoglycaemic

stimulus.

In humans, tolerance to the peripheral effects of caffeine is recognised (Robertson D.et
al 1981) but controversial (James J. 1997b). Studies in young and middle-aged
normotensive individuals suggest a minimum period of 12 hours abstinence is needed
to avoid developing tolerance to the peripheral haemodynamic effects of acute caffeine
ingestion (Shi J.et al 1993). In animals, tolerance to the effect of caffeine on cerebral
energy metabolism does not appear to develop (Nehlig A. et al 1992). Here, sustained
caffeine use was associated with a smaller change in middle cerebral artery velocity
suggesting a degree of central tolerance to caffeine although the blood pressure and
catecholamine responses were not influenced by caffeine status. In an earlier study,
using orthostasis as a stimulus to sympathoadrenal activation, dissociation between
central and peripheral tolerance to caffeine also developed (Debrah K et al 1995), with

tolerance developing in the latter only.

During euglycaemia, caffeine directly stimulates adrenomedullary catecholamine
release with plasma adrenaline being more sensitive to caffeine than noradrenaline
(Robertson D.et al 1978). The mechanism of action is unclear although in tetraplegic
individuals, in whom sympathoadrenal responses are blunted, caffeine ingestion is not
associated with a rise in adrenaline (Van Soeren M.et al 1996). Here there was a
marked rise in plasma adrenaline levels during hypoglycaemia which was greater than

that seen in healthy subjects who had not been challenged with caffeine at the onset of
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hypoglycaemia (Bolli G.et al 1984; Debrah K.et al 1996). Tolerance to caffeine-
augmented adrenaline rise during hypoglycaemia did not develop. The stimulus to a
rise in plasma adrenaline levels in association with a low blood glucose level is
mediated through the ventromedial hypothalamus with modulation by other higher
centres (Borg W.et al 1995). Our data would suggest a similar degree of caffeine-
associated neuroglycopenia in this region at the onset of hypoglycaemia, which is
independent of caffeine exposure. This may be clinically relevant if caffeine proves to
be a useful adjuvant treatment for diabetic patients who have abnormal

counterregulatory responses to hypoglycaemia.

During the early phase of hypoglycaemia, warning symptoms were more intense in the
caffeine-naive state. However, with a more prolonged period of hypoglycaemia,
symptom intensity was greater in the caffeine-replete state. The mechanisms involved
are unknown but could reflect differences in baseline rates of cerebral glucose
metabolism according to recent caffeine exposure. Although it is assumed that non-
diabetic subjects always have symptoms when their blood glucose levels are low,
during sustained hypoglycaemia warning symptoms and abnormalities in cognitive
function wane with time despite sustained increments in counter-regulatory hormone
levels (Frier B. et al 1999). Interestingly the increase in hypoglycaemic symptoms with
sustained hypoglycaemia in the caffeine-replete state was associated with a less
deleterious effect on cerebral blood flow (Vyyca). This supports the proposal that for
patients at risk of prolonged low blood glucose levels, chronic caffeine use is better
than abstention. An alternative explanation lies in the fact that brain lactate levels only
rise in the caffeine-naive state (Dager S. et al 1999) and that with sustained use this rise
is lost. However lactate concentration increases within 20 minutes of caffeine

consumption and does not correlate with anxiety.

In this study, tests of global cognitive performance deteriorated to the same extent in
both the caffeine-replete and caffeine-naive state. Previously Kerr et al reported that
individual tests of right and left hemisphere function deteriorate to the same extent
during hypoglycaemia in healthy, caffeine-naive volunteers (Kerr D.et al 1993a). Here,

chronic caffeine use was associated with greater deterioration in executive function as
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illustrated by the verbal fluency tests. Although there is a large literature of formal
studies examining the effect of caffeine on a variety of intellectual tasks, the results are
often conflicting and inconclusive and may relate to increased arousal and suppression
of boredom in repetitive tasks than a direct effect on intellectual performance (Nehlig

A.etal 1992).

In summary, after a short period of abstinence, caffeine ingestion at the onset of
hypoglycaemia is associated with markedly augmented hormonal and symptomatic
responses. With regular caffeine use, the effects on middle cerebral artery blood
velocity and early warning symptoms are attenuated but the hormonal responses are
similar to the caffeine naive state. Although, in general, deterioration in intellectual
performance during hypoglycaemia is not influenced by caffeine status, specific tests of
verbal processing are negatively affected by recent caffeine exposure. Whilst this
finding could represent a type 2 error, the long-term consequences of this are unknown,
warranting further investigation before caffeine can be suggested as an adjuvant

treatment for patients who have difficulty in recognising the onset of hypoglycaemia.
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Section VII CAFFEINE WITHDRAWAL



Study 5 Reversal of caffeine withdrawal by ingestion of a soft beverage

Caffeine, the most ubiquitous psychoactive substance in the world, continues to
provoke controversy as to whether its use is associated with any adverse consequences
for health (James J. 1997a). Whereas nicotine and alcohol are directly implicated in the
deaths of more than 100,000 and 400,000 Americans each year (Pickworth W. 1995),
the direct risk of caffeine ingestion is likely to be negligible (Goldstein A. et al 1990).
However, potential problems associated with caffeine use maybe related to the issue of

dependence and withdrawal.

Drug dependence is manifested by four criteria, namely withdrawal, tolerance,
persistent desire and unsuccessful attempts to reduce consumption (American
Psychiatric Association 1994). Unlike other major drugs of dependence, caffeine does
not alter dopamine release or glucose utilisation within the nucleus accumbens (Nehlig
A. 1998), nevertheless following regular caffeine ingestion acute cessation produces a
specific symptom complex (Silverman K.et al 1992b), which is widely experienced
(Strain E. et al 1994). Characteristic symptoms include headache, lethargy, fatigue and
dysphoria (Griffiths R.et al 1990) and physiological changes e.g. a fall in blood
pressure and rise in cerebral blood flow have also been reported in caffeine-withdrawn
subjects (Couturier E.et al 1997). Such evidence has lead to the inclusion of caffeine
wi{hdrawal as a specific syndrome within the Diagnostic and Statistical Manual of
Mental Disorders of the American Psychiatric Association, albeit as a proposed

category only (American Psychiatric Association. 1994).

Previous work examining the syndrome of caffeine withdrawal have used doses in
excess of 100 mg usually given in the form of coffee or caffeine capsules (Smith A et
al 1990). Depending on its duration of preparation, tea contains less caffeine than
coffee (30mg compared to 85mg in a standard 150ml cup), as do cola soft drinks
(33mg per can) (Barone J.et al 1996). Although tea is the most widely consumed drink
in the world, the rise in consumption of cola beverages is phenomenal. This third
vehicle of caffeine differs from coffee and tea in that approximately 95% of the

caffeine 1s added during the manufacturing process (Institute 1983).

147



The aim of this study was to determine the effects of a small dose of caffeine given in
the form of a market leading soft beverage on the physiological and psychological

effects of the caffeine withdrawal syndrome.

Methods

Subjects
11 non-smoking nor drug taking, healthy women (aged 24-40 years), who were regular

caffeine users (average daily consumption 143 to 773 mg). Subjects abstained from

caffeine for 48 hours and fasting for 8 hours prior to testing.

Experimental procedure

On admission to the research unit, a retrograde cannula was inserted into the back of
the non-dominant hand and placed in a ‘hot-box’. After resting supine for 20 min,

baseline measurements were taken of

e Heart rate and blood pressure

e Brain blood flow using a transcranial Doppler technique to assess middle cerebral
artery blood velocity (Viyca).

o Mood using the UWIST mood score

e Cognitive function using 4-choice reaction time

e Plasma caffeine levels. Blood was taken from a vein draining the heated hand for

subsequent measurement of caffeine.

Thereafter, subjects consumed, using a randomised and double-blind design, 660 mls
(2 cans) of either regular (i.e. caffeinated) or caffeine-free DIET COKE (Coca-Cola
Company, Atlanta, Georgia, USA) . On both occasions subjects also ate a candy bar
(MARS Bar, Mars Company, Slough, UK) containing 70 g of sucrose to prevent
hypoglycaemia. Thus, the total caffeine load on each occasion was 76 or 10 mg
(Barone J.et al 1996) (assuming maximum caffeine content of MARS bar 10mg, as per

communication with MARS company). All measurements were repeated in the same
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position, at 30 min intervals for the next 2 hours with blood glucose levels measured

every 15 min.

Statistical Analysis

Overall differences between serial measurements were examined by summary
measures (Matthews J.et al 1993). Summary responses for each individual were
calculated as area under the curve, or maximum response from baseline and contrasts
in group means were compared by paired Student’s t-test. Where data were not
normally distributed comparisons were made after logarithmic transformation. Results

are expressed as mean with 95% CI. Otherwise data are shown as mean * se.
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Results

Throughout both studies, there were no episodes of hypoglycaemia and blood glucose
profiles were identical (peak value 8.5 £0.6 mmol/l in both). Plasma caffeine levels
were <0.1mg/L at the start of both studies and remained so following ingestion of
caffeine-free DIET COKE. In contrast, plasma caffeine levels increased to average 2.0

mg/L after drinking regular DIET COKE.

At the start of both studies, Vmca was similar (72 +2 and 70 £2 cm/s). Within 30 min
of drinking regular DIET COKE, this fell by 10% (95 % CI [6-14%], p<0.005) (Figure
VIL5.1) associated with improvement in feelings of energy and hedonic mood (both
p<0.046 and p<0.037 vs. caffeine-free DIET COKE) (Figure VI1.5.2). Tense mood was

unaffected.

At the start of both studies, total number of reactions (631 =25 for DIET COKE and
621 +23 for caffeine-free cola) and the number of correct reactions (620 +18 and 618
+19) performed over 5 minutes were similar. Both were unaffected by consumption of
either cola drink (maximum total 654 +22 and correct 648 £21 for regular DIET COKE
and 633 £22 and 630 +23 for caffeine-free cola, p= 0.144 and p= 0.194 respectively).
On both occasions systolic blood pressure increased 30 minutes after ingesting the
drinks (maximum increase "15 + 2 and "12 + 2 mmHg after regular and caffeine-free
DIET COKE respectively, both p<0.001) and remained above baseline values for the
duration of the studies (Figure VIL5.3). Diastolic pressure increased to a lesser extent

("9+1 and "6+2 mmHg, both p<0.021).
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Figure VILS.1 Middle cerebral artery blood velocity for all subjects following
ingestion of 2 tins of regular or caffeine-free DIET COKE

(mean * se).
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Figure VIL5.2 Mean (se) values for feelings of hedonism (upper panel) and

Score

Score

energy (lower panel) for all subjects following ingestion of 2 tins of

regular or caffeine-free DIET COKE .
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Figure VIL5.3 Mean (se) values for systolic (upper panel) and diastolic (lower
panel) blood pressure following ingestion of 2 tins of regular or

caffeine-free DIET COKE .
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Discussion

In everyday life, the amount of caffeine consumed produces effects that are difficult to
detect or so subtle as to go unnoticed. Caffeine is frequently added to non-alcoholic
proprietary drinks as part of the manufacturing process although caffeine per se has no

intrinsic nutritional value. The health consequences of this (if any) are unknown.

In the present study, subjects acutely withdrawn from caffeine ingestion of modest
amounts of caffeine (76 mg) caused an almost immediate fall in middle cerebral artery
blood velocity (an index of brain blood flow), together with marked improvement in
subjects” mood without any change in cognitive function. Surprisingly, both systolic
and diastolic blood pressure increased above baseline values after drinking both types

of cola, irrespective of caffeine load.

Abstinence from caffeine leads to the symptoms of caffeine withdrawal. Consuming as
little as  100mg each day is required before a person is at risk (Griffiths R.et al 1990).
This state can be associated with marked functional impairment (Pickworth W. 1995)
although this has not been consistently demonstrated (Lane J. 1997). Here we did not
show any change in intellectual function as assessed by visual reaction time, with the
reinstatement of caffeine consumption. This was unexpected as others have reported
showing that as little as 32mg caffeine (less than in a single can DIET COKE) can
increase 4-choice reaction time (Lieberman H.et al 1987) after 12 hours of caffeine
abstinence. Durlach has also demonstrated significant speeding of the reaction time
with 60mg of caffeine consumed as a cup of tea (Durlach P. 1998). Whilst it is possible
that tea contains other psychoactive substances which may alter reaction time, other
explanations for our results include differing plasma caffeine levels following
administration (not measured in the 2 studies referenced). Alternatively differences
could relate to fluctuation in blood glucose levels as hypoglycaemia negatively affects
cognition. Interestingly 4-choice reaction time is particularly sensitive to mild
hypoglycaemia (Mitrakou A.et al 1991; Maran A. et al 1995). Blood glucose levels
were not reported in the earlier caffeine studies. Under normal circumstances, glucose
is the sole metabolic fuel for normal brain function. In healthy people, prior ingestion

of caffeine can be associated with the development of classical autonomic symptoms if
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peripheral blood glucose levels fall into the low normal range as may occur after a
large carbohydrate load. Here, subjects ate a candy bar in order to prevent
neuroglycopenia. Subsequently, peripheral blood glucose levels remained well above
the glycaemic thresholds release for activation of the sympathetic nervous system,
release of adrenaline, alterations in cerebral blood flow and cognitive performance

(Mitrakou A.et al 1991).

This study demonstrates a positive effect of a small amount of caffeine on its own
withdrawal syndrome. Although in popular culture caffeine is thought to produce relief
of fatigue and be mildly stimulating, it is possible that use continues in order to prevent
the development of an unpleasant and perplexing withdrawal syndrome. Earlier work
showed that when caffeine tolerant 92% of subjects would chose to drink caffeine

compared to 52% of them when caffeine-naive (Griffiths R.et al 1986a).

Caffeine has a vasoconstricting effect on the brain (Mathew R.et al 1985a). In caffeine
naive individuals, ingestion of 250 mg reduces brain blood flow by approximately
20% associated with a rise in blood pressure and plasma adrenaline levels. In the
present study, the pressor response to both types of DIET COKE was unexpected.
Whilst it is well known that caffeine has a pressor response, the mechanism involved in
the rise in blood pressure seen with caffeine-free cola is unknown but unlikely to relate
to acute volume loading (DaCosta D. et al 1985). Unfortunately, we were unable to
obtain information concerning other substances present in DIET COKE which might

induce a pressor response.

Tea, coffee and in a lesser amount cola beverages all contain caffeine as it is present in
the raw materials from which the beverage is made. Consumers can choose not to
drink these beverages or select decaffeinated versions. For those who decide to
continue with regular caffeine use, this maybe in order to prevent or ameliorate the

syndrome of acute caffeine withdrawal.
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Section VIII SUMMARY AND CONCLUSIONS



Hypoglycaemia is the commonest complication of insulin treatment. Patients with
long-standing or well controlled diabetes are at risk of losing their awareness of
hypoglycaemia in association with defective glucose counter-regulation. Whilst
caffeine has been previously shown to increase the physiological and psychological
responses to hypoglycaemia, to date the early work has not established the relevance of

this in clinical practice.

The aims of this study were to extend the understanding of the interaction between
caffeine and hypoglycaemic responses including the effects on the recovery period
(study 2) and whether tolerance develops (studies 2-4). Furthermore, it was important
to identify the effects of caffeine on hypoglycaemia recognition, in free-living patients
(study 1). Whilst an extensive body of literature exists on the effects of caffeine on
psychological function, blood pressure etc., previous studies have been criticised for
not taking into account the effects of caffeine withdrawal prior to testing, thus a study
looking at this phenomenon is included here (study 5). It is also considered in study 3.
In combination these five studies describe the relationship between caffeine and

hypoglycaemia further. The results are summarised below.

If caffeine is to be of benefit to hypoglycaemia awareness then the question of
tolerance to the augmented responses seen in caffeine naive subjects is an important
one. Whether tolerance develops to the increased counter-regulatory hormones
responses and symptoms and decreased CBF are considered in studies 1-4. The first of
these was a clinical study of free-living diabetic patients and will be discussed

separately, the other studies were laboratory based using healthy volunteers.

Study 2 required subjects to abstain from caffeine for 14 hours prior to the start of
testing i.e. overnight abstention only. Compared to placebo, adrenaline and growth
hormone production were significantly increased by the consumption of 200 mg
caffeine prior to the induction of hypoglycaemia. Similarly the augmented symptom
response with decreased CBF were demonstrated. Cognitive performance was equally
compromised by hypoglycaemia, although caffeine influenced the recovery period

negatively, following the restoration of euglycaemia. In studies 3 and 4 the effects of
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tolerance were more directly studied. The two conditions studied were fully caffeine-
naive and fully caffeine-replete. With respect to the latter condition, subjects consumed
400 mg caffeine per day as 200 mg bd., for 7 days. When studied, subjects ingested a
caffeine supplement prior to a second caffeine challenge several (approximately 3)
hours later. Whilst some effects were diminished in the caffeine-replete state ( e.g.
Viica, blood pressure) significant differences from baseline were still observed, during
the euglycaemic study (study 3) and hypoglycaemic study (study 4). Overall tolerance
to the effects of caffeine was incomplete with respect to the specific parameters used
namely Vyca, blood pressure, mood (Study 3 only), cognition, catecholamine

production (study 4 only), hypoglycaemia symptoms (study 4 only).

Study 2 also investigated the effects of caffeine into recovery from hypoglycaemia. In
the placebo condition, Vyca rose above baseline following the restoration of
euglycaemia. Although Vyca was rising at this time in the caffeine condition because
of the initial fall, Vyca failed to rise above baseline even after 70 minutes of
euglycaemia. Hypoglycaemic symptoms were greater following caffeine ingestion prior
to the induction of hypoglycaemia, this effect continued into recovery as well
Catecholamine production had returned to baseline levels at the beginning of the
euglycaemic period, in contrast with GH production, which continued to rise with the
restoration of euglycaemia. Thus caffeine consumption affects the recovery from
hypoglycaemia with the negative consequences of prolonging symptoms and impairing
improvements in cognition; although this latter finding was with the less sensitive test
(visual movement detection) alone. This is of clinical importance in that caffeine
potentially delays recovery from hypoglycaemia. Interestingly this study also showed
that whilst catecholamine levels were higher in males than females during
hypoglycaemia but with higher total symptom scores recorded reversely, cognition was
not more adversely affected and there were gender specific Vyca responses with Viyca
rising more significantly in females during recovery. In addition, Study 2 identified that
caffeine whilst hypoglycaemia affects visual performance negatively with respect to
P100 latencymeasurements, caffeine can have an additive effect on visually sensitive

subjects.
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Caffeine has variable effects on cognition as demonstrated by these studies. Whilst
generally cognition was equally affected by hypoglycaemia in the caffeine-naive and
caffeine-replete conditions, a difference was seen with the verbal-logical tests. These
tests, which relate directly to left (dominant) hemisphere function were more adversely
affected in the caffeine-replete condition. As the hemispheres are equally affected by
hypoglycaemia, this result was unexpected and may represent a type 2 error.
Alternatively chronic caffeine ingestion may compromise higher cerebral function

adversely.

Chronic caffeine consumption is associated with negative mood effects (study 3).
Tense mood was significantly higher with regular caffeine consumption as opposed to
the caffeine-naive condition. This aspect of mood is positively affected by more
caffeine consumption. This demonstrates that caffeine withdrawal should not be
underestimated. Symptoms can develop over a short period of time. However,
withdrawal from caffeine for 7 days was enough time for symptoms to regress. In study
3 caffeine withdrawal symptom scores were similar in both caffeine-naive and
caffeine-replete conditions. Caffeine withdrawal can be effectively treated with
caffeine, the vehicle for which can be the less investigated cola soft-drinks (study 5).
Improvements in cognitive performance however were not demonstrated here, only

improvements in the positive aspects of mood (energy and hedonism).

The first study of this thesis is important because of its clinical relevance. The number
of symptomatic mild hypoglycaemic events increased by 44%, which were associated
with more intense warning symptoms. Thus patients were more aware of their blood
glucose and able to take avoiding action by consuming carbohydrate in a relatively pure
form. The number of severe hypoglycaemic episodes decreased in the caffeine
consumption phase. However these were too infrequent for useful statistical
comparison. Once again there was no evidence of tolerance developing across the 3
month phases of the cross-over trial. Neither diabetes control nor lipid profiles were
compromised by caffeine consumption, although a pressor response was noted which

was more marked in men.
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It is relevant to contrast the different findings of study 1 and 4 here. In study 4 regular
caffeine consumption was associated with more intense hypoglycaemic symptoms after
approximately 60 minutes of hypoglycaemia; as opposed to the more intense symptoms
of hypoglycaemia at the onset of hypoglycaemia in the caffeine-naive state. This study
was laboratory based using healthy volunteers and is in contrast to the increased
symptoms reported by free-living subjects in study 1. Thus although regular caffeine
consumption can affect the symptomatic repsonse to hypoglycaemia, this may be of

less relevance clinically.

Caffeine has the potential to improve hypoglycaemic awareness. Increased responses to
hypoglycaemia have been consistently demonstrated. Tolerance does not develop
completely as demonstrated throughout the studies of this thesis. However, reservations
would still apply. Tolerance does not develop to the pressor effects of caffeine either
and whilst these may be minimal on normotensive populations, evidence exists to
suggest that caffeine consumption is harmful to hypertensive people (borderline and

established).

A second reservation before endorsing caffeine consumption for type 1 diabetic
patients is the effects on cognition. Further work is needed to establish the effects
during hypoglycaemia on cognitive function to fully elucidate the balance between
increased neuroglycopenia (decreased CBF) and the psychostimulant action of caffeine.
The finding of significantly increased deterioration in verbal-logical function, in study
4, requires that further work focus on the question of chronic caffeine consumption and
cognitive function during hypoglycaemia. In addition caffeine affects recovery from
hypoglycaemia as well. The clinical relevance needs to be fully determined once again.
Furthermore the effects of caffeine on type 2 diabetes mellitus should be studied.
Caffeine may be metabolised differently as well as having different affects on

hypoglycaemic awareness.
When hypoglycaemia awareness becomes a major problem, as it does for a significant

number of patients with diabetes, the aforementioned compromises associated with

caffeine consumption could well exceed the problems described above, Thus when
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quality of life is threatened by hypoglycaemia unawareness, caffeine could be
incorporated into a programme to help increase hypoglycaemia awareness. The
evidence presented here demonstrates that one of life’s pleasures, enjoyed around the
world, can be of benefit to patients with diabetes mellitus. It is not a perfect treatment
to aid hypoglycaemic awareness and excessive consumption could have negative
consequences as well as adversely affecting blood pressure control. However there is a
group of patients with hypoglycaemia unawareness who could benefit from 1,3,7-

trimethylxanthine.
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DATA (MEAN £SE) FOR GRAPHIC REPRESENTATIONS IN THESIS

Values for Figure V.1.2
Total No. Hypos symptomatic biochemical
Placebo 362 296
Caffeine 534 228
Values for Figure V.1.3
Total symptom score
score
Placebo  mean 26.66
ge 2.57
Caffeine mean 29.09
se 278
Values for Figure V.1.4
VMCA
(cm/s)
Males Dbaseline mean 52.09
se 2.28
caffeine mean 47.80
se 2.29
placebo mean 50.38
se 2.14
Females baseline mean 58.91
se 3.03
caffeine mean 54 .49
se 2.65
placebo mean 60.67
se 3.89

T



Values for Figure VL2.2

Time (min)
Change in VMCA 20 80 120 180 210 270
(all subj; cm/s)
E+C mean 0.00 2.25 -0.31 -2.63 1.13 0.00
se 0.00 1.42 0.90 1.58 1.44 1.32
H+P mean 000 056 -1.56 -2.63 031 -0.63
se 000 127 076 129 166 131
H+C mean 0.00 156  -794 900 -288 -1.13
se 0.00 1.36 1.94 2.37 1.91 1.88
Time (min)
Change in VMCA 20 80 120 180 210 270
(males; cm/s)
E+C mean 0.00 115 -198 -297 -0.08 -0.80
se 000 124 084 105 110 097
H+P mean 000 022 097 -1.38 275 3.88
se 000 09 138 1.18 1.51 190
H+C mean 000 094 -928 -763 -253 -0.69
se 000 099 130 160 158 1.51
Time (min)
Change inVMCA 20 80 120 180 210 270
(females; cm/s)
E+C mean 0.00 ~0.11 -3 .88 -3.36 -1.46 -1.71
se 0.00 2.13 1.16 1.45 1.66 1.45
H+P mean 000 -0.13 350 -013 519 838
se 0.00 1.45 2.28 1.85 2.16 2.66
H+C mean 000 031 -10.63 -625 -219 -025
0.00 1.41 1.60 2.02 2.53 2.37

S€
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Values for Figure VL2.3

Time (min)

Systolic BP 20 80 120 180 210 270
(mmHg)
E+C mean 1042 1047 107.0 1093 1090 1084
se 1.6 15 2.3 23 1.9 2.1
H+P mean 102.2 102.9 1040 108.1 101.8 97.6
se 2.1 1.6 1.6 23 3.1 2.4
H+C mean 105.0 1063 109.6 1092 1018 1019
se 1.9 1.1 2.0 2.7 22 2.0
Time (min)
Diastolic BP 20 80 120 180 210 270
(mmHg)
E+C mean 56.6 57.4 59.0 575 58.7 58.5
se 1.8 13 1.6 18 1.6 1.4
H+P mean 56.3 543 53.8 472 51.7 53.6
se 1.6 1.7 1.6 1.6 1.7 1.7
H+C mean 58.0 57.7 5872 499 55.2 57.3
se 1.5 1.5 1.7 1.5 2.5 2.2
Time (min)
HR 20 80 120 180 210 270
(bts/min)
E+C mean 58.7 58.7 56.4 59.2 60.1 58.4
se 1.9 1.6 1.4 1.7 1.7 1.2
H+P mean 500 592 634 624 544 525
se 2.1 2.0 2.3 2.2 2.0 2.2
H+C mean 55.5 58.1 61.2 58.1 52.1 51.6
se 1.9 2.0 2.4 2.1 2.0 2.2
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Values for Figure V1.2.4

Time (min)
Adrenaline 0 20 80 120 180 210 270
(pmol/l)
E+C mean 1988 1653 1825 2148 2327 1750 235084
ge 7.8 6.2 73 6.9 7.5 5.7 9.32586
H+P mean 2332 2057 2316 5109 21859 5088 312.198
se 7.8 6.2 9.3 37.6 80.0 18.8 8.87268
H+C mean 1896 2896 1787 8489 28174 6764 507.594
ge 57 211 83 60.7 1071 39.4 304523
Time (min)
Nordrenaline 0 20 80 120 180 210 270
(pmol/l)
E+C mean 1.03 1.17 1.19 1.18 1.15 1.16 1.00
se 0.02 0.03 0.03 0.64 0.03 0.04 0.03
H+P mean 1.07 .00 116 113 138 118 096
se 0.03 003 004 003 003 003 002
H+C mean 1.14 135 135 153 153 168 148
se 0.03 0.05 0.04 0.03 0.02 0.08 0.05
Time (min)
Growth Hor 0 20 80 120 180 210 270
(pmol/l)
E+C mean 2.46 2.65 1.29 1.11 2.80 420 2.40
se 0.69 1.21 0.33 0.21 1.10 1.60 0.90
H+P mean 219 291 123 155 1424 1245  6.08
se 0.51 0.88 0.18 0.24 1.85 1.80 1.07
H+C mean 1.28 1.46 0.89 2.73 16.88 1939 9.19
se 027 040 009 090 182 200 194




Values for Figure

V1L.2.5
Time (min)
Neuroglycopenic 20 80 120 180 210 270
(sym score)
E+C mean 5.93 6.46 5.80 5.27 536 5.54
se 037 045 024 012 017 022
H+P mean 6.13 6.67 8.00 8.63 6.88 6.71
se 029 041 121 081 055 033
H+C mean 563 638 769 979 750  6.64
se 0.24 0.22 0.71 0.92 0.89 0.39
Time (min)
Autonomic 20 80 120 180 210 270
(sym score)
E+C mean 5.20 523 6.07 6.40 6.43 6.00
se 0.40 0.28 032 0.62 0.25 0.39
H+P mean 5.00 5.13 7.19 9.75 6.50 6.29
se 0.34 0.30 0.95 0.83 0.39 0.33
H+C mean 4.94 5.15 9.31 11.79 8.19 6.86
se 0.23 0.17 1.31 1.05 0.78 0.34
Time (min)
Other 20 &0 120 180 210 270
(sym score)
E+C mean 2.40 2.38 2.13 2,13 2.14 2.07
se 019 031 013 013 009 007
H+P mean 206 206 225 231 218 214
se 0.06 0.06 0.14 0.11 0.10 0.09
H+C mean 250 223 252 252 225 228

se 0.30 0.15 0.22 0.21 0.14 0.15




Values for Figure VL1.2.6

Time (min)

Change in VCD 20 120 210
(score)

E+C mean 0.00 2.43 3.07
se 000 114 1.12

H+P mean 000 -144 -0.88
se 0.00 125 090

H+C mean 0.00 -038 -1.06
se 000 122 1.8

Time (min)

Change in VMD 20 120 210
(score)

E+C mean 0.00 3.27 4.07

se 000 141 125

H+P mean 000 -019 -094

se 000 115 160

H+C mean 0.00 -1.19  -2.75

se 000 132 147
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Values for Figure V1.2.9

Blood Glucose (mmol/l)
Latency base 4.5 2.5/45 4.5
(ms)
gpl Eug mean 976 977 963 97.6
se 0.6 0.5 1.1 0.8
gpl H+C mean 97.6 99 99.1 99.1
se 0.8 0.7 0.6 0.6
gp2 Eug mean 99.5 99.5 97.4 97.6
se 0.5 0.6 1 0.8
gp2 H+C mean 989 991 107.9 101.1
se 038 0.7 0.5 0.8
Blood Glucose (mmol/l)
Latency base 4.5 2.5/4.5 4.5
(ms)
gpl H+P mean 981 974  98.0 98.2
se 0.6 0.7 1.0 0.7
gpl H+C mean 976  99.0  99.1  99.1
se 08 0.7 0.6 0.6
gp2 H+P  mean 952 961 1006 978
se 0.6 0.6 0.6 0.6
gp2 H+C mean 989 991 107.9 1011
se 0.8 0.7 0.5 0.8
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Values for Figure VI.2.10

Change
in VMD
(score)
gpl H+P mean
se

gpl H+C mean
se

gp2 H+P mean
se

gp2 H+C mean
se

Blood
glc
(mmol
/h

45 2545 4.5

0.0
0.4

0.0
03

0.0
1.0

0.0
0.8

2.0
0.4

0.9
03

-2.0
1.5

-2.1
12

1.8
0.4

-0.1
0.3

-3.8
0.7

-6.1
1.7
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Values for Figure V1.3.2

Time (min)
VMCA 0 30 60 90 120
(cm/s)
C-naive  mean 0 -8.0 -7.0 -4.9 -5.5
se 0 1.0 1.2 1.2 1.1
C-replete mean 0 -4.9 -2.5 -2.1 0.4
se 0 1.0 0.9 0.9 1.7
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Values for Figure VI.3.3a

Time (min)
Systolic BP 0 30 60 90 120
(mmHg)
C-naive  mean 0 8.7 6.6 9.1 9.1
se 0 23 2.3 3.0 2.2
C-replete mean 0 4.5 1.5 2.6 4.6
se 0 1.9 1.9 1.3 1.4
Values for Figure VI.3.3b
Time (min)
Diastolic BP 0 30 60 90 120
(mmHg)
C-naive  mean 0 9.5 14.5 21.2 27.5
se 0 1.6 1.5 1.9 1.4
C-replete mean 0 1.1 0.8 0.3 2.0
se 0 1.0 1.6 0.8 1.1




Values for Figure V1.3.4

Mood Hedonic mood Tense mood Energetic mood I
(score) Baseline Maximun: Baseline Minimum Baseline Maximum
C-naive  mean 28.0 30.8 16.3 12.0 21.4 24.6
se 1.3 04 1.6 0.7 1.6 1.2
C-replete  mean 28.9 31.1 116 9.7 19.8 25.2
se 1.0 04 0.6 1.0 1.4 1.3

Values for Figure VI.3.5
4CRTT |

(s) Baseline Minimum
C-naive  mean 0.51 0.49
se 0.01 0.01

C-replete  mean 0.51 0.49
se 0.01 0.01

217



Values for Figure V1.4.2

Time
(min)
VMCA baselin 120 180
e
(cm/'s)
Caffeine mean 609 558 541
free se 3.5 3.2 34
Caffeine mean 622 603 593
se 2.4 2.5 2.1
Values for Figure V1.4.3
Time
(min)
Adrenaline 0 20 80 120 180
(nmol/l)
Caffeine mean 195 235 228 2326 3949
free se 36 15 20 470 582
Caffeine mean 198 221 242 2353 4222
se 32 22 46 395 679
Time
(min)
Noradren 0 20 80 120 180
(nmol/l)
Caffeine mean 082 093 094 121 174
free se 006 007 0.13 0.18 026
Caffeine mean .10 1.03 121 149 184
se 0.17 0.14 0.21 0.24 0.25
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Values for Figure V1.4.5

Adrenaline
(nmol/l)
Caffeine
free

Caffeine

mean
5S¢

mean
5€

Chang
ein
test
score

-5.5
3.8

-15.1
3.7

SP

-5.36
4.09

-17.0
5.7
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Values for Figure VILS5.1

Time
(min)
VIMCA 0 30 60 90 120
(cm/s)
Caffeine mean 715 713 707 696 711
free se 2.3 2.8 2.8 3.1 3.1
Caffeine mean 700 625 629 648 650
se 2.4 1.7 2.1 1.9 2.2
Values for Figure VIL5.2
Time
(min)
Hedonic 0 30 60 90 120
Mood
(UWIST
score)
Caffeine mean 263 281 271 275 273
free se 1.2 1.0 1.2 1.0 1.2
Caffeine mean 273 285 287 297 297
se 0.9 0.8 0.8 0.7 0.8
Time
(min)
Energetic 0 30 60 90 120
Mood
(UWIST
score)
Caffeine mean 16.0 188 18.1 174 184
free se 0.9 1.2 1.5 1.5 1.9
Caffeine mean 167 214 21.8 235 246
se 1.0 1.6 1.5 1.3 13
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