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Aims It is widely held that tolerance develops to the effects of sustained caffeine
consumption. This study was designed to investigate the effects of chronic, staggered
caffeine ingestion on the responses of an acute caffeine challenge, during
euglycaemia.

Methods Twelve healthy volunteers were randomized using a double-blind, cross-
over design to take either 200 mg catfeine (C-replete) or placebo (C-naive) twice
daily for 1 week. Following baseline measurements being made, the responses to
200 mg caffeine (blood-pressure, middle cerebral artery velocity, mood and cognitive
performance) were examined over the subsequent 120 min. Blood glucose was not
allowed to fall below 4.0 mmol I,

Results After the caffeine challenge, middle cerebral artery blood velocity decreased
in both conditions but was greater in the C-naive condition (=8.0 [-10.0, —6.1]
cm s vs —4.9 [-6.8, =2.9] cm 57! C-replete, P < 0.02). Systolic blood pressure rise
was not significantly different in C-naive, although this rise was more sustained over
time (P < 0.04). Mood was adversely affected by regular caffeine consumption with
tense aspect of mood significantly higher at baseline in C-replete 11.6 = 0.6 C-naive
vs 16.3+1.6 C-replete, P<0.01). Cognitive performance was not affected by
previous caffeine exposure.

Conclusions Overall these results suggest that tolerance is incomplete with respect
to both peripheral or central effects of caffeine.
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Introduction

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 [1, 2]. Numerous placebo-controlled studies
have been published showing improvement in a variety
of cognitive function tests including simple reaction time
[3], digit symbol substitution [4] and logical reasoning
[5]. Although a smaller number of studies have shown
no effect of caffeine stimulus recognition and memory
[6, 7], overall the evidence to date is in favour of a
psychostimulant action of caffeine. In addition caffeine
consumption has been associated with positive effects on
mood.

The relevance of these studies to everyday life is ques-
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tionable because in the majority, subjects were required
to abstain from caffeine overnight and the amount of
caffeine administered was relatively high, up to 600 mg
in a single dose. The problem with cafteine deprivation
prior to testing, means that symptoms of caffeine with-
drawal can be invoked [8]. Thus it is not possible to
describe the net effects of caffeine with these studies as
caffeine withdrawal has been shown to decrease perfor-
mance in both humans (e.g. finger tapping [9]) and
animals [10]).

There is evidence that acute ingestion of caffeine has
a pressor effect. It is widely held that tolerance to this
develops with sustained use [11] but this is disputed [12].
Furthermore other circulatory effects can be measured,
e.g. decrease in cerebral [13] and forearm blood flow
[14], which are potentially better markers of the action
of caffeine on the cardiovascular system. Debrah ef al.
demonstrated a dissociation between central (cerebral
blood flow) and peripheral (blood pressure) effects of
caffeine with tolerance developing in the latter only [15].

Earlier studies which claimed to show tolerance to the
pressor effects of cafteine [11, 16—18] have not mirrored
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‘normal’ staggered caffeine consumption but are charac-
terized by a prior period of prolonged abstinence fol-
lowed 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 [19, 20]. Shi et al. demonstrated that the toler-
ance phenomenon depended on the amount of caffeine
consumed, schedule of consumption and elimination
half-life [21]. They estimated, using a parametric phar-
macokinetic-pharmacodynamic model for caffeine that it
would take about 20 h or five drug half-lives for the
effects of cafteine tolerance to wear oft. Given that caf-
feine consumption is associated with 10-12 h of over-
night 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.

The aim of this study was to investigate further the
tolerance phenomenon in both central (cerebral blood
flow, mood, cognitive function) and peripheral (blood
pressure, heart rate) effects of caffeine consumption.

Methods
Subjects

Fourteen healthy, left-hemisphere dominant, regular
(daily) cafteine consumers (180-500 mg per day, seven
males and aged 23—38 years) gave written, informed con-
sent 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 familiarize the subjects with the study protocol,
which helped to minimize practise eftects on the cogni-
tion tests. The results from this session were discarded.
The following two studies were identical except for the
dietary preparation. They were performed at least 2
weeks apart to avoid any carry-over eftfect.

Experimental procedure

Subjects were studied at the Metabolism Research Unit
at Bournemouth Diabetes and Endocrine Centre. Prior
to the second and third visits, subjects consumed a caf-
feine-free diet for 7 days. This was supplemented, in
a double-blinded, randomized, cross-over design with
either 200 mg cafteine capsules or matched placebo twice
daily. The order was counter-balanced across participants.
The final capsule was taken on the morning of the study,
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1 h 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.

On the morning of a study, subjects were admitted at
09.00 h, 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 0-3 [9]. A retrograde cannula was inserted into the
dorsum of the nondominant hand and was kept patent
by an infusion of 154 mmol I"! sodium chloride. The
hand was placed in a ‘hot-box’ (60 °C) to ‘arterialise’
venous blood. Potential distractions such as conversation
and other background noise were minimized. After inser-
tion of the cannula, subjects rested supine for 20 min
before the experimental protocol began. Baseline mea-
surements were taken of:

(1) Heart rate and blood pressure using an automated
device (Dinamap, Critikon, UK).

(i) Brain blood flow using a transcranial Doppler tech-
nique (SciMed, Bristol, UK) to assess middle cere-
bral artery blood velocity (Vyc,). The measured
parameter was the mean value of the maximum
velocity envelope. Although measurement of V.,
assumes that calibre changes in the vessel are small,
alterations in V¢, reflect changes in cerebral blood
flow during euglycaemia and hypoglycaemia [22].

(111) Mood using the UWIST mood score [23] consisting
of 24 adjectives divided into three equal groups
describing hedonic (pleasurable), tense and energetic
mood: maximum score for each aspect is 32 each
item is scored 1—4.

(iv) Four-choice reaction time (4CRT) [24]. Calcula-
tions were made of total and number of correct
reactions over a timed 5 min period. Prior to the
start of each study, all subjects familiarized them-
selves with the timer to minimize any practice effect.

(v) Visual information processing tests. Visual change
detection (VCD) [25] assesses the speed of early
visual processing by measuring the brain’s ability to
identify the locus of change in a stimulus array. 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 six different stimulus duration. A total
accuracy score is obtained.

Visual movement detection (VMD) [25] 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. After a variable interval it moves horizon-
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tally by a distance identical to its width (3 mm). 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—
84 ms). A random block of 60 presentations (10 trials of
6 difterent stimulus duration) is also employed in this test
and the total number of correct responses is obtained.

Plasma caffeine concentrations

Blood was taken from a vein draining the heated hand
for subsequent measurement of caffeine by an enzyme
immunoassay technique (EMIT®; Behring Diagnostics,
Milton Keynes, UK) on an Olympus AU560 autoanalyser
(Olympus Optical, Eastleigh, UK). The intra- and inter-
precision of this assay is 4.0% and 3.9%; the lower limit
of quantification 0.10 mmol 1.

Thereafter, subjects consumed a cup of decafteinated
coffee containing 200 mg caffeine. All measurements
were repeated in the same position, at 30 min intervals
for the next 2 h with blood glucose concentrations mea-
sured every 15 min (YSI 2300 Stat Plus glucose analyser,
Yellow Springs, Ohio, USA). Throughout, blood sugar
was maintained above 4.0 mmol I"' by ingestion 3—6 g of
glucose when blood glucose <3.9 mmol I'; thus avoiding
the confounding effect of hypoglycaemia.

Statistical analysis

Overall differences between serial measurements were
examined by summary measures [26]. Area under the
curve (AUC) by the trapezoidal method and maximum
response after the caffeine challenge were calculated for
the responses of each individual. Group means were
compared by paired Student’s r-tests. Results are ex-
pressed as individual means with point estimate of differ-
ences between means and 95%CI. Otherwise data are
shown as mean * s.e. mean.

Results

Baseline and maximum caffeine concentrations for the
two experimental conditions are shown in Table 1 with

Table 1 Mean plasma caffeine and blood glucose concentrations
during C-replete and C-naive studies.

Baseline caffeine  Maximum caffeine  Average blood glucose

Condition (mg I'") (mg I'") (mmol I7!)
C-replete  2.33 £ 0.62** 5.41 £ 1.45% 4.50£0.1
C-naive 0.17 £ 0.05** 4.08 £1.18* 4.09 £0.08

**P < (0.001 C-naive vs C-replete, *P < 0.02 C-naive vs C-replete.
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average blood glucose readings for the duration of the
studies. Caffeine withdrawal questionnaires showed no
difference in total scores after caffeine abstinence or sup-
plementation for 7 days (26.9 £ 2.5 C-naive vs 27.8 £2.3
C-replete, P=0.34).

Haemodynamics

Baseline V¢4, 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 st C-replete, P<0.02) (mean difference [95%CI]).
The decrease in V., was sustained for the duration of
the study (Figure 1).

In the C-replete state, the cafteine challenge caused a
significant rise in systolic blood pressure at 30 min but
this was not significantly different from the rise in C-
naive study (+8.7 [2.1, 13.4] 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) AUCs for change in systolic blood pressure
against time were significantly different (P < 0.04) (Figure
2a). In contrast the initial rise in diastolic blood pressure
was greater in the C-naive condition (+5.5 [3.2, 8.6]
mmHg C-naive vs +1.1 [-0.8, 3.0] mmHg C-replete,
P < 0.005) but this difference was not statistically sus-
tained for the study duration (AUC C-naive vs C-replete
P=0.055) (Figure 2b). Heart rate was unaftected by
prevailing caffeine status.

Symptom score

Tense mood was most affected by caffeine status (Figure
3). Baseline measurements were significantly different
(11.6 £ 0.6 C-naive vs 16.3 1.6 C-replete, P < 0.01).
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Figure 1 Change in middle cerebral artery blood velocity in
C-replete (M) and C-naive ([J) conditions following a caffeine
challenge (mean fs.e. mean). P < 0.01 for AUC C-naive vs
C-replete.
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Figure 2 Change in a) systolic and b) diastolic blood pressure in
C-replete (M) and C-naive ([J) conditions following a 200 mg
caffeine challenge. P < 0.04 for AUC for systolic BP C-naive vs
C-replete, P < 0.055 for AUC for diastolic BP C-naive vs
C-replete.

Cafteine consumption in the C-replete state was associ-
ated 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 cafteine consumption improved energetic mood
in both conditions this effect was not significantly differ-
ent between conditions (P=0.24) (Figure 3). 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

(P=0.51) (Figure 3).

between conditions

Psychometric tests

VCD and VMD did not improve with caffeine consump-
tion in either condition (Table 2). Four choice reaction
time improved by 0.02 £ 0.01 s, following caffeine inges-
tion in both the C-naive and C-replete conditions.

Discussion

‘Whilst the development of tolerance to some effects of
caffeine has been previously demonstrated [27], it
remains a controversial area. In this study, during eugly-
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Figure 3 Mood scores in C-replete () and C-naive (L)
conditions at baseline and the most marked response following the
caffeine challenge (mean % s.e. mean). *= C-naive vs C-replete
P <0.02, ** = C-replete vs C-naive P < 0.01, # = Max/Min vs
Baseline P < 0.05, ## = Max/Min vs Baseline P < 0.005.

Table 2 Total scores of VCD and VMD tests during C-replete
and C-naive studies (mean *s.e. mean).

Baseline 60 min 120 min
VCD
C-replete 427+ 1.6 43.6+1.3 43.6x1.0
C-naive 425+1.7 449+1.2 448+ 1.4
VMD
C-replete 54.8+1.2 54.9+0.9 55.1+0.6
C-naive 544+14 532%1.6 55.6x 1.1

caemia, Ve, and blood pressure (systolic and diastolic)
responses to acute caffeine ingestion were attenuated
with sustained cafteine use compared with a caffeine-
naive state. However tolerance was incomplete as signif-
icant changes from baseline were still recorded in Vyc,
and systolic blood pressure. Thus vascular responses were
demonstrated with a subsequent dose of caffeine in the
fully C-replete state. (Average British caffeine consump-
tion is 359 mg day™' [28]). In the course of the C-replete
study 200 mg caffeine on rising is taken, followed by a
further 200 mg caffeine challenge.) Interestingly daily
caffeine consumption was associated with an increase in
tense mood, which resolved after further caffeine con-
sumption. It was only this aspect of mood that was
associated with a significantly different response to the
caffeine challenge between the two conditions. Develop-
ment 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 symp-
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toms 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 chronic caffeine consumption
is associated with increased anxiety, tension, restlessness,
nervousness and anger [29-31]. The UWIST mood score
has not previously been used in cafteine studies but the
results here would concur with other scores used. The
marked reduction in tense mood following cafteine
ingestion during C-replete could represent the treatment
of caffeine withdrawal symptoms. These can develop over
a short period of time [32, 33]. It may seem somewhat
illogical that people chose to consume a substance, which
increases negative feelings. Green & Suls [31] have sug-
gested that consumption continues because of a perceived
benefit such as increased productivity. Whilst hedonic
mood did not improve significantly from baseline during
C-replete unlike energetic mood, the size of these in-
creases were not significantly different between the two
caffeine conditions. This would suggest that tolerance to
caffeine’s more arousing effects did not develop although
this is in contrast to Green & Suls’ study [31].

Increases in positive feelings are the usual feature of
studies involving acute caffeine ingestion in naive subjects
[34, 35], although no dose—response relationship has been
demonstrated [36]. Older people show increased positive
effects of caffeine on mood compared to younger subjects
with younger people expressing more anger with caffeine
consumption [37]. With respect to mood, tolerance has
been largely overlooked by investigators in this field,
although Zwyghuizen-Doorenbos ef al. suggested that
instead of tolerance developing Pavlovian conditioning to
the alerting effects of caffeine may also occur [38].

This study adds to the body of previous work that
tolerance to the haemodynamic eftects of caftfeine con-
sumption is present but partial. The pressor response may
be reinstated by a brief period of abstinence [19], which
may be as short as 3 h [39]. In the conditions of this
experiment partial tolerance was demonstrated to the
response in Vi, with regular caffeine ingestion. Earlier,
Mathew et al. demonstrated that cerebral blood flow
decreases with caffeine ingestion [13, 40]. In the latter
study subjects withheld from caffeine consumption for a
minimum of 2 h only, with an 18% decrease in CBF
associated in caffeine consumption still demonstrated
[40]. This effect was still measurable 90 min after the
cafteine challenge.

Four-choice reaction time improved in both condi-
tions 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 oppor-
tunity to examine the issue of caffeine consumption
on cognition and tolerance [41]. In this study 9003
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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 per-
formance with no evidence for the phenomenon of tol-
erance to caffeine. In contrast, whilst caffeine has been
shown to narrow attention and thus increase selectivity
of information processing [42, 43], it has subsequently
been demonstrated that the stimulatory visual effects of
caffeine are limited to situations with only a few visual
inputs [44].

Caffeine consumption is so widespread that a small
effect can potentially influence a population’s health [45].
More specifically, caffeine has been shown to influence
the physiological (decreased Vyc, [46, 47], increased
counterregulatory hormone responses [46, 47]) and
psychological (increased symptoms [46, 47], decreased
cognitive changes [46]) responses to hypoglycaemia). The
question as to whether tolerance develops to these eftects
was partially addressed in a subsequent study whereby
caffeine consumption was associated with increased
awareness of hypoglycaemic events in free-living type 1
diabetic patients [48]. The present study further suggests
that similar parameters continue to be affected despite
sustained caffeine use.

In conclusion, whilst the history of exposure to caf-
feine will influence the effect of a dose, tolerance to this
drug’s vascular eftects is incomplete both centrally and
peripherally. In contrast tolerance was not demonstrated
in performance (4 CRT) nor improvements in positive
aspects of mood. Identifying these effects on a larger
population’s health requires careful, further investigation
but remains an important question as caffeine consump-
tion is ubiquitous.

Joanne Watson held a Novo Nordisk (UK) Fellowship whilst
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