Metadata, citation and similar papers at core.ac.uk

Provided by Explore Bristol Research

-% University of
OPEN (o) ACCESS BRISTOL

Rogers, P. J., Heatherley, S. V., Mullings, E. L., & Smith, J. E. (2013). Faster
but not smarter: effects of caffeine and caffeine withdrawal on aertness and
performance. Psychopharmacol ogy, 226(2), 229-240.
https://doi.org/10.1007/500213-012-2889-4

Peer reviewed version
License (if available):
Unspecified

Link to published version (if available):
10.1007/s00213-012-2889-4

Link to publication record in Explore Bristol Research
PDF-document

This is the author accepted manuscript (AAM). The final published version (version of record) is available online
via Springer at https://link.springer.com/article/10.1007%2Fs00213-012-2889-4 . Please refer to any applicable
terms of use of the publisher.

University of Bristol - Explore Bristol Research
General rights
This document is made available in accordance with publisher policies. Please cite only the published

version using the reference above. Full terms of use are available:
http://www.bristol.ac.uk/pure/about/ebr-terms


https://core.ac.uk/display/146503281?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://doi.org/10.1007/s00213-012-2889-4
https://doi.org/10.1007/s00213-012-2889-4
https://research-information.bris.ac.uk/en/publications/faster-but-not-smarter(7fece996-9feb-471f-a52e-094a26344955).html
https://research-information.bris.ac.uk/en/publications/faster-but-not-smarter(7fece996-9feb-471f-a52e-094a26344955).html

10

11

12
13
14
15
16
17
18

19

20

21

22

23

24

25

26

Faster but not smarter: effects of caffeine and caffeine withdrawal on alertness and

performance

Peter J. Rogers, Susan V. Heatherley, Emma L. Mullings* and Jessica E. Smith

School of Experimental Psychology, University of Bristol, Bristol, BS8 1TU, UK

Email: peter.rogers@bristol.ac.uk

*Current address, School of Medicine, University of Manchester, Manchester, UK

Short title: Alerting and performance effects of caffeine use

Communicating author:
Professor Peter J Rogers
Peter.rogers@bristol.ac.uk
Tel +44 (0) 117 9288584
Fax +44 (0) 117 9288588

Acknowledgements

This research was funded by a grant (BBS/B/01855) from the UK’s Biotechnology and
Biological Sciences Research Council. We thank the volunteers who participated in this
study, and our colleagues Professor Richard Evershed and Dr Pete Maxfield for their
expertise in the analysis of salivary caffeine and paraxanthine concentrations. PJR has

received grants to support research on caffeine from GlaxoSmithKline.


mailto:peter.rogers@bristol.ac.uk
mailto:Peter.rogers@bristol.ac.uk

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

Abstract

Rationale Despite 100 years of psychopharmacological research the extent to which caffeine
consumption benefits human functioning remains unclear. Objectives To measure the effects
of overnight caffeine abstinence and caffeine administration as a function of level of habitual
caffeine consumption. Methods Medium-high (n = 212) and non-low caffeine consumers (n
= 157) completed self-report measures and computer-based tasks before (starting at 10.30
AM) and after double-blind treatment with either caffeine (100 mg then 150 mg) or placebo.
The first treatment was given at 11.15 AM and the second at 12.45 PM, with post-treatment
measures repeated twice between 1.45 PM and 3.30 PM. Results Caffeine withdrawal was
associated with some detrimental effects at 10.30 AM, and more severe effects, including
greater sleepiness, lower mental alertness, and poorer performance on simple reaction time,
choice reaction time and recognition memory tasks, later in the afternoon. Caffeine improved
these measures in medium-high-high consumers, but, apart from decreasing sleepiness, had
little effect on them in non-low consumers. The failure of caffeine to increase mental
alertness and improve mental performance in non-low consumers was related to a substantial
caffeine-induced increase in anxiety/jitteriness that offset the benefit of decreased sleepiness.
Caffeine enhanced physical performance (faster tapping speed and faster simple and choice
reaction times) in both medium-high and non-low consumers. Conclusions While caffeine
benefits motor performance and tolerance develops to its tendency to increase
anxietyl/jitteriness, tolerance to its effects on sleepiness means that frequent consumption fails

to enhance mental alertness and mental performance.

Key words: Caffeine, Tolerance, Withdrawal, Mental performance, Physical performance,

Reaction time, Cognition, Alertness, Sleep, Anxiety
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Introduction

Judged by the amount and frequency of consumption, caffeine is humankind’s favourite drug.
Caffeine is consumed worldwide predominantly via tea and coffee, its popularity deriving, at
least in part, from the perception that it is a helpful, but mostly harmless, psychostimulant. In
fact, through antagonism of the action of endogenous adenosine at adenosine Az and Aza
receptors, caffeine has various physiological and behavioural effects (Fredholm et al. 1999).
For example, as well as increasing wakefulness, caffeine raises blood pressure, causes tremor
(reduces hand steadiness), enhances physical performance, and is mildly anxiogenic
(Heatherley et al. 2005; James 2004; Rogers et al. 2010; Warren et al. 2010). However,
determining the benefits or otherwise of caffeine consumption is complicated by the potential
for tolerance to develop to its effects with repeated frequent exposure. It is instructive
therefore to compare the effects of caffeine in individuals who consume caffeine-containing
products frequently with those who do not (or who have abstained from caffeine for a lengthy
period of time — long term withdrawn consumers) (James and Rogers 2005). Rather few
studies have done this.

The first systematic and rigorous human psychopharmacological study of caffeine
was published 100 years ago (Hollingworth 1912). The research was commissioned by the
Coca-Cola Company in defence of a lawsuit accusing it of adding a harmful ingredient,
namely caffeine, to Coca-Cola (Benjamin 2010). Hollingworth’s approach was an intensive
study of a small numbers of individuals, 15 in total, over 45 days. These participants received
caffeine, in doses ranging between 65 and 390 mg, and placebo administered in capsules and
‘syrup’ before and after completing repeated tests assessing ‘mental and motor’ performance.
(Note that currently, regular Coca-Cola currently contains 30 mg of caffeine per 330 mi

serving and, as drunk in the UK, on average tea contains 40 mg, instant coffee 55 mg and
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ground coffee 105 mg of caffeine per typical serving (Heatherley et al. 2006)).
Hollingworth’s results showed that caffeine increased tapping speed (participants were
required to tap a metal rod as quickly as possible on a metal surface) and decreased hand
steadiness (measured by the number of contacts made between a 2.5 mm diameter metal rod,
held in the dominant hand with the arm outstretched, and the side of a 6 mm hole in a brass
plate). At doses of 65 and 130 mg caffeine improved performance on a test of coordination
(requiring insertion of a rod into holes on a board), but at the highest dose (390 mg)
coordination performance was impaired, probably due to the marked increase in tremor at
that dose. Other results, for choice reaction time, number cancellation, calculation and word
retrieval tasks were less clear, but suggested some enhancement of performance.
Hollingworth (1912) commented that “the widespread consumption of caffeinic beverages...
seems to be justified by the results of this experiment” (pages 165-166). However, 50 years
later Weiss and Laties (1962) on reviewing Hollingworth’s study and subsequent research on
caffeine and amphetamines concluded that “the amphetamines seem not only more effective
(in enhancing performance) than caffeine, but less costly in terms of side effects” (page 32).
They were concerned by the evidence that caffeine caused nervousness, irritability and
headache and that it disturbed sleep, though they also concluded that “caffeine does not cause
physical dependence” (page 32).

Today, making a distinction between dependence and addiction, we would argue that,
while caffeine has a low potential for abuse, frequent caffeine consumers are caffeine
dependent, in that withdrawal of caffeine has adverse effects, including lowered alertness,
slowed mental performance and headache (Rogers and Smith 2011). Hollingworth’s research,
while exemplary in many respects, may have confounded effects of caffeine with effects of
caffeine withdrawal. In his main set of experiments participants received caffeine and

placebo on alternate days for 27 days in total, with the doses of caffeine increasing from 65 to



102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

390 mg (two days at each dose). It is likely that at higher doses the effects of caffeine will
have been assessed against a background of more marked caffeine dependence and acute
withdrawal.

The different effects of caffeine as a consequence of recent exposure to caffeine are
evident from another landmark study. Goldstein et al. (1969) measured alertness, mood and
associated states after caffeine (150 and 300 mg) and placebo in ‘housewives’ who were
reported to be either non-consumers of coffee (n=18) or who drank at least 5 cups of coffee
per day (n=38). (Note that it is implied, though not stated explicitly, by Goldstein et al. that
the non-consumers of coffee, consumed little or no caffeine from other sources, so these
participants can be regarded as non-consumers, or at least very low consumers of caffeine.)
Participants consumed the treatments blind (each on three separate days) after breakfast as
decaffeinated coffee, or decaffeinated coffee with caffeine added, having abstained from all
caffeine-containing drinks after supper the previous day. There were several striking results
for alertness. The first was that the caffeine consumers rated themselves as feeling less alert
before administration of the treatments (caffeine or placebo) than did the non-consumers.
Second, over the next 2 hours caffeine versus placebo increased alertness in consumers;
however, even after the highest dose caffeine, their alertness increased only to the level of
alertness rated by non-consumers when they received placebo. Third, caffeine barely affected
alertness in non-consumers, despite there being considerable room for an increase in scores
(maximum alertness score for the placebo treatment was 1.8 on a 0-3 point scale).

We have cited these findings as part of the evidence that frequent caffeine
consumption provides no net benefit for alertness and, as a consequence, for performance of
mental tasks requiring sustained attention (James and Rogers 2005). This would indicate
(complete) tolerance to the alerting effects of caffeine in frequent consumers (e.g.,

Zwyghuizen-Doorenbos et al. 1990) — with repeated frequent exposure to caffeine, changes to
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adenosine signalling develop to oppose its effects, causing alertness to decline on withdrawal
of caffeine (Fredholm 1999). However, there is a problem with this explanation, as it predicts
increased alertness on initial exposure to caffeine, whereas Goldstein et al. (1969) found no
effect of caffeine on alertness in non-consumers. On the other hand, some authors, including
ourselves, have reported finding that caffeine can increase alertness in non- or low caffeine
consumers (Rogers et al. 2003; Smith et al. 2006), and, more generally, the withdrawal
reversal explanation of effects of caffeine in higher consumers has been widely disputed (e.g.,
Smith et al. 2006; Childs and de Wit 2006; Dews et al. 2002; Haskell et al. 2005).

In light of these disagreements, the aim of the present study was to characterise
further the responses to caffeine of non-low and medium-high caffeine consumers. In
particular, we set out to investigate the relationship between the alerting and mental
performance effects of caffeine. For this purpose we assessed specifically mental alertness,
using the cluster of descriptors ‘I feel mentally alert / attentive / able to concentrate /
observant.” These descriptors are the same as those used by Goldstein et al. (1969), except we
included the descriptor ‘mentally alert’ rather than ‘alert’. Arguably, with or without the word
‘mentally’ this cluster measures mental alertness, rather than a perhaps a more general state
of wakefulness, and from here on in we will use the term mental alertness when referring to
both the present study and Goldstein’s et al. (1969) study. Of course, it is to be expected that
mental alertness would co-vary with sleepiness/wakefulness; however, here, unlike in our
earlier report of some of these data (Rogers et al. 2010), we treated sleepiness/wakefulness
and mental alertness as separate dependent variables. Additionally, based on extensive
evidence of mild anxiogenic effects of caffeine (Rogers et al. 2010), we included measures of
anxietyl/jitteriness. Notably, Goldstein et al. (1969) found that caffeine increased jitteriness
(their label for the cluster comprising the descriptors jittery, nervous and shaky) in non-

consumers but not in medium-high consumers. We also measured the motor effects of
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caffeine using a tapping task, because our tests of mental performance, similar to those
employed in many relevant previous studies, required a motor response (i.e., key presses).
Based on withdrawal reversal (James and Rogers, 2005), the main hypotheses for the
present study were that: (1) mental alertness of medium-high caffeine consumers would be
lowered after acute caffeine withdrawal (2), administration of caffeine would subsequently
restore mental alertness to ‘normal’ for the time of day (using non-low consumers’ placebo
level as a benchmark), and (3) these effects of caffeine and caffeine withdrawal on mental
alertness would be mirrored by and related to their effects on sleepiness and performance of
tasks requiring sustained attention. Additionally, based on results from Hollingworth (1912)
and from subsequent studies (e.g., Warren 2010), we predicted that caffeine would enhance
motor performance. We also examined the interrelationships between the effects of caffeine,

sleepiness, anxiety, mental alertness and performance.

Method
Participants

The results reported here are from a total of 369 participants for whom there was
evidence (salivary caffeine concentration) confirming their caffeine consumer status and
compliance with the requirement to abstain from caffeine overnight before testing (see
Rogers et al. 2010, for details), and complete data available for mental alertness, sleepiness,
anxiety/jitteriness and task performance. These participants were aged between 18 and 62
years, and were non- or light smokers (<5 cigarettes or equivalent a day — smoking was not
permitted during the test day until after participants left the laboratory). The study protocol
was reviewed and approved by the University of Bristol’s, Department of Experimental
Psychology Human Research Ethics Committee. Participants gave their informed, signed

consent prior to participating in the study.
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Design and treatments

Based on information recorded in a caffeine intake questionnaire (Rogers et al. 2010) the
participants were divided into ‘non-low’ and ‘medium-high’ caffeine consumers (caffeine
intake of <40 mg/d and >40 mg/d, respectively) and randomly assigned to receive caffeine
(caffeine BP anhydrous powder) at 11.15 AM (100 mg) and 12.45 PM (150 mg) or placebo
(cornflour) on both occasions. Each of these treatments was administered double blind in a
single, white, size 1 cellulose capsule. They were identical in appearance, and were
swallowed with 50 ml of room temperature water. The two doses of caffeine ensured that
systemic caffeine concentration during the afternoon modeled that expected for individuals
consuming two to three cups of ground coffee previously that day.

(Note that the caffeine questionnaire measured the frequency of participants’
consumption of caffeine-containing products during the week preceding testing. Caffeine
intake was calculated from consumption frequency using information from various sources
on the caffeine content of these products (teas, coffees, colas, etc.). The 40 mg/d criterion is
supported by the results of our previous analyses comparing effects across four levels of

caffeine consumption in this cohort of participants (Rogers et al. 2010, Figure 1)).

Measures

The test battery, which included the mental performance and motor tasks and mental alertness
etc. rating scales, was programmed using E-Prime 1.0 (Psychology Software Tools, Science
Plus Group bv, 9747 AA Groningen, The Netherlands) and run on networked PCs with 15-in
colour monitors and standard QWERTY keyboards. These tasks and rating scales were

presented in the following order: tapping, mental alertness etc, recognition memory, simple
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reaction time and choice reaction time, and the full battery took approximately 30 minutes to
complete.

For the tapping task, using their dominant hand, participants were required to tap the
spacebar on the computer keyboard as many times as possible within 30 seconds.

Mental alertness, sleepiness and anxiety/jitteriness were measured using the following
items from the Mood, Alertness and Physical Sensations Scales (MAPSS) (Rogers et al.
2010): | feel mentally alert / attentive / able to concentrate / observant; | feel sleepy / drowsy
/ half awake; | feel anxious / tense / nervous /on edge combined with | feel jittery / shaky.
These are similar to three of Goldstein’s et al. (1969) eleven items (clusters) (i.e., A = alert,
attentive, observant, able to concentrate; E = sleepy, tired, drowsy, half-awake; C = jittery,
nervous, shaky). Our participants indicated their current state using the horizontal number
pad on the computer keyboard, where 1 represented ‘not at all” and 9 represented ‘extremely’
(adjusted to a 0 to 8 scale for the presentation of the results here).

The recognition memory task was similar to the ‘digit vigilance’ task used by Haskell
et al. (2005). Five to-be-remembered digits (0-9) were presented sequentially for 500 ms at
100 ms intervals. These were followed by 30 probe digits also presented sequentially. For
each of these 30 digits participants were required to indicate whether or not it had occurred in
the preceding series of five digits. They did this by pressing keys labeled Y or N on the
computer keyboard (Y = J key and N = F key on the keyboard). This was repeated a total of
six times with different probe and to-be-remembered digits. The dependent variable was the
total number of errors made (i.e., false positives plus false negatives).

For the (variable fore-period) simple reaction time task participants were instructed to
press the space bar as quickly as possible upon the detection of a stimulus, a small star, in the
centre of the computer screen. There was a variable stimulus onset of 1, 2, 3,4, 7,9, 12 and

15 s randomised within cycles of eight trials (presentations). The task comprised eight cycles
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(64 trials) in total, which for analysis were divided into four blocks each comprising two
successive cycles. The dependent variable was mean reaction time per block.

For the (two-) choice reaction time task each trial began with the presentation of three
warning crosses in the centre of the computer screen, which were replaced after 500 ms by a
target letter A or B. This target was presented alone or accompanied by distracter stimuli on
either side. The distracters were stars, or letters (A or B) the same as or different from the
target letter, that were positioned either near or far from the target. Participants were required
to indicate as quickly and accurately as possible whether the target was A or B by pressing
keys labelled A and B on the computer keyboard (A = J key and B = F key). A total of 384
trials were completed. Data from this task can be used to derive a measure of focus of
attention as we did in a previous study of the effects of caffeine and caffeine withdrawal
(Rogers et al., 2005). For the present report, the dependent variables of interest were mean

reaction time and number of errors.

Procedure

Between two and six participants were tested on any single day. They arrived at the
laboratory at 9.30 AM having been instructed to abstain from caffeine consumption from at
least 7 PM the previous evening, and they left at 4.15 PM. An initial briefing session was
held in a communal room, and this same room was used for rest periods, lunch (a light lunch
was served at 12.50 AM) and debriefing. The participants completed the mental performance
and tapping tasks and the mental alertness, etc. ratings in a room close by, where each
individual was accommodated in separate, private booth. They completed this battery of tasks
a total of four times: before treatment (baseline, starting at 10.30 AM), starting 45 minutes

after the first dose of caffeine or placebo, and starting 60 and 135 minutes after the second

10
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dose of caffeine or placebo. This was part of a larger protocol described in fuller detail

elsewhere (Rogers et al., 2010).

Data analysis

Data were analysed using analysis of variance (ANOVA). Data from measures taken
before administration of caffeine or placebo (pre-treatment baseline) were analysed for
effects of consumer status (non-low versus medium-high consumers). Post-treatment data
were analysed for the effects of caffeine (caffeine versus placebo) and consumer status. In
order to simplify the presentation, only the results from measures taken after the
administration of the second dose of caffeine (means of the data from second and third task
battery) are reported in detail here. Block (four levels) was additionally included as a
repeated measures factor (Greenhouse-Geisser correction applied) in the analysis of the data
from the simple reaction time task. For the post-treatment data multiple paired comparisons
were made using Tukey’s Honestly Significant Difference test (Ferguson & Takane, 1989).
In further analyses of the effects of caffeine, pre-treatment baseline scores were included as a
covariate. Because their scores for a majority of variables differed or tended to differ at
baseline, these particular analyses were carried out separately for non-low and medium-high
consumers (the purpose was to control for baseline differences within consumer status groups
not between these groups). Gender was included as a fixed factor, and age and smoking status
(smoking tended to be associated with caffeine intake — see below) were included as
covariates in all of the above analyses. Standard multiple linear regression (Tabachnick and
Fidell, 2007) was used to examine the contributions of the effects of caffeine on mental
alertness and tapping speed to its effect on simple reaction time. (Out of the four tasks, the
simple reaction time task had most equally both motor and vigilance components.) We also

examined the contributions of caffeine’s effects on sleepiness and anxiety/jitteriness to its

11
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effect on mental alertness. These analyses were done for only those participants who received
caffeine and separately for non-low and medium-high caffeine consumers. Alpha was set at

0.05 (2-tail).

Results

There were 157 non-low and 212 medium-high caffeine consumers (mean + SD
caffeine consumption = 10.2 £ 11.6 and 235 * 146 mg/d, and mean + SD age = 31.7 + 12.1
and 33.8 = 12.7 years, respectively), of whom 85 and 109 were female, and 21 and 41 were
smokers. Mean + SD pre-treatment (baseline, sample taken at 11.10 AM) salivary caffeine
concentration for non-low caffeine consumers were 0.019 £ 0.036 pg/ml (maximum value =
0.17 pg/ml; participants in this group with values >0.2 pg/ml were excluded, Rogers et al.
2010), and for medium-high consumers these values were 0.29 £ 0.38 pg/ml (max. = 1.97
pg/ml; participants in this group with values >2.0 pg/ml were excluded, Rogers et al. 2010).
Corresponding values for salivary concentration of the caffeine metabolite paraxanthine were
0.021 + 0.036 pg/ml (maximum = 0.18 pg/ml) and 0.29 + 0.30 pg/ml (maximum = 2.62
pg/ml).

At 10.30 AM after overnight caffeine abstinence (pre-treatment baseline) the
medium-high caffeine consumers performed worse on the choice reaction time (errors) and
simple reaction time tasks than did the non-low consumers, and they were also somewhat
less mentally alert and more sleepy (Table 1).

The results for the effects of caffeine and consumer status on mental alertness,
sleepiness, anxiety/jitteriness, mental performance and tapping performance are summarised
in Table 1 and Fig. 1. There was a significant main effect of caffeine for all measures except
recognition memory (p = .065), a significant consumer status effect for all but

anxiety/jitteriness, choice reaction time and tapping performance, and a significant or

12
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marginally insignificant caffeine by consumer status effect for all but sleepiness and tapping
performance. Generally, the difference between caffeine and placebo treatments was larger
for medium-high consumers, with the striking result being lower mental alertness, greater
sleepiness and, with the exception of the tapping task, poorer performance on all tasks in
medium-high consumers who received placebo than in the other three groups (Fig. 1). Except
for anxietyl/jitteriness, caffeine affected medium-high consumers’ responses on all measures:
sleepiness, mental alertness, simple reaction time, choice reaction time, choice reaction time
errors, recognition memory, and tapping speed (f in Fig. 1). Caffeine did not affect mental
alertness, or the number of errors made on the recognition memory and choice reaction time
tasks in non-low consumers, though it did reduce their sleepiness, increase their
anxiety/jitteriness and speed their tapping performance, and to a smaller extent it also
speeded their choice reaction time and simple reaction time performance (t in Fig. 1).

Block was included in the analysis of simple reaction time performance. The caffeine
by consumer status by block interaction was significant, F(2.44, 874.8) = 3.51, p = 0.02. Fig.
2 shows that, as well being much slower overall on this task, medium-high consumers who
received placebo displayed a marked deterioration in performance across block. The medium-
high consumers who received caffeine and the non-low consumers displayed no such
deterioration.

Results of the multiple linear regression analyses are shown in Table 2. For medium-
high caffeine consumers the effects of caffeine on mental alertness and on tapping speed
independently predicted its effect on simple reaction time performance. In turn, caffeine’s
effect on mental alertness was predicted by its effect on sleepiness. For non-low consumers,
in contrast, only the effect of caffeine on tapping speed predicted its effect on simple reaction
time performance, and caffeine’s effects on both sleepiness and anxiety/jitteriness contributed

to its effect on mental alertness. Note that the latter (anxiety/jitteriness and mental alertness)

13



325  were inversely related. Further analyses showed that for both non-low and medium-high

326  consumers the effects of caffeine on sleepiness and anxiety/ jitteriness were unrelated (non-
327  low consumers, r = .07, p >.1; medium-high consumers, r = .04, p > .1), as were the effects
328  of caffeine on mental alertness and tapping performance (non-low consumers, r =—.06, p >
329  .1; medium-high consumers, r =—.15, p > .1). Lastly, before caffeine administration

330 (baseline), mental alertness and tapping speed predicted simple reaction time performance;
331 and sleepiness, but not anxiety/jitteriness, predicted mental alertness. Here, the pattern of
332 results did not differ for non-low and medium-high caffeine consumers (data not shown).

333

334  Discussion

335  The present study helps to resolve some important questions that remain after a century of
336  research on the effects of caffeine on human behaviour. In particular, in line with the study
337  hypotheses, they strongly support the claim that medium-high caffeine consumers gain no
338  acute net benefit for mental alertness and mental performance from their habit (James and
339  Rogers 2005). That is, the increase in mental alertness experienced by medium-high caffeine
340  consumers after taking caffeine, and the associated improvement in mental performance,

341  represent a return to the normal state of affairs (i.e., reversal of adverse effects of caffeine
342  withdrawal), rather than enhancement to above the normal state. The present results also shed
343  light on the, perhaps surprising, failure of caffeine to reliably increase mental alertness in
344  individuals consuming little or no caffeine in their diet (first reported by Goldstein et al. in
345  1969) — although caffeine reduced sleepiness in non-low consumers this appears to have been
346  offset by an increase in anxiety/jitteriness, resulting in no net benefit for mental alertness (see
347  below). In contrast to mental alertness, the results for the tapping task demonstrate that

348  administration of caffeine increases motor speed irrespective of frequency of habitual

349  caffeine consumption. As discussed below, these different effects of caffeine on mental
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alertness and motor speed would, in turn, appear to explain rather well the observed pattern

of effects for simple reaction time, choice reaction time and memory performance.

Effects of acute caffeine abstinence

At 10.30 AM after overnight caffeine abstinence medium-high caffeine consumers
performed more poorly on the simple reaction time and choice reaction time (error measure)
tasks than did the non-low consumers. Correspondingly, their mental alertness was somewhat
lower and their sleepiness somewhat higher than for the non-low consumers. Similar results
for mental alertness and sleepiness have been reported previously (Goldstein 1969; Rogers et
al. 2003). These caffeine consumer status differences at ‘baseline’ were, however, small in
magnitude, and other studies have not found such differences in alertness (Haskell et al.
2005; Smith et al. 2006) or performance (Rogers et al. 2003; Haskell et al. 2005; Smith et al.
2006). Probably, this is due, at least in part, to lack of statistical power. Individual
differences, particularly in performance, are likely to be large in comparison with the effects
of a fairly short period of caffeine withdrawal (similar to or at most 2-3 hours longer than the
period of overnight caffeine abstinence typical for medium-high caffeine consumers). The
present study had a relatively large sample size, and controlling for gender and age in the
analyses reduced the amount of variance in performance unaccounted for. It is also the case
that misclassification of ‘medium-high consumers’ as ‘non-low consumers’ (and vice versa),
and failure of medium-high consumers to abstain from caffeine overnight as instructed, will
cause group differences in performance and alertness to be underestimated (see introduction).
Measurement of pre-treatment salivary caffeine concentration helped avoid these problems
here. Nonetheless, 42% of our non-low consumer group had detectable levels of caffeine
and/or paraxanthine in their saliva. (Paraxanthine is the major metabolite of caffeine in

humans and is also psychoactive (Okuro et al. 2010).) Perhaps at least some of these
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individuals were in fact consuming sufficient caffeine in their diet to cause them to
experience significant adverse effects when caffeine was withdrawn. This, however, is even
more likely to apply to studies by Haskell et al. (2005) and Smith et al. (2006) which found
no consumer group differences in morning alertness and mental performance. In these studies
baseline salivary caffeine concentrations for ‘non-consumers’ were 0.36 pg/ml (mean value)
(Haskell et al. 2005) and <2 pg/ml (maximum cut off value, no mean value given) (Smith et
al. 2006). The corresponding values for our non-low consumers were much lower (mean =
0.019, maximum = 0.17 pg/ml).

A possible source of bias which might, on the other hand, work to exaggerate
consumer group differences, concerns the blinding of caffeine abstinence. It may be that
knowledge of caffeine abstinence in the caffeine consumers (‘I haven’t had my morning
coffee/caffeine yet”) would contribute to lower self-reported alertness and greater sleepiness.
Arguably, though, performance is less likely to be affected by this expectancy (cf Haskell et
al. 2005) — indeed, such knowledge might even encourage a compensatory increase in effort,
which would tend to offset decrements in performance.

Overall then, the present results demonstrate adverse effects of overnight caffeine
withdrawal (left hand section of Table 1), which increase in severity as withdrawal continues
into the afternoon (compare the results in Fig. 1 for the non-low and medium-high caffeine

consumers who received placebo).

Explaining the effects of caffeine and caffeine withdrawal on mental alertness

An important finding of this study is the dissociation of effects of caffeine on mental
alertness (I feel mentally alert / attentive / able to concentrate / observant) and
sleepiness/wakefulness (I feel sleepy / drowsy / half awake) (Fig. 1a and 1c). Mental alertness

was lowest and sleepiness highest in medium-high consumers who received placebo, and the
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effect of caffeine was to normalise their mental alertness and sleepiness — medium-high
consumers treated with caffeine displayed almost the same levels of mental alertness and
sleepiness as non-low consumers treated with placebo. This is fully consistent with
withdrawal reversal, and indicates nearly complete tolerance to these effects of caffeine.

Caffeine also reduced sleepiness in non-low consumers, despite their placebo level of
sleepiness being lower than that of the medium-high consumers. This reduction in sleepiness
was not, however, accompanied by an increase in mental alertness. Why should this be? We
suggest that, while reduced sleepiness (increased wakefulness) might have been expected to
benefit non-low consumers’ mental alertness, this was offset by the increase in anxiety and
jitteriness that they experienced when given caffeine (Fig. 1b). This possibility is supported
by the regression analyses which showed for non-low consumers a negative relationship
between change in anxiety/jitteriness and change in mental alertness after caffeine, which
was independent of the relationship between changes in sleepiness and mental alertness. That
anxiety and jitteriness will have a negative effect on ability to concentrate and sustain
attention, which are components of the mental alertness scale used here, is supported
theoretically and empirically. Eysenck et al. (2007), for example, argue that anxiety impairs
processing efficiency by decreasing attentional control and increasing attention to threat-
related stimuli. In the present study, caffeine did not increase in anxiety/jitteriness in
medium-high consumers, presumably because they were tolerant to this effect (Rogers et al.
2010), and for them the decrease in sleepiness after caffeine was accompanied by a related
increase in mental alertness.

A summary of the preceding analysis is presented in Fig. 3. Note that the outcomes of
tolerance to the effects of caffeine on sleepiness and anxiety/jitteriness in medium-high
consumers differ, in that caffeine withdrawal increases sleepiness, but it does not reduce

anxiety/jitteriness (probably mainly because there is little room for the already low level of
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anxiety/jitteriness to decline further). For non-low consumers Fig. 1 indicates that the
magnitude of effects on caffeine on sleepiness and anxiety/jitteriness balance such that there
IS no net effect on mental alertness. This balance, however, might vary according to the
population studied (individual susceptibility to the anxiogenic effects of caffeine differs
considerably (Rogers et al. 2010; Yang et al. 2010)), time of day (sleepiness is generally
greater mid-afternoon than mid-morning) and dose of caffeine administered. In relation dose,
in the present study, participants consumed 100 mg of caffeine followed 90 minutes later by
150 mg. The results reported are for the measures taken during the afternoon after the second
dose, although broadly similar effects were apparent for 100 mg. In non-low consumers this
dose increased anxietyl/jitteriness and decreased sleepiness, although these effects were
somewhat smaller than after 100 mg + 150 mg caffeine, and there was a small, non-
significant, accompanying increase in mental alertness (data not shown). In contrast, in an as
yet unpublished study (Smith, 2011), we observed a significant reduction in mental alertness
in the late afternoon in non-low caffeine consumers given 250 mg of caffeine in a single,
acute dose. It may that at doses of caffeine more representative of individuals’ initial
exposure to caffeine (Rogers et al. 1995), for example 30-50 mg in tea and cola or in small
cups of coffee, that the balance of effects favours increased mental alertness, and that this in
turn helps to encourage further consumption. Supporting a balance in favour of a net benefit
after lower doses of caffeine, Haskell et al. (2005) found that 75 mg, but not 150 mg, of
caffeine significantly decreased ratings of mental fatigue (arguably, the opposite of mental
alertness) in non-low caffeine consumers.

In addition to caffeine dose, and possibly time of day and individual differences,
another factor contributing to apparent discrepancies in results concerning alerting effects of
caffeine is the measurement of alertness. Actually, some findings that show increases in

alertness in non-low caffeine consumers probably correspond to an effect on
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sleepiness/wakefulness rather than specifically mental alertness. For example, the alerting
effect we reported previously in non-low consumers was for data which combined ratings of
alertness and tiredness (Rogers et al. 2003), and the similar effect observed by Smith et al.

(2006) was for alertness measured on a drowsy-alert bipolar scale.

Faster but not smarter — explaining the effects of caffeine and caffeine withdrawal on
performance

The pattern of results for the recognition memory task and the number of errors
recorded for the choice reaction time task were strikingly similar to that observed for mental
alertness. That is, caffeine did not affect these measures of performance in non-low
consumers, and it did not improve performance in medium-high consumers above the level of
performance displayed by non-low consumers receiving placebo — rather, it appears that the
medium-high consumers receiving placebo were adversely affected by continuing caffeine
withdrawal. Therefore, at least from these results, it would seem that caffeine fails to acutely
enhance mental performance.

By contrast, caffeine affected tapping performance to the same extent in non-low and
medium-high consumers and there was no adverse effect of caffeine withdrawal on this
measure (i.e., speed of tapping did not differ between medium-high and non-low consumers
given placebo). As the tapping task is primarily a test of motor speed and endurance (see
below), with minimal cognitive load, we suggest that the net enhancement of tapping
performance represents a motor effect of caffeine.

A third pattern of results was evident for simple and choice reaction times: there was
a small, but statistically significant, speeding of reaction time in non-low consumers given
caffeine versus their counterparts given placebo, but a larger effect in medium-high

consumers who displayed markedly longer reaction times, especially for simple reaction
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time, if given placebo. We propose that this pattern can be explained by a net speeding of
performance in both non-low and medium-high consumers due to caffeine’s motor effect
(like the tapping task, the reaction time tasks required a motor response), combined with a
withdrawal-related decline in the ability to sustain attention in medium-high consumers. The
latter is, of course, evidenced by these participants’ low ratings of mental alertness which, as
discussed earlier, we suggest is due ultimately to the increase in sleepiness caused by caffeine
withdrawal.

This explanation of the effects of caffeine and caffeine withdrawal on reaction times
is supported by three further sets of results. First, in medium-high caffeine consumers the
effect of caffeine on simple reaction time was predicted by its effects on both tapping
performance and mental alertness, whereas for non-low consumers only caffeine’s effect on
tapping performance predicted its effect on simple reaction time. Second, there was a slowing
in simple reaction across block in the medium-high caffeine consumers given placebo. This
can be interpreted as a vigilance decrement with time on task due to the caffeine-withdrawal-
related decrease in mental alertness. No such slowing with time on task in was observed in
the absence of withdrawal (non-low consumers, and medium-high consumers given caffeine).
Third, the speeding of simple reaction time performance in non-low consumers was constant
across block, indicating that, in contrast to the effect of withdrawal, the motor effect of
caffeine did not vary with time on task. Following on from this it is possible to estimate for
the simple reaction time task that caffeine withdrawal slowed reaction time by 52 ms. Our
calculation, the difference between mean placebo and caffeine reaction times in medium-high
consumers minus the difference between mean placebo and caffeine reaction times in non-
low consumers (i.e., ((485 —417) — (437 — 420)), assumes that the purely motor effect of
caffeine in these two groups is the same, namely a speeding of 17 ms (represented by the

placebo-caffeine difference in non-low consumers) (Fig. 1d). This assumption is supported
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by the very similar effect of caffeine on mean tapping speed in non-low and medium-high
consumers (6.1 and 6.7 taps per 30 s, respectively) (Fig. 1h). Arguably, simple reaction time
displayed by placebo-treated non-low consumers represents ‘baseline’ performance on this
task, as it is unaffected by either caffeine or caffeine withdrawal. Compared with this
‘baseline’ (mean = 437, SD = 58), a slowing of reaction time of 52 ms due to caffeine
withdrawal is a large effect as defined by Cohen (1988).

According to the above analysis of the effects of caffeine and caffeine withdrawal on
performance, the difference between the various measures of performance is that the ability
to sustain attention affects recognition memory performance and choice reaction time errors,
motor speed affects tapping performance, whilst both contribute to determining choice and
simple reaction times. In turn, impairment of both speed of information processing and
decision making may be implicated in the withdrawal-related decline in sustained attention,
as evidenced by, respectively, the slowing of reaction time (i.e., the 52 ms increase in the
vigilance-related component of simple reaction time) and the decline in accuracy of
performance (increase in recognition memory and choice reaction time errors).

The speeding of tapping performance by caffeine has been observed previously (e.g.,
Heatherley et al., 2005; Hollingworth 1912; Weiss and Laties 1962; Rogers et al., 2005), and
this is consistent with extensive evidence of enhancement by caffeine of physical
performance, including an effect on muscular endurance (Warren et al., 2010; Graham, 2001;
James et al., 2011; Rogers, 2000). The latter is relevant because, although brief, the tapping
task is experienced as fatiguing and tapping rate declines with time on task (data not shown).
Central mechanisms are implicated in the motor effects of caffeine (Barthel et al., 2001,
Specterman et al., 2005), however also a direct effect on muscle is not ruled out (Warren et
al., 2010; James et al., 2011). Notably, the magnitude of the effects of caffeine on physical

performance appears to be unrelated to caffeine consumer status (Rogers, 2000; Warren et al.,
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2010; James et al., 2011), as was the effect of caffeine on tapping performance in the present
study (non-low versus in medium-high consumers) and in an earlier study (acutely versus
long-term withdrawn caffeine consumers) (Rogers et al., 2005 — see below).

Therefore, while caffeine clearly does enhance motor performance (faster), as
evidenced by faster reaction times and tapping rate after caffeine in both medium-high and
non-low caffeine consumers, it does not appear to improve mental performance (it failed to
reduce the number of errors made in either the choice reaction time or recognition memory
tasks below that of placebo-treated non-low consumers). Caffeine fails to make medium-high
caffeine consumers ‘smarter’ because, due to tolerance to the effects of caffeine on
sleepiness/wakefulness, they gain no net increase in mental alertness from their habit.
Caffeine, at least in the amounts given in the present study, also fails to increase mental
alertness and improve mental performance in non-low consumers. This is because, although
caffeine reduces sleepiness in non-low consumers, this potential benefit is offset by an

increase in anxiety/jitteriness (Fig. 3).

Non-low caffeine consumers as a model for studying the effects of caffeine — possible sources
of bias

A possible problem with our interpretation of the different findings for non-low and
medium-high consumers is that these are self-selected groups; that is, perhaps the findings
can be explained by individual differences. For example, those who are constitutionally prone
to excessive sleepiness in the morning might be more likely to turn to caffeine as a remedy
than less sleepy individuals. Against this interpretation is our finding from another study that
morning sleepiness (drowsiness) was the same in non-low caffeine consumers and long-term
withdrawn medium-high consumers, and raised only after acute caffeine withdrawal

(Richardson et al. 1995 — the caffeine consumers were randomised to either acute or long-
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term withdrawal). More recently, Sigmon et al. (2009) found the same effect for long-term
versus acute caffeine withdrawal for afternoon ‘tiredness,” and moreover that caffeine
reduced tiredness by an equal degree under long-term and acute caffeine withdrawal. The
interpretation of these results is that during extended withdrawal adenosine signalling in
(former) caffeine consumers readjusts to eventually match that of non-low consumers
(Richardson et al. 1995; James and Rogers, 2005; Juliano and Griffiths, 2004; Sigmon et al.
2009).

For tapping performance we previously found that the effect of caffeine was nearly
identical in long-term acutely withdrawn medium-high consumers (again participants were
randomised to long-term and acute withdrawal) (Rogers et al., 2005). However, in contrast to
sleepiness/drowsiness/tiredness, there was no detrimental effect of acute withdrawal on
tapping performance (Rogers et al., 2005). Thus for both sleepiness and tapping, results for
non-low consumers closely parallel those for long-term withdrawn medium-high consumers.

In relation to anxiety, it might be that greater susceptibility to the anxiogenic effect of
caffeine deters caffeine consumption. However, this does not appear to be the case (Rogers et
al. 2010), and in another study we found that a vast majority of non-caffeine consumers
selected taste (‘I don’t like the taste’ and ‘I prefer other drinks’) and concern about health
effects (‘It’s not good for my health’), and not anxiety, jitteriness or tension (‘It makes me
feel anxious,’ etc), as reasons for avoiding tea and coffee (Rogers and Smith 2011).

It appears reasonable, therefore, to conclude that the contrasting effects of caffeine
and of caffeine withdrawal we observed in non-low and medium-high caffeine consumers are
related to these participants’ recent history of caffeine exposure, and not to individual

differences pre-dating this exposure.

Final comments and conclusions
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An important contribution of the present analysis is the dissociation of
sleepiness/wakefulness and mental alertness. In many previous studies on caffeine, including
some of ours, alertness has been treated as being on a continuum with drowsiness and
sleepiness. However, it seems that subjective alertness, or at least subjective mental alertness,
cannot be reduced simply to the absence sleepiness (cf. Shapiro et al. 2006).

In this context, the extent to which tolerance does or does not develop to three
behaviourally distinct effects of caffeine appears to explain very well the effects of caffeine
and caffeine withdrawal on performance. Specifically, with medium-high consumption there
is complete tolerance to the effects of caffeine on daytime sleepiness/wakefulness and on
anxiety/jitteriness, but no tolerance to its effects on motor speed/endurance. The increase in
sleepiness resulting from withdrawal of caffeine underlies a decrease in mental alertness and
impairment of mental performance, all of which are rapidly reversed by caffeine
consumption, without it increasing anxiety/jitteriness. Actually, at 10.30 AM after overnight
caffeine abstinence, differences in performance between medium-high and non-low
consumers, although significant, were fairly small. Therefore, in everyday life medium-high
caffeine consumers may largely avoid the adverse effects of caffeine withdrawal by
consuming caffeine soon after waking in the morning and intermittently thereafter for the rest
of the day (with lower consumption towards evening helping to reduce disruption of sleep)
(Smit and Rogers 2007). Nonetheless, reversal of withdrawal effects following the first
caffeine-containing drink of the day is sufficient to (negatively) reinforce caffeine
consumption habits (Rogers et al., 1995; Rogers and Smith 2011). In contrast to medium-high
caffeine consumers, (non-tolerant) non-low consumers experience an increase in
anxiety/jitteriness after caffeine which decreases, and in the present study completely offset,
any benefit for mental alertness and mental performance arising from reduced sleepiness.

There may be contexts in which non-low consumers could make good use of the latter effect,
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600 for example when attempting to remain awake at night during a long-distance drive, or trying
601 to combat the pressure to sleep arising from sleep restriction (Lieberman et al., 2002), but of

602  course to avoid tolerance and withdrawal, consumption would have to be occasional. Finally,
603  non-low and medium-high consumers alike can expect to gain a small advantage for physical
604  performance from caffeine consumption.

605

25



606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

References

Barthel T, Mechau D, Wehr T, Schnittker R, Liesen H, Weiss M (2001) Readiness potential
in different states of physical activation and after ingestion of taurine and/or caffeine
containing drinks. Amino Acids 20:63-73

Benjamin LT (2010) Coca-Cola — Brain tonic or poison? The Psychologist 23:942-943

Childs E, de Wit H (2006) Subjective, behavioral, and physiological effects of acute caffeine
in light, nondependent caffeine users. Psychopharmacology 185:514-523

Cohen J (1988) Statistical power analysis for the behavioral sciences, 2" edition. Lawrence
Erlbaum, New Jersey

Dews PB, O’Brien CP, Bergman J (2002) caffeine: behavioral effects of withdrawal and
related issues. Food Chem Toxicol 40:1257-1261

Eysenck MW, Derakshan N, Santos R, Calvo MG (2007) Anxiety and cognitive
performance: Attentional control theory. Emotion 7:336-353

Ferguson GA, Takane Y (1989) Statistical analysis in psychology and education, 3" edition.
McGraw Hill, New York

Fredholm BB, Béttig K, Holmén J, Nehlig A, Zvartan EE (1999) Actions of caffeine in the
brain with special reference to factors that contribute to its widespread use. Pharmacol
Rev 51:83-133

Goldstein A, Kaizer S, Whitby O (1969) Psychotropic effects of caffeine in man. IV.
Quantitative and qualitative differences associated with habituation to coffee. Clin
Pharmacol Ther 10:489-497

Graham TE (2001) Caffeine and exercise. Sports Med 31:785-807

Haskell CF, Kennedy DO, Wesnes KA, Scholey AB (2005) Cognitive and mood
improvements of caffeine in habitual consumers and habitual non-consumers of

caffeine. Psychopharmacology 179:813-825

26



631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

Heatherley SV, Hayward RC, Seers HE, Rogers P J (2005) Cognitive and psychomotor
performance, mood, and pressor effects of caffeine after 4, 6 and 8 h caffeine
abstinence. Psychopharmacology 178:461-470

Heatherley SV, Mullings EL, Tidbury MA, Rogers P J (2006) Caffeine consumption among a
sample of UK adults. Appetite 47:266

Hollingworth HL (1912) The influence of caffeine on motor and mental efficiency. Arch
Psychol 22:1-166

James JE (2004) Critical review of dietary caffeine and blood pressure: A relationship that
should be taken more seriously. Psychosom Med 6:63-71

James JE, Bloomer RJ, Cox G, Davis J-K, Desbrow B, Graham T (2011) Caffeine and
physical performance. J Caffeine Res 1:145-151

James JE, Rogers PJ (2005) Effects of caffeine on performance and mood: withdrawal
reversal is the most plausible explanation. Psychopharmacology 182:1-8

Juliano LM, Griffiths RR (2004) A critical review of caffeine withdrawal: empirical
validation of symptoms and signs, incidence, severity, and associated features.
Psychopharmacology 176:1-29

Lieberman HR, Tharion WJ, Shukitt-Hale B, Speckman KL, Tulley R (2002) Effects of
caffeine, sleep loss, and stress on cognitive performance and mood during U.S. Navy
SEAL training. Psychopharmacology 164:250-261

Okuro M, Fujiki N, Kotorii N, Ishimaru Y, Sokoloff P, Nishino S (2010) Effects of
paraxanthine and caffeine on sleep, locomotor activity, and body temperature in
orexin/ataxin-3 transgenic narcoleptic mice. Sleep 33:930-942

Richardson NJ, Rogers PJ, Elliman NA, O’Dell RJ (1995) Mood and performance effects of
caffeine in realtion to acute and chronic caffeine deprivation. Pharmacol Biochem

Behav 52:313-320

27



656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

Rogers PJ (2000) ‘Caf or decaf? — Impact of regular caffeine consumption on alertness, and
mental and physical performance. In: McNulty G J (ed) Proceedings of the 3rd
International Conference on Quality, Reliability, and Maintenance. Professional
Engineering Publishing, Bury St. Edmonds, Sulfolk, UK, pp 343-346

Rogers PJ, Heatherley SV, Hayward RC, Seers HE, Hill J, Kane M (2005). Effects of
caffeine and caffeine withdrawal on mood and cognitive performance degraded by
sleep restriction. Psychopharmacology 179:742-752

Rogers PJ, Hohoff C, Heatherley SV, Mullings EL, Maxfield PJ, Evershed RP, Deckert J,
Nutt DJ (2010) Association of the anxiogenic and alerting effects of caffeine with
ADORA2A and ADORAL1 polymorphisms and habitual level of caffeine consumption.
Neuropsychopharmacology 35:1973-1983

Rogers PJ, O’Dell RJ, Richardson NJ (1995) Coffee and tea drinking: Early experience and
perceived benefits. Appetite 24:197

Rogers PJ, Martin J, Smith C, Heatherley SV, Smit HJ (2003) Absence of reinforcing, mood
and psychomotor performance effects of caffeine in habitual non-consumers of
caffeine. Psychopharmacology 167:54-62

Rogers PJ, Richardson NJ, Elliman N A (1995) Overnight caffeine abstinence and negative
reinforcement of preference for caffeine-containing drinks’, Psychopharmacology
120:457-462

Rogers PJ, Smith JE (2011) Caffeine, mood and cognition. In: Benton D (ed) Lifetime
nutritional influences on cognition, behavior and psychiatric illness. Woodhead
Publishing: Oxford, pp 251-271

Shapiro CM, Auch C, Reimer M, Kayumov L, Heslegrave R, Huterer N, Driver H, Devins
GM (2006) A new approach to the construct of alertness. Journal of Psychosomatic

Research 60:595-603

28



681  Sigmon SC, Herning RI, Better W, Cadet JL, Griffiths RJ (2009) Caffeine withdrawal, acute

682 effects, tolerance, and absence of net beneficial effects of chronic administration:
683 cerebral blood flow velocity, quantitative EEG, and subjective effects.
684 Psychopharmacology 204:573-585

685  Smit HJ, Rogers PJ, (2007) Effects of caffeine on mood. In: Smith BD, Gupta U, Gupta BS
686 (eds) Caffeine and activation theory: Effects on health and behavior. CRC Press Boca
687 Raton FL, 229-282

688  Smith AP, Christopher G, Sutherland D (2006) Effects of caffeine in overnight-withdrawn
689 consumers and non-consumers. Nutr Neurosci 9:63-71

690  Smith JE (2011) Caffeine, theanine and anxiety; fMRI and behavioural studies. University of
691 Bristol PhD thesis.

692  Specterman M, Bhuiya A, Kuppuswamy A, Strutton PH, Catley M, Davey NJ (2005) The
693 effect of an energy drink containing glucose and caffeine on human corticospinal

694 excitability. Physiol Behav 83:723-728

695  Tabachnick BG, Fidell LS (2007) Using multivariate statistics, 5" edition. Pearson, Boston
696  Warren GL, Park ND, Maresca RD, Mckibans KL, Millard-Stafford M (2010) Effect of

697 caffeine ingestion on muscular strength and endurance: A meta-analysis. Med Sci
698 Sports Exerc 42:1375-1387

699  Weiss B, Laties VG (1962) Enhancement of human performance by caffeine and

700 amphetamines. Pharmacol Rev 14:1-36

701  Yang A, Childs E, Palmer AA, de Wit H (2010) More on ADORA. Psychopharmacology
702 212:699-700

703  Zwyghuizen-Doorenbos A, Roehrs TA, Lipschutz L, Timms V, Roth T (1990) Effects of

704 caffeine on alertness. Psychopharmacology 100:36-39

29



705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

722

723

724

725

Figure captions

Fig. 1. Results for self-reported sleepiness, anxiety/jitteriness and mental alertness (higher
scores indicate higher mental alertness, sleepiness and anxiety/jitteriness; 0-8 point scale) and
for task performance (except for the tapping task, higher scores indicate poorer performance).
Means which do not share a letter (a, b or c) in common differ significantly, p < 0.05 (HSD
test). T denotes that there was a significant effect of caffeine versus placebo within the non-
low and/or medium-high consumer groups, p < 0.05 (ANOVA conducted separately for non-
low and medium-high consumers, controlling for pre-treatment baseline score). See text for
further statistical details. Participants were required to abstain from caffeine from 7 PM the
evening before the test day, and they given caffeine (100 mg then 150 mg) or placebo at
11.15 AM and 12.45 PM, respectively. Data are for tests conducted between 1.45 PM and

3.30 PM.

Fig. 2. Results for simple reaction time task performance by block. There was significant

caffeine by consumer status by block interact (p < 0.02) (see also Table 1). See caption to

Fig. 1 for summary of caffeine abstinence and dosing.

Fig. 3. How the effects of caffeine on sleepiness and anxiety/jitteriness combine to influence

mental alertness.
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Table 1 Results for Analyses of the Effects of Caffeine Consumer Status at Baseline and for the Effects of Caffeine and Caffeine
Consumer Status After Treatment

Pre-treatment baseline (df = 1,363)

Main and interaction effects of caffeine and consumer status® (df = 1,359)

ieesure Non-low vs meditim-high Caffeine Consumer status Caffeine by consumer
consumers Status
S'ge;’(',?ﬁf ol 201 i,:o'zlg_go, ) i‘?’ggi 0.13 F=2650,p<.0000 | F=1358,p=.0003 F=179,P>.1
2’_'2”532,3";?;?5’ >33 i,:o'zlg_oz, ) 5'90281 0.12 F =10.75, p = .001 F=8.89, p =.003 F = 13.05, p = .0003
Sm';n ple reaction time, 39,:1 = f_ 65, p4f?0§ 3 F = 26.84, p < .0001 F=7.10, p = .008 F=10.89, p = .001
Ssloice reaction time, 49?:127195’ p5>1%1¢ 6 F=10.92, p = .001 F<1 F=3.30,p=.07
Cholce reaction fime, ) 8.18 £ 957 s 290048 F=8.87, p = .003 F=7.01,p=.008 F=2.92,p=.09
Ejr?bge?ifj? oo 131 . 520’ ) 15:1241' 09 F=341,p=.065 F=518,p=.023 F=623,p=.013
:Sr%pk:ggt,)f taps/30 s 19 F<1 1ot F=9.89, p=.002 F<1 F<1

aMeans and SEs are shown.

bSee Fig. 1 for means and SEs
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Table 2 Predictors of the Effects of Caffeine on Simple Reaction Time Performance and Mental
Alertness in Non-low and Medium-high Caffeine Consumers

Non-low consumers (n=77) | Medium-high consumers (n=106)

Simple reaction time?

Mental alertness? -.14 —.26*

Tapping speed? —.38** -.27*

Mental alertness?

Sleepiness? —.35%* — 4TF**

Anxietyl/jitteriness? —.38** -.07

Values in the table are standardized coefficients () from standard multiple regression analyses
(*p<.01, **p<.001, ***p<.0001).

4Data in these analyses were post-caffeine (100 + 150 mg) scores minus baseline scores for
participants who received caffeine.
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Fig. 1 a-d

Mean * SE sleepiness

Mean + SE mental alertness

(a) Sleepiness

OPlacebo M Caffeine

C
T
1
a abt
bt
Non-low Medium-high
consumers consumers

(c) Mental Alertness

Non-low Medium-high
consumers consumers

(b) Anxiety/Jitteriness

Mean * SE anxiety/jitteriness

0
Non-low Medium-high
consumers consumers
(d) Simple Reaction Time
500 b
w T
S 1
g
S 450 d
ks at
S
(151
e
& 400
+l
-
(151
Q
=
350
Non-low Medium-high
consumers consumers

33



Fig. L e-h
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Fig. 2
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Fig. 3
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