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Abstract

Rationale Caffeine typically produces positive effects on
mood and performance. However, tolerance may develop
following habitual use, and abrupt cessation can result in
withdrawal symptoms, such as fatigue. This study investi-
gated whether caffeine has a greater stimulant effect in a
withdrawn state compared to a normal caffeinated state,
among moderate daily caffeine consumers.

Materials and methods Using a within-subjects design, 17
caffeine consumers (mean+sd=375+101 mg/day) ingested
placebo or caffeine (250 mg) following 30-h of caffeine
abstention or normal dietary caffeine use on four separate
days. Self-reported mood and performance on choice
reaction time, selective attention, and memory tasks were
measured.

Results Caffeine had a greater effect on mood and choice
reaction time in the abstained state than in the normal
caffeinated state, but caffeine improved selective attention
and memory in both states.

Conclusions Although improvements in mood and reaction
time may best explained as relief from withdrawal
symptoms, other performance measures showed no evi-
dence of withdrawal and were equally sensitive to an acute
dose of caffeine in the normal caffeinated state.
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Introduction

At normal dietary concentrations, caffeine produces a mild
neurostimulant effect by antagonizing adenosine, thus
disinhibiting neuronal firing throughout the brain (for
review, see Nehlig 1999; Ferre 2008). Acute caffeine
administration typically improves mood (e.g., self-reported
alertness and energy) and visual-motor performance (i.e.,
simple reaction time; Fine et al. 1994; Warburton 1995;
Robelin and Rogers 1998; Haskell et al. 2005; Childs and
de Wit 2006). However, the effect of caffeine on more
cognitively demanding tasks varies; some studies have
shown improvements in vigilance, selective attention, and
memory (Lieberman et al. 1987; James 1998; Heatherley et
al. 2005), while other studies have found no effect (Loke
and Meliska 1984; Lorist and Snel 1997; Rogers and
Dernoncourt 1998).

Daily caffeine use has been shown to diminish the
stimulant effects of an acute dose of caffeine; for instance,
in rodents, the development of tolerance has been demon-
strated to the locomotor stimulant effects of caffeine
following chronic administration of doses ranging between
5 mg/kg/day to 65 mg/kg/day (Chou et al. 1985; Finn and
Holtzman 1986). Analogously, tolerance has also been
shown to the subjective stimulant and anxiogenic side
effects (e.g., jitteriness) of caffeine after subjects were
maintained on 900 mg/day (Evans and Griffiths 1992).
Upregulation of adenosine receptors after chronic caffeine
exposure may be the mechanism of tolerance (Johansson et
al. 1997; Shi and Daly 1999; Varani et al. 1999), although
sensitization and other changes have been identified as well
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(Green and Stiles 1986; Powell et al. 2001). Conversely,
there is also evidence against the development of tolerance
to increased brain energy metabolism following an acute
dose of caffeine in rats chronically treated with 10 mg/kg/
day of caffeine (Nehlig et al. 1986).

Caffeine has a half-life of approximately 4 to 8 h
(Patwardhan et al. 1980). Withdrawal symptoms typically
begin following overnight abstinence, and peak between 20
to 51 h (Juliano and Griffiths 2004). Symptoms may occur
after only 3 days of use (Evans and Griffiths 1999) and
from doses as low as 100 mg/day (Griffiths et al. 1990).
Headaches are the most commonly reported symptom of
caffeine withdrawal, followed by decreased alertness and
increased fatigue (Juliano and Griffiths 2004).

Given the development of tolerance, some investi-
gators have proposed that among daily users, caffeine
primarily restores mood and performance that have
been degraded by withdrawal (James 1994; James and
Rogers 2005). In support of this, several studies have
shown an initial, but not an accumulative, effect of
caffeine on mood and performance following overnight
abstinence (Robelin and Rogers 1998; Yeomans et al.
2002). Hypothetically, physiological caffeine concentra-
tions must fall below a certain threshold before mood and
performance can be affected by caffeine again (James and
Rogers 2005). Alternatively, there is evidence that an
acute dose of caffeine can improve mood and perfor-
mance in caffeine users who were allowed caffeine ad
libitum prior to the study (Frewer and Lader 1991;
Warburton et al. 2001; Christopher et al. 2005; Smith et
al. 2005), and some have reported a dose-dependent
relationship (Frewer and Lader 1991; Smith et al. 2005).
This suggests that caffeine can produce a significant
amount of stimulation beyond the alleviation of with-
drawal symptoms.

Previous studies that have administered an acute dose of
caffeine in a normal caffeinated state have not included a
withdrawn state for comparison (Frewer and Lader 1991;
Warburton et al. 2001; Christopher et al. 2005; Smith et al.
2005). A comparison of these two states would answer the
question that is pertinent to the majority of daily caffeine
consumers: are there benefits to drinking more than one's
average daily dose of caffeine? The present study inves-
tigates whether caffeine can enhance cognition and mood
when administered to subjects in their normal caffeinated
state, in contrast with the administration of caffeine after
30 h of caffeine abstinence. We hypothesized that a dose of
caffeine given on top of normal caffeine consumption
would have less of an effect than when given following a
period of abstinence. In addition, we hypothesized that
caffeine would be most effective on measures of mood and
reaction time, than on measures of selective attention and
memory.
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Methods

Participants Habitual caffeine consumers (ages 18-50)
who drink between two—five cups of coffee per day were
recruited from the Winston-Salem, North Carolina commu-
nity by flyers and word of mouth. Potential volunteers were
initially screened over the phone. Participants were pre-
screened to ensure they would experience symptoms of
withdrawal (Hughes et al. 1993). They were asked if they
would feel more tired than usual or have a headache if they
went a day or two without caffeine, and had to answer
affirmatively to be eligible. Potential volunteers also
completed a screening visit which consisted of vital signs,
a medical history, a depression and alcohol-use question-
naire, and a urinalysis of illicit drug use by enzyme
multiplied immunoassay testing (Rubenstein et al. 1972).
Following the screening visit, daily caffeine use was
recorded prospectively across seven consecutive days using
a modified caffeine consumption diary (Landrum 1992;
Addicott et al. 2009). In this diary, participants documented
the quantity and number of items consumed from a list of
caffeinated beverages, foods, and medications into 6-h time
bins. Caffeine use was quantified using standard caffeine
content values (Center for Science in the Public Interest;
www.cspinet.org). Healthy individuals who consumed
between 200-600 mg/day and had a negative drug screen
were included in the study. Exclusion criteria included
abuse of alcohol or other drugs, a history of neurological
disorders, visual acuity that could not be corrected to 20/40,
and symptoms of depression or anxiety. The Institutional
Review Board of Wake Forest University School of
Medicine approved this study. Participants gave written
informed consent prior to entering the study and were
financially compensated for their time.

Seventeen participants completed the study (eight men);
there were 14 Caucasians, one Asian, one African-
American, and one Hispanic. The average (+ standard
deviation) age was 30+8 years, weight was 74+15 kg, and
education level was 1743 years. The estimated caffeine
intake from the 7-day diary was 375+101 mg/day (5.5+
2.5 mg/kg/day). Three women reported using oral birth
control, and two participants reported using cigarettes.

Measures Salivary caffeine concentrations were monitored
to verify compliance with the study requirements. Samples
were collected with Salivette® cotton swabs (Sarstedt,
Newton, NC, USA). Participants were instructed not to
eat, drink, or brush their teeth for 15 min before the saliva
sample was obtained. After rinsing their mouths with water,
participants chewed on the cotton swab for 45 sec. Samples
were centrifuged and frozen at —70°C until assayed using
high-performance liquid chromatography (Deroche et al.
1990; Holland et al. 1998; Global Lifescience Solutions,
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LLC, Ann Arbor, MI, USA). The minimum detection
threshold was 0.02 pg/ml and concentrations below this
threshold were recorded as zero.

Mood was assessed using a self-report form. The symp-
toms selected for the self-report form were drawn from Juliano
and Griffiths' (2004) review of caffeine withdrawal symp-
toms as well as from empirical studies (Warburton 1995;
Rogers et al. 2003). The self-report form consisted of six
positive mood symptoms (alert, able to concentrate, energet-
ic, talkative, cheerful/happy, and friendly), six negative
symptoms (tired, drowsy/sleepy, depressed, headache, lazy/
sluggish, and light-headed), and four symptoms classified as
side effects (jittery, anxious/nervous, tense, pounding heart-
beat). The side effects have previously been reported to be
associated with the ingestion of high doses of caffeine
(Richardson et al. 1995; Childs and de Wit 20006).
Participants rated the extent to which they were currently
experiencing each mood symptom on a scale from 1 (“not at
all”) to 5 (“extremely”). The main dependent variables were
the average mood score consisting of both the positive and
negative symptoms, and the average side effects score.
Negative mood scores were inverted (scores of 1 and 2 were
changed to scores of 5 and 4, and vice versa) so that
increases in the average mood score indicate improvements
in mood. In addition, changes in individual mood items were
analyzed using the original scores.

The stimulus for the choice reaction time task consisted
of a black and white checkerboard with a single red square
appearing randomly in one of the four quadrants. This task
was presented using visual display goggles (Resonance
Technology, Inc. Los Angeles, CA, USA) and participants
responded using a response box with their right hand.
Participants were instructed to make a response indicating
whether the red square was on the right or left half of the
checkerboard (i.e., press the left button if the red square is
on the left side, and the right button if it is on the right
side). The checkerboard was presented 156 times with
durations of 250 ms. The interstimulus interval averaged
3.7+2.7 sec and ranged 1.5-11.9 sec. The dependent
variables were average reaction time and accuracy (number
correct/number possible).

A modified version of the Eriksen flanker task (Eriksen
and Eriksen 1974; Posthuma et al. 2002) was used to assess
selective attention. Five arrows were presented in each trial.
In congruent trials, all arrows faced the same direction (i.e.,
< << <<), and in incongruent trials, the center arrow faced
the opposite direction of the flanking arrows (i.e., < < >
< <). This task was also presented using visual display
goggles. Participants were instructed to make a response
indicating the direction of the center arrow (i.e., press the
left button if the center arrow faces left, and the right button
if it faces right) and to ignore the flanking arrows. There
were 80 trials total, with an equal number of congruent and

incongruent trials presented randomly. Each presentation
had a duration of 500 msec, and the interstimulus interval
averaged 2.3+0.7 sec and ranged 1.0-3.9 sec. The
dependent variables were average reaction time, accuracy,
and the interference effect (average incongruent trial
reaction time—average congruent trial reaction time).

Memory was measured with an n-back letter task. In
separate tasks, capital letters appeared on a screen one at a
time and participants indicated whether the letter displayed
was identical or different than the letter 1-letter or 2-letters
preceding it. Completion of the 1-back task always
preceded the 2-back task. Participants performed the
memory tasks alone in a quiet room using a laptop
computer. Each task consisted of 51 trials. Letters remained
displayed for 250 msec, and the average interstimulus
interval was a maximum of 2.4 sec and ranged 0.6-2.4 sec.
The dependent variables were accuracy, the difference in
accuracy (1-back task—2-back task), and average reaction
time.

Procedure This study utilized a within-subject design;
caffeine administration was double-blind and placebo-
controlled. Each participant had four study visits, separated
by at least 1 week. For two of the visits, participants were
told to “use caffeine like they normally do” prior to arrival
at the laboratory; these visits constituted the “normal” state.
For the other two visits, participants were instructed to
abstain from caffeine for 30 h prior to arrival at the
laboratory; these visits constituted the “abstained” state.
Participants were asked to abstain from caffeine for 30 h to
capture potential withdrawal symptoms in their peak range
(Juliano and Griffiths 2004). In each state, participants were
administered a caffeine capsule (250 mg, anhydrous) and a
matching placebo capsule (lactose) on separate visits.
Participants were instructed that in each state (withdrawn
and native caffeinated) they would participate in two drug
conditions on different days, one day would be caffeine and
one day would be placebo. They were explicitly told “you
will be given a capsule which will contain either caffeine or
placebo but you will not be told what you are taking.”
Abbreviations for the state by drug conditions used in the
remainder of the manuscript are: abstained caffeine (AC),
abstained placebo (AP), normal caffeine (NC), and normal
placebo (NP). Capsules were prepared by the Wake Forest
University Baptist Hospital pharmacy. Seventeen state by
drug condition sequences were chosen randomly from 24
possible sequences.

Study visits were conducted between 7 A. M. and 4 P. M.
Participants kept a 3-day caffeine consumption diary which
was inclusive of the study day. Upon arrival to the
laboratory, a saliva sample was obtained to measure
caffeine concentrations, and the 3-day caffeine diary was
collected. Participants were asked if they had experienced a
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headache either that day or the day before. The first mood
report was filled-out, and then the capsule was adminis-
tered. Participants were allowed to relax for the next
45 min, and were instructed not to consume food or
beverages other than water for the duration of the
experiment. Then, a second saliva sample was obtained,
and a second mood report was completed. Participants were
familiarized with the computer tasks and had a brief
practice session for each task at every study visit. The
choice reaction time and selective attention tasks were
conducted in a magnetic resonance scanner as part of a
functional imaging study. Computer tasks were
programmed with E-Prime 1.0 (Psychology Software Tools,
Pittsburgh, PA, USA) and were completed within 1 h after
the second saliva sample. Participants had all four visits
either in the morning or in the afternoon, with four random
exceptions due to scheduling conflicts.

Data Analysis The average score and individual items of
self-reported mood and salivary caffeine concentrations
were analyzed with separate 2 (state)x2 (drug) x 2 (time)
repeated-measures analysis of variance (ANOVA). One
mood symptom item was not reported by one subject, and
the average mood was calculated without that item. Choice
reaction time was analyzed with a 2 (state) x 2 (drug)
repeated-measures ANOVA. The flanker and memory tasks
were analyzed separately with 2 (state) x 2 (drug) x 2 (task
type) repeated-measures ANOVAs. Significant main effects
were further analyzed with paired samples ¢ tests. Caffeine-
use diaries and salivary-caffeine concentrations were
correlated using Pearson product-moment correlations.
Results were significant if p<0.05. Data were analyzed
with SPSS 16.0 (Chicago, IL, USA). Computer task results
were cleaned of responses=3 standard deviations from each
individual's mean reaction time, and reaction times less than
50 msec were recorded as nonresponses. Incorrect
responses were included in the mean reaction time.

Results

The 3-day caffeine-use diaries and salivary caffeine
concentrations confirmed the participants’ compliance with
the study procedure. None of the participants reported using
caffeine in the 30 h prior to the abstained state visits.
Participants reported consuming an average of 229+
123 mg the day of the normal state visits. The average
precapsule salivary caffeine concentration was 0.2+0.2 pg/
ml in the abstained state, and was 2.7£2.6 pg/ml in the
normal state. Caffeine administration increased concentra-
tions by an average of 3.2+1.3 pg/ml (drugxtime interac-
tion: F (1, 16)=97.6; p<0.001); this resulted in higher
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caffeine concentrations in the NC condition (6.1+2.7 pg/
ml) than in the AC condition (2.94+2.0 pg/ml; ¢ test: ¢ (16)=
5.2; p<0.001). Concentrations were similar between the
AC condition (2.942.0 pg/ml) and the NP condition (2.5+
2.7 pg/ml). In the normal state, the average reported
caffeine consumption from the study days correlated with
the average precapsule salivary caffeine concentrations (r=
0.64; p<0.01) and also correlated with the average caffeine
use reported in the 7-day diary (#=0.75; p<0.005).

Participants reported headaches on 26 occasions (76% of
the time) during the two abstained state days, and on three
occasions (9% of the time) during the normal state days
(state: £ (1, 16)=63.2; p<0.001). Only one participant
denied experiencing a headache on either day in the
abstained state.

Individual mood items that produced significant state,
drugxtime, and statexdrugxtime interaction effects are
shown in Table 1. In summary, the average mood score was
greater in the normal state than in the abstained state (state:
F (1, 16)=44.8; p<0.001); see Fig. 1. All of the individual
positive and negative mood symptoms exhibited this state
effect except for talkative and depressed. Average mood
decreased from the pre- to the postmeasure in the placebo
conditions (drugxtime: F' (1, 16)=11.2; p<0.005; AP pre-
to postmeasure: ¢ (16)=2.0; p=0.058; NP pre- to post-
measure: ¢ (16)=3.5; p<0.005); this drugxtime effect was
significant for energetic, talkative, headache, drowsy, and
tired. Lastly, caffeine increased average mood only in the
AC condition (statexdrugxtime: F (1, 16)=5.1; p<0.05;
AC pre- to postmeasure: ¢ (16)=3.1; p<0.01); this effect
was significant for tiredness although there were trends for
talkative and headache. Caffeine increased the average side
effect score in both the normal and abstained states (drug
time: F (1, 16)=6.1; p<0.05), this effect was significant for
pounding heartbeat and jittery. Follow-up comparisons
between average pre- and postcapsule side effects were
marginally significant (AC: ¢ (16)=1.9; p=0.08; NC:
t (16)=1.9; p=0.07).

Caffeine reduced choice reaction time in the abstained
state, but not in the normal state (statexdrug: F' (1, 16)=
7.7; p<0.05; t test AP to AC: ¢ (16)=3.2; p<0.01); see
Fig. 2. However, reaction time in the AP condition was not
significantly slower than in the NP condition. Accuracy of
task performance was over 98% in all four conditions, and
was not affected by the state or drug conditions.

Congruent trials of the flanker selective attention task
were performed faster than the incongruent trials (task: F
(1, 16)=92.7; p<0.001); see Fig. 3. Caffeine reduced
reaction times during the incongruent trials, but not in the
congruent trials (drugxtask: F (1, 16)=9.8; p<0.01; ¢ test
incongruent trials AP to AC: ¢ (16)=2.2; p<0.05; NP to
NC: t (16)=3.1; p<0.01). Caffeine decreased the interfer-
ence effect overall (drug: F (1, 16)=9.8; p<0.01) and this
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Table 1 State, drugxtime, and
state x drug x time effects for State Drug xtime State x drug x time
individual mood items
Mood Item F value p value F value p value F value p value
Positive mood
Alert 329 <.001
Cheerful 29.3 <.001
Energetic 22.4 <.001 6.5 <.05
Able to concentrate 17.2 <.005
Friendly 10.5 <.01
Talkative 5.8 <.05 43 =.05
Negative mood
Headache 27.8 <.001 53 <.05 3.8 =07
Drowsy/sleepy 22.5 <.001 12.9 <.005
Lazy/sluggish 18.9 <.005
Tired 16.0 <.005 6.2 <.05 53 <.05
Light-headed 4.1 =.06
Side effects
Pounding heartbeat 6.4 <.05 6.3 <.05
Jittery 3.8 =07 6.8 <.05

decrease from NP to NC was significant (¢ (16)=4.2; p<
0.005). Performance accuracy for congruent trials (100%)
was higher than for incongruent trials (93.2%; task: F (1,
16)=33.4; p<0.001), although accuracy was not affected by
the state or drug conditions.

Performance accuracy for the 2-back memory task
(96.6%) was lower than for the 1-back task (97.8%; task:
F (1, 16)=6.0; p<0.05); see Fig. 4. Despite a pattern of
increased accuracy after caffeine, there was only a trend
towards a drug effect (F (1, 16)=2.9; p=0.11); this increase
was significant for the 1-back task from AP to AC (¢ (16)=
2.4; p<0.05). There were no main effects or interactions for
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Fig. 1 Average self-reported mood scores pre- and postcapsule
administration. Mood scores were higher in the normal state than in
the abstained state, and caffeine increased mood in the abstained state
only. Mood decreased following placebo in the normal state (paired ¢
test pre- to postcapsule: *p<0.01). Bars are SEM

the difference in accuracy between the two tasks (1-back—2-
back). Reaction times for the 1-back task were faster than
for the 2-back task (task: F (1, 16)=20.7; p<0.001).
Caffeine reduced reaction times for both trial types (drug:
F (1, 16)=4.7; p<0.05). This reduction was significant for
the 1-back task from NP to NC (¢ (16)=3.6; p<0.005).
Reaction times were slower in the normal state than in the
abstained state for the 2-back task, but there was no
difference between states for the 1-back task (statextask:
F (1, 16)=14.9; p<0.005). Reaction times for the 2-back
task decreased across sessions, and the state effect may be
attributable to an imbalance in the state by drug conditions.

300 7
290 7 x
280 1
270 1
260 1
250 1
240 1
230 1
220 1
210 1
200

OPlacebo
B Caffeine

Reaction Time (msec)

Abstained Normal

Fig. 2 Average reaction times for the choice reaction time task after
caffeine and placebo in the abstained and normal state. Caffeine
decreased reaction times in the abstained state (paired ¢ test placebo to
caffeine: *p<0.01), but not in the normal state. Bars are SEM
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Fig. 3 Average reaction times for the congruent and incongruent task
conditions in the flanker selective attention task following placebo and
caffeine in the abstained (AP and AC, respectively) and normal state
(NP and NC, respectively). Caffeine decreased reaction time in the
incongruent task (paired ¢ test AP to AC and NP to NC: *p<0.05), but
not in the congruent task. Bars are SEM

There were no session effects for 2-back accuracy, 1-back
accuracy, or 1-back reaction time.

Discussion

We evaluated the effects of caffeine following normal
caffeine use among moderate consumers, and compared the
results to the administration of caffeine following 30 h of
abstinence among the same subjects. As we hypothesized,
caffeine had less of an effect on mood and choice reaction
time in the normal state than in the abstained state.
Abstention had a negative effect on mood and choice
reaction time, but not on selective attention and memory.
Caffeine improved selective attention and memory in both
the abstained and normal caffeine states. These results
suggest that among moderate daily caffeine users there may
be some benefits to consuming more than one’s typical
daily intake.

Patterns of caffeine consumption reflect the belief that
caffeine has stimulant effects above and beyond relief from
withdrawal symptoms. For example, students who drink a
cup of coffee every morning may drink two or three cups
the morning of an exam, believing that caffeine will
enhance their alertness and performance above average.
The literature on mood symptoms overwhelmingly attrib-
utes caffeine with improving alertness and alleviating
fatigue (for reviews, see Smith 2002; Ruxton 2008).
However, some argue that these effects occur in low or
nonhabitual caffeine consumers, but tolerance develops
during habitual use, so consuming more than the mainte-
nance dose ought to have little or no beneficial effect
(James and Rogers 2005; Rogers 2007). While this has
frequently been shown for mood (Richardson et al. 1995;
Phillips-Bute and Lane 1997; James 1998; Robelin and
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Rogers 1998; Yeomans et al. 2002), several studies have
also shown positive effects in a nonwithdrawn state (Frewer
and Lader 1991; Warburton 1995; Christopher et al. 2005).
In our study, caffeine improved mood in the abstained state
only. In the normal state, caffeine had no effect (Fig. 1).
Interestingly, mood worsened after placebo in both the
abstained and normal states. It is possible that the interval
between mood reports resulted in boredom or fatigue, or
exaggerated existing withdrawal symptoms in the placebo
conditions. Alternatively, caffeine may have maintained
positive mood that otherwise would have been lessened by
this waiting period.

While some studies have suggested that caffeine with-
drawal can impair behavioral performance by slowing
reaction time or decreasing accuracy (Streufert et al. 1995;
James 1998; Robelin and Rogers 1998; Yeomans et al.
2002), other studies have reported no impairments during
withdrawal (Richardson et al. 1995; Phillips-Bute and Lane
1997; Haskell et al. 2005; Hewlett and Smith 2006). In this
study, performance was not significantly adversely affected
by withdrawal, although choice reaction time exhibited a
trend to be slower in the AP than in the NP condition
(Fig. 2). Caffeine significantly decreased reaction time in
the abstained state but had no effect in the normal state,
possibly because participants were already responding at an
optimal speed.

In the selective attention task, caffeine decreased
incongruent reaction times and the interference effect,
suggesting that caffeine enhances selective attention re-
gardless of state (Fig. 3). Caffeine had a smaller effect on
accuracy in the memory task; only the 1-back task in the
abstained state was significantly improved in follow-up
comparisons, although there is a pattern of improvement
after caffeine across the two tasks and states (Fig. 4). The
absence of a significant effect was expected, since many

L DAP 8AC @ NP BNC
0.99
=
S 0981
3
(&)
Q
< 097-
0.96
0.95

1-Back 2-Back

Fig. 4 Average accuracy (percent correct responses) for the 1-back
and 2-back task conditions in the memory task following placebo and
caffeine in the abstained (AP and AC, respectively) and normal state
(NP and NC, respectively). Caffeine increased accuracy in the 1-back
task (paired ¢ test AP to AC: *p<0.05), but did not significantly affect
accuracy in the 2-back task. Bars are SEM
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studies report little or no effect of caffeine on memory
(Foreman et al. 1989; Warburton 1995; Phillips-Bute and
Lane 1997; Koppelstaetter et al. 2008). Unexpectedly,
reaction times were slower in the 2-back task during
the normal state than during the abstained state. We
hypothesize that this finding is due to a practice effect
combined with an imbalance in the state by drug condition
orders and could have been eliminated by increasing our
sample size to include all possible state by drug combina-
tions. Alternatively, caffeine has been reported to impair
memory (Mednick et al. 2008). Another consideration is
that our subjects could have been exerting more effort
during the abstained state to compensate for withdrawal-
related fatigue. Future studies are needed to resolve this
issue.

In the normal caffeinated state, caffeine did not improve
mood, choice reaction time, or memory accuracy. It is
possible that this is a result of tolerance, however, the
increased side-effect ratings do not support the develop-
ment of tolerance, and there may be other explanations for
the lack of an effect. First, tolerance may have partially
developed and was not overcome by the amount of caffeine
administered. Second, there may be ceiling effects of the
measures used; for example, if a subject rated alertness as a
5 out of 5 prior to caffeine, then his alertness level could
not be shown to increase after caffeine. Third, there may be
physiological boundaries; if a subject is already responding
at a maximum speed then his reaction time cannot be
reduced further by caffeine. None of these explanations
preclude caffeine’s ability to act as a stimulant in the central
nervous system of habitual consumers. Perhaps studies
utilizing brain imaging techniques could provide more
insights on the underlying neurobiology of the acute and
chronic effects of caffeine without relying on subjective
reports or behavioral limitations (e.g., Dager et al. 1999;
Laurienti et al. 2002; Sigmon et al. 2009).

The methods used here differ from the majority of caffeine
studies in several ways. Most notable is our use of the normal
caffeinated state as a baseline. Some studies have adminis-
tered caffeine in a normal caffeinated state, but did not include
a withdrawn state for comparison (Frewer and Lader 1991;
Christopher et al. 2005). Others have controlled for
withdrawal by administering a pretreatment dose of caffeine
(Warburton 1995; Yeomans et al. 2002), by comparing
habitual consumers to non- or low-consumers (Rogers et al.
2003; Haskell et al. 2005; Hewlett and Smith 2007), or by
comparing overnight withdrawn to long-term abstinent
consumers (James 1998; Rogers et al. 2005). Several studies
have controlled for both tolerance and withdrawal among
habitual users in a caffeinated state by including a long-term
abstinent condition (>1 week) for comparison; these results
suggest that once tolerance has developed, the daily
maintenance dose of caffeine does not improve mood and

performance above the long-term abstinent baseline (Evans
and Griffiths 1992; James et al. 2005; Judelson et al. 2005;
Sigmon et al. 2009). Inclusion of a long-term abstinent
condition could have strengthened our methods, especially
by ensuring that our subjects and measures were sensitive to
an acute dose of caffeine prior to the development of
tolerance. Also, without this condition for comparison, the
positive effects on performance seen in the normal caffein-
ated state could be attributed to withdrawal reversal,
although withdrawal typically begins after 12 h of abstinence
(Griffiths and Woodson 1988; Juliano and Griffiths 2004).
However, the aim of this study was to compare whether an
extra dose of caffeine could improve mood and performance
above the normal caffeinated state baseline, and none of the
above articles describe the effects of an acute dose of
caffeine beyond the maintenance dose. Arguably, the effects
of caffeine in long-term abstinent subjects are not necessarily
equivalent to the effects in habitual users, since caffeine has
induced adaptive physiological changes following daily
caffeine use. This question would be best addressed with a
study comparing the stimulant effects of caffeine to placebo
in all three normal-caffeinated, overnight-withdrawn, and
long-term abstinent states.

We also prescreened potential participants for withdraw-
al symptoms. A review of caffeine self-administration
reported that withdrawal symptoms occur in less than half
of daily caffeine users (Hughes et al. 1993), and including
subjects who do not experience withdrawal symptoms
could confound or reduce the effect of withdrawal. A
drawback is that prescreening selects subjects who may
expect to experience withdrawal symptoms. Whether the
presence or absence of these symptoms interacts with the
effects of withdrawal on cognitive performance or caffeine
consumption would be an interesting future direction. In
addition, we requested 30 h of caffeine abstinence, since
withdrawal symptoms reportedly peak between 20-51 h
(Juliano and Griffiths 2004), although the majority of
withdrawal studies only request overnight abstinence.
Determining how the intensity of these symptoms, or the
duration of abstinence, affects withdrawal-related behaviors
would also be an important issue to resolve in the future.

A limitation of our study is that participants were not
blind to the caffeine state they were experiencing (normal
or abstained), and expectancy effects may have contributed
to the mood results. Expectations can predict the perceived
effects of caffeine on mood after the ingestion of a placebo
believed to be caffeine (Fillmore and Vogelsprott 1992;
Lotshaw et al. 1996). Other studies have blinded partic-
ipants to the state they were experiencing by replacing
dietary caffeine with study-supplied capsules or beverages
(James 1998; Rogers et al. 2005). The drug ingested during
our study session was administered double-blind to prevent
expectancy effects from influencing the change in mood
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scores, although we did not administer a follow-up
questionnaire to confirm whether or not the blinding was
effective. A second limitation is that our 250-mg dose
increased side effects, which could have informed some
participants that they had ingested caffeine instead of
placebo. This dose was selected because it has been shown
to be effective in changing mood and reaction time while
producing few side effects (Lieberman et al. 1987; Frewer
and Lader 1991; Kaplan et al. 1997). Alternatively, smaller
doses (e.g., 50% of total daily intake) have been shown to
prevent withdrawal symptoms (Mitchell et al. 1995) and
produce positive changes in mood and performance
(Lieberman et al. 1987). Other measures, such as vigilance
or rapid visual information processing performance, have
been shown to be sensitive to caffeine (Fine et al. 1994;
Yeomans et al. 2002; Childs and de Wit 2006), and
including those measures in our study could have informed
our results. Lastly, participants were asked to abstain from
caffeine for 30 h prior to capsule administration, but the
actual duration of caffeine abstinence depended on their
normal pattern of caffeine use. Different abstinence
durations could have increased variability in withdrawal
symptom intensity between subjects. Similarly, the exact
time of caffeine use in the normal state was not recorded in
the participants’ diaries. No attempt was made to control
the timing of caffeine use outside the study to preserve the
naturalistic design, but variability in the interval between
last caffeine use and the onset of the study across
participants may have affected the results and could have
been controlled for in the analyses.

In summary, we compared the effects of caffeine in an
abstained and a normal caffeinated state to determine
whether the stimulant effects of caffeine can mostly be
attributed to alleviating withdrawal, or whether caffeine can
produce stimulant effects beyond the normal baseline. Our
results suggest that caffeine was most effective at improv-
ing mood and simple reaction time following 30 h of
abstention among moderate users. However, caffeine also
provided some performance gains on more cognitively
demanding tasks when administered following normal daily
caffeine consumption. This corroborates the common habit
among daily caffeine users of caffeine loading before a
particularly challenging mental activity.
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