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Background: Disruptive effects of caffeine on sleep have previously been reported, although measures of next-day
mood and performance have rarely been included. The present study aims to evaluate the effects of caffeine on
sleep and associated next-day effects in a naturalistic field setting.
Methods: Nineteen participants (daily caffeine intake 0–141 mg), assessed as good sleepers, took part in a random-
ized, placebo-controlled, double-blind, 2-week crossover study to assess the effects of bedtime caffeine use
(250 mg) on sleep and next-day cognitive performance and mood, which were assessed on a mobile phone in
the morning and afternoon. Sleep was assessed objectively (actiwatch) and subjectively (sleep diary).
Results: Caffeine’s effects on sleep were largely restricted to the first day of administration, with actigraphically
measured reduced sleep efficiency, increased activity score and fragmentation index, decreased self-rated sleep
quality, and an increased occurrence of participants waking early; only decreased sleep efficiency remained
over the week. Effects on next-day performance and mood were evident over the whole week, although despite
disrupting sleep, accuracy on a working memory task was higher after caffeine than placebo administration.
Conclusions: Caffeine disrupted sleep, although when assessing next-day performance, which may have been
affected by the presence of residual caffeine, performance appeared better after caffeine compared to placebo,
although this was most likely due to prevention of the effects of overnight withdrawal from caffeine rather
than representing a net benefit. Furthermore, partial tolerance developed to the effects of caffeine on sleep.

Introduction

In the United Kingdom, about 37% of adults have trouble
falling or staying asleep, waking up during the night, or

feeling tired and worn out the following morning on most
nights.1 The consequences of sleep loss for daytime function-
ing range from an increase in human errors due to impair-
ments in cognitive performance,2 negative social and
economic effects,3 through to mood disorders, with over
90% of patients with major depression also reporting sleep
problems.4

Secondary outcome measures in clinical trials of pharma-
cological treatments to improve sleep are often incorporated
to assess undesirable residual effects of the medication, rather
than as improvements secondary to improved sleep. In these
cases, a satisfactory outcome is that participants perform no
differently from the placebo level, and this seems to be a com-
mon finding for newer pharmacological treatments such as
the non-benzodiazepines.5 However, a result of no change
in performance in these studies that use a placebo-treated
patient population for comparison suggests that even though

parameters of sleep may be improved, daytime performance
is not. This highlights a problem when using a poor sleeper
population to assess the efficacy of treatments on next-day
functioning, as even though previous research has found
that poor sleep is associated with poor next-day mood,
alertness, and cognitive function, this has only reliably
been shown using healthy individuals in sleep-restriction
studies6–8 and in insomniac patients using constant routine
protocols.9 However, when not under these tightly controlled
conditions, as with a field study in a naturalistic setting, the
effects of poor sleep on next-day performance and mood
are unlikely to be apparent, partly due to coping mechanisms
employed by poor sleepers to overcome their sleepiness.10,11

Furthermore, the sleep of a poor sleeper may have to be con-
sistently improved for a substantial amount of time before
any positive changes to cognitive performance become evi-
dent. In sleep-restriction studies, where normal healthy indi-
viduals are deprived of sleep and then allowed to sleep freely,
more than one night of extended sleep has been necessary to
restore daytime impairments to prerestriction levels.6,8 Field
studies obviously lack the control of laboratory studies, and
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one alternative method for use in the field may be to induce
short-term poor sleep in otherwise healthy sleepers, rather
than using a poor sleeper population that would likely be
adept at using coping mechanisms to overcome and/or
mask the negative daytime effects of poor sleep. A further
method of elucidating the effects of sleep on performance is
to use tasks that are uninteresting and simple. Wilkinson12

suggested that more complex tasks are less affected by
sleep deprivation, because the challenge involved causes par-
ticipants to employ compensatory efforts to overcome their
sleepiness. Deficits in tests of working memory and attention
have both been found using relatively short-duration tasks,13

with simple cognitive tasks of sustained attention showing
the most consistent results.14

Caffeine is a widely consumed psychoactive substance,
and its primary action is the antagonism of adenosine
receptors, leading to increased wakefulness.15 Caffeine has
previously been reported to disrupt sleep by extending wake-
fulness.16–20 Additionally, other parameters of sleep quality
such as sleep efficiency17–19,21,22 and total sleep time22 are
affected by administration of caffeine. In the current study,
caffeine administered shortly before bedtime was used to
disrupt sleep. To maximize the effects of caffeine, low-
caffeine consumers (no more than two cups coffee or tea
per day) were recruited, as Hindmarch et al.23 found greater
disruptive effects of caffeine in low consumers. Furthermore,
as administration of caffeine has been found to increase jitter-
iness scores in both nonconsumers24 and low consumers,25

it was predicted that this effect may also lead to increased
restlessness scores during the night, possibly reflecting a
psychomotor component of caffeine’s mechanism of action.
Finally, a decrease in sleepiness is a consistent finding in non-
consumers and low consumers even when increases in men-
tal alertness have not been found, and sleep interference
was one of the top four reasons cited for nonconsumption
of caffeine-containing products in non- and extremely low-
caffeine (< 15 mg) consumers.26

The main aim was to assess the effects of bedtime caffeine
use on sleep and subsequent daytime performance and
mood. A secondary aim was to assess effects of caffeine on
sleep over time, that is, tolerance.21 A further aim was to as-
sess aspects of caffeine use as a model of short-term poor
sleep and associated daytime consequences.

Materials and Methods

Participants

Nineteen participants (14 women and 5 men aged 32 – 12.9
years) assessed as good sleepers using the statements ‘‘I am
satisfied with my sleep’’, ‘‘I feel very tired in the morning’’,
‘‘My sleep is refreshing,’’ and ‘‘I feel very tired during the
day’’ from the Bristol Sleep Questionnaire (BSQ)27 were
recruited from the Bristol area. Additional criteria included
habitual consumption of no more than two cups of caffein-
ated drink per day, the last one taken at least 4 hours before
bedtime. Participants spent 0.47 – 0.57 hours in bed before
falling asleep and slept for 7.75 – 1.17 hours and habitually
consumed 65 – 53.7 mg/day caffeine (range 0–141 mg/day).
In an attempt to classify habitual caffeine consumption, 37%
habitually consumed < 15 mg/day and could be classed as
nonconsumers,28 and 63% consumed between 15 and
141 mg/day and could be classed as low-to-moderate caffeine

consumers. However, it is noted that widely different classi-
fications have been used in the literature. Participants were
screened to make sure that they were not taking any medica-
tion for sleep or any other significant medical condition (spe-
cifically antidepressants) that they had a regular weekday
routine, and did not consume more than 4 U of alcohol per
weekday. Those with extreme Depression, Anxiety and Stress
Scale (DASS) scores,29 or who worked with machinery, drove
a long distance on a regular basis, were pregnant, breastfeed-
ing, or looking after children aged 1 or younger were not
eligible to take part. All participants gave signed consent
before starting the study and received £40 on satisfactory
completion. Ethics approval for this study was obtained
from the Faculty of Science Human Research Ethics Commit-
tee, University of Bristol.

Study design and procedure

The study was carried out in the field (participants’ normal
everyday environment). Participants took part in a random-
ized, double-blind 2-week counterbalanced crossover study.
Caffeine was administered for five nights consecutively for
one week and placebo for five nights consecutively the
other week, although participants were informed that it
was random as to whether they would receive caffeine or pla-
cebo on any particular night. Each morning, participants
were required to provide a saliva sample, which was not an-
alyzed, but taken to encourage compliance with the study re-
quirements. The weekend acted as a washout when there was
no drug administration or testing. There was one practice day
before the study started where participants familiarized
themselves with the equipment. Participants completed the
cognitive tasks three times before the study began, once dur-
ing an initial training session and twice during the practice
day. Half of the volunteers were instructed to take their caf-
feine capsule one hour before their usual bedtime, and the
other half to take their capsule at lights out. Participants
were asked to keep a regular routine throughout the study
and to refrain from daytime naps. They were required to
complete a Food and Activity Diary before the initial training
session to allow discussion of the importance of keeping a
regular routine for the duration of the study.

Each testing day (Monday–Friday), participants com-
pleted tasks assessing mood and cognitive performance (see
below) in the morning before showering or eating breakfast
and again in the afternoon. They were allowed to continue
their usual habitual caffeine intake after they had completed
the morning tests to prevent any potential effects of caffeine
withdrawal later on.30,31

Drug administration

Participants were provided with ten 250 mg capsules, five
of which contained caffeine BP (caffeine anhydrous powder;
Courtin and Warner) and five contained placebo (corn
flour). Capsules were a white vegetarian format and were
purchased from Capsuline� with a disintegration time of
< 15 minutes.

Sleep analysis

Actiwatch Actigraphy Monitors (AW4; Cambridge Neuro-
technology) were worn on the nondominant wrist and
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measured several sleep parameters (sleep efficiency, sleep
latency, total activity score, and fragmentation index) by
recording the number of changes in state per epoch (30
seconds). Participants were also provided with a sleep diary
that contained the items ‘‘difficulty getting to sleep’’, ‘‘quality
of sleep’’, ‘‘ease of waking’’, how many times participants
woke up restless during the night, and if they were troubled
by waking early and not being able to get back to sleep again.
Participants also rated how clear-headed/alert/refreshed/
awake they felt upon awakening, how they performed, and
how tired and alert they were during the day.

Neurobehavioral performance

Mobile phones (LG B2100) were set up with cognitive tasks
and mood adjectives in Java�.32 Ten mood adjectives (see
below) were presented using 26-point scales anchored ‘‘not
at all’’ and ‘‘extremely’’. Alarms were set according to times
provided by participants for getting up (5–10 minutes after)
and lunch time (1.5 hours after lunch) to coincide with the
postlunch dip. Data were transmitted via a general packet
radio service to a remote Web server at the end of each test
battery, and a mean score was automatically created for
each dependent variable. Questions assessing alertness and
subjective performance over the day were included in the
evening section of the sleep diary.

The Arrow Flankers task33 consisted of five stimuli
presented in a row in the center of the screen and lasted
3 minutes. Participants were instructed to press left [4] or
right [6] keys on the keypad corresponding to the direction
of the central arrow as quickly as possible while ignoring
the flankers, unless the flankers were crosses in which case
participants were instructed not to respond. Ninety-five stim-
ulus presentations were made in a random order of which 10
were crosses, and the remaining were split between congru-
ent, incongruent, and neutral flankers (squares). Each stimu-
lus was displayed for a maximum of 1.8 seconds with a
stimulus being presented every 2 seconds. Mean scores and
counts of incorrect and false responses were automatically
generated by the program and resulted in dependent vari-
ables of mean reaction time, number incorrect, and response
inhibition.

The n-back task, a two-back working memory task,34

lasted 3 minutes and consisted of a series of 180 letters pre-
sented on the screen one at a time. Participants were
instructed to press ‘‘yes’’ [4] or ‘‘no’’ [6] depending on
whether the letter presented was the same as the last, but
one letter. The stimulus remained on the screen until a re-
sponse occurred, and percentage accuracy and mean reaction
time were taken as dependent variables.

The simple reaction time (SRT) task with variable delay
lasted 5 minutes, and participants were instructed to press
the middle key [5] as quickly as possible upon detection of
a stimulus, a small star in the center of the screen. The stimu-
lus was presented 15 times for each varying delay of 1, 2, 3, 5,
and 7 seconds in a randomized order. The dependent variable
was the overall mean reaction time and was created automat-
ically by the program.

Questionnaires

The BSQ27 is a 23-item questionnaire that assesses the as-
pects of quality of sleep, including sleep initiation, mainte-

nance, troubled sleep, and dreams, consequences associated
with sleep such as feeling tired the next day and daytime
naps, items that can be used to identify possible sleep disor-
ders such as movement disorders, sleep apnea, parasomnias,
and possible reasons for poor sleep such as partner’s snoring
and young children.

The DASS-2129 is a 21-item questionnaire assessing depres-
sion, anxiety, and stress, which also provides a total mood
score. It has internal consistencies for each factor (Depression
[a = 0.91], Anxiety [a = 0.84], Stress [a = 0.90]), which correlate
well with other similar measures.

Data editing and analysis

Determination of the appropriate sample size was difficult
due to lack of effect sizes reported in similar previous studies,
although three studies most similar to the current one that
found significant disruptive effects of caffeine used sample
sizes of 6,20 12,16 and 1719 participants. Mood scales presented
on the mobile phones were combined, and the resulting com-
ponents labeled energetic arousal (energetic and alert vs. tired
and sleepy) and tense arousal (tense, stressed, miserable, and
irritable vs. relaxed) based on Thayer.35 The scale item cheer-
ful was analyzed separately. Three factors were identified
using principal component analysis on sleep diary questions:
daytime performance and energy, quality of sleep, and awak-
ening. The remaining variables were analyzed separately.
Three actiwatches failed to record any data. The questions
from the BSQ were grouped into four factors: daytime
sleep, troubled sleep (dreams), disturbed sleep, and morning
tiredness, based on a factor analysis from a larger study.27

The scores from the DASS-21 were grouped into three factors
(stress, anxiety, and depression) based on previous research
from a large nonclinical sample.36

Data were averaged over the week, as reduced perfor-
mance has also been found after recovery sleep.6 To evaluate
differences between caffeine and placebo administration,
mixed analyses of variance with within-subject factors of
day (1–5) and week (caffeine or placebo) and a between-
subject factor of order (placebo first or caffeine first) were con-
ducted. The data from the first day only were also analyzed.
For analysis of cognitive performance and mood, the time of
testing session (morning or afternoon) was also included as a
within-subject factor, and the Huynh-Feldt correction was
applied when the sphericity assumption was violated. To
compare the number of times participants were troubled by
waking up early over the week, a McNemar exact test for
paired samples using the binomial distribution was used
for data at day 1, and t-tests were employed to compare the
number of times participants were troubled by waking
early over the week.

Results

During the study, five participants withdrew (one for
personal reasons). The other reasons given were complaints
of sleep loss and the effects on performance and mood the
following day. The four who pulled out were all administered
caffeine in the first week, taken one hour before bedtime and
had an average habitual caffeine intake of 63 – 47 mg caffeine
per day.

Participants turned the lights out to go to sleep during the
caffeine week at 23:37 – 01:02 and during the placebo week at
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23:20 – 00:48. There were main effects of time ( p < 0.05) for
cognitive tasks and mood between morning and afternoon
sessions, but no time by group interactions, so morning and
afternoon results were combined for ease of discussion of
group effects. Mood and performance were significantly
( p < 0.05) better in the afternoon than the morning with the
exception of the SRT task and accuracy on the n-back task.

Sleep analyses

Table 1 shows that after the first night of administration,
caffeine resulted in higher total activity and fragmentation
index scores, and marginally insignificant lower sleep effi-
ciency scores. There was a trend for subjective quality of
sleep to be rated as worse after caffeine (see also Fig. 1),
and significantly more participants were troubled by waking
early after they had consumed caffeine. Figure 1 shows that
caffeine had a particularly striking effect on sleep quality of
three participants who subsequently withdrew from the
study.

Over days 2–5, caffeine administration resulted in signifi-
cantly lower sleep efficiency scores compared to placebo.
There were no other effects of caffeine on days 2–5, including
no effect of caffeine on sleep quality (Fig. 1).

Cognitive performance

Table 1 and Figure 2 show that caffeine resulted in signifi-
cantly higher accuracy scores on the n-back task the morning
after the first night and over days 2–5 compared with placebo.
For three participants who pulled out of the study after the
first night of caffeine administration (data for one unavail-
able), accuracy scores were above average (87.6% – 5.3%).

There was a statistically significant main effect of the cova-
riate, age, for the reaction time part of the Arrow Flankers test
[F(1, 31) = 17.18, p < 0.0001, r = 0.60] that showed that as age
increased reaction time slowed.

Mood

Cheerfulness was significantly lower over days 2–5 of the
caffeine week, but not on the first day (Table 1).

Effect of habitual caffeine intake

Habitual caffeine intake was significantly negatively
correlated with fragmentation index scores averaged over
days 1–5 that participants were administered caffeine before
bedtime r =� 0.658, p = 0.008, n = 13 (with age as covariate),
higher restlessness scores being associated with lower habit-
ual caffeine intake (Fig. 3).

Discussion

Factors encompassing disturbed sleep and daytime tired-
ness from the BSQ were used to identify good sleepers.
Caffeine (250 mg) was administered before bedtime with
the aim of inducing poor sleep, and has previously been ob-
served to disrupt sleep. After the first night, caffeine reduced
sleep efficiency and increased activity score and fragmenta-
tion index as measured by actiwatch. Additionally, there
was an increase in the number of times participants woke
early, and a decrease in self-rated sleep quality that would
have likely reached significance if it were not for the four

participants who withdrew due to the effects of caffeine on
their sleep and subsequent daytime functioning. Only
decreased sleep efficiency remained significant for the re-
mainder of the week. Accuracy scores on the n-back task
however remained significantly higher after caffeine than
placebo administration throughout the week.

Although caffeine was observed to disrupt sleep, there
were two main findings worthy of further discussion: that
disrupted sleep was not associated with worse next-day
performance, and that the majority of effects were restricted
to the first day.

Previous research has demonstrated a relationship be-
tween poor sleep quality and impaired performance,6–8,37–39

yet here, caffeine resulted in higher accuracy scores on the
n-back task relative to placebo. The most likely explanation
for this unexpected finding is that residual caffeine may
have directly ameliorated some of the effects of poor sleep.
Between 0.5 and 2 lg/mL residual caffeine has been found
in saliva after a similar dose and sleep opportunity as in
this study,19,22,40 and Landolt et al.22 found as little as
0.58 lg/mL residual caffeine present in saliva to be associated
with reduced sleep efficiency (16 hours after 200 mg). Effects
of caffeine on cognitive performance have been found after as
little as 12.5 mg caffeine,41 related to reversal of withdrawal
symptoms seen in overnight-abstained caffeine consumers.
Indeed, as at least some of the participants habitually con-
sumed moderate amounts of caffeine daily, and even individ-
uals consuming 100 mg/day can be physically dependent on
caffeine31; this effect of caffeine on next-day performance
could be explained by withdrawal reversal.42,43 Administra-
tion of caffeine at bedtime may have prevented overnight caf-
feine withdrawal that is likely to have occurred in the
habitual consumers during the placebo week. Furthermore,
as the order of administration of caffeine or placebo was
counterbalanced over the 2 weeks, even the nonconsumers
may have suffered from withdrawal during the placebo
week if preceded by a week of caffeine administration that
would have induced caffeine dependence.31 However, the
present study did not control for caffeine withdrawal and
withdrawal reversal,42 and therefore no firm conclusions
can be made as to whether next-day performance represented
a net benefit of caffeine or was due to reversal of negative
caffeine-withdrawal effects. Residual caffeine is also a valid
explanation for why participants were troubled by waking
early more often when they received caffeine. However, it
is also a possible explanation that the extent of sleep disrup-
tion was not great enough to elicit deficits in next-day perfor-
mance, or that any deficits were masked by participants’ use
of coping mechanisms commonly employed by poor sleepers
to overcome negative effects of poor sleep.

It was additionally predicted that the effects of caffeine
would change over time as tolerance may develop,21 and var-
ious results, including sleep quality, supported the develop-
ment of at least a partial tolerance. Alford et al.20 reported
subjective effects of caffeine on sleep quality (averaged over
the first two nights) when giving a much larger dose (400–
600 mg). Sleep efficiency was significantly reduced by caf-
feine in the present study, which is consistent with previous
studies,17–19,21,22 and restlessness scores were increased.
Even though sleep efficiency scores remained reasonably
constant over the week, other parameters of sleep were
only significantly affected by caffeine on the first night, and
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not for the remainder of the week. The development of toler-
ance was perhaps most striking for self-rated sleep quality,
whereas only a partial tolerance was evident for objectively
measured sleep. The significant relationship between restless-
ness scores and the level of habitual caffeine intake shows
that caffeine exerted a greater effect on those who habitually
consumed smaller amounts of caffeine. Together, these re-
sults support the hypothesis that at least a partial tolerance
develops rapidly to the effects of caffeine on sleep.

In the present study, it seems likely that the effects of caf-
feine on sleep would have been larger if the apparently
most reactive individuals had continued for the full 5 days.
This highlights a limitation of using caffeine (or other similar
interventions) as an experimental model for poor sleep, as
from an ethics standpoint, participants must be allowed to
withdraw if they wish, but this will reduce the impact of
the intervention. A further limitation is evident when re-
peated testing is involved due to the development of partial
tolerance to the effects of caffeine on sleep. Furthermore,
it was found not to be a good model for the purposes of
assessing daytime consequences of poor sleep. Indeed,
caffeine (vs. placebo) before bedtime resulted in a better

next-day performance (or prevented deterioration of perfor-
mance), presumably due to the direct effects of caffeine still
present in the morning and beyond, regardless of whether
this is due to a net benefit or prevention of overnight with-
drawal.

The lack of an observed effect of caffeine on sleep onset la-
tency is perhaps surprising, but has been seen before.44 This
effect could be the result of various factors: first, the actiwatch
has been found to be unreliable when measuring sleep-onset
latency.45 Secondly, since half the participants took their caf-
feine capsule at lights out, they may have fallen asleep before
there was a substantial rise in the plasma caffeine concentra-
tion. Third, after the first night of sleep disrupted by caffeine
administration, participants may be in need of recovery sleep
on subsequent nights. In situations such as this, it has been
reported that sleep-onset latency was unaffected by caf-
feine.46 However, the first night of caffeine administration
also revealed no significant effects on sleep-onset latency,
suggesting that the lack of effect found may be due to a
combination of the above reasons.

Finally, ratings of cheerfulness were reduced during the
caffeine week, in particular over days 2–5. This adverse effect
of caffeine could represent a consequence of reduced sleep
efficiency, as poor mood is common in those who report
poor sleep,4 or it might be due to a direct effect of caffeine
or caffeine withdrawal.

Conclusions

Although caffeine disrupted sleep objectively and some-
what subjectively in habitually low- and noncaffeine consum-
ers, on the surface, the next-day performance appeared better
after bedtime consumption of caffeine as compared to pla-
cebo, presumably due to the presence of residual caffeine
still present in the morning and beyond. Even though this
study was not designed to assess whether effects of caffeine

FIG. 1. Quality of sleep factor. A higher score represents
worse quality of sleep. Error bars represent standard error.
Individual markers are participants’ scores who withdrew
from the study after the first night (data for one unavailable).
These participants are not included in the group mean.

FIG. 2. Mean accuracy score over the week on the n-back
task. Error bars represent standard error of the mean. See
Table 1 for statistics.

FIG. 3. Association of habitual caffeine intake with restless-
ness scores (averaged over days 1–5) when participants were
administered caffeine (250 mg) before bedtime (n = 16).
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are related to a net benefit or reversal of withdrawal effects,
the most plausible explanation here is that bedtime caffeine
use was preventing the adverse effects of overnight caffeine
withdrawal that would likely have occurred during placebo
administration. Furthermore, partial tolerance developed to
the effects of caffeine on sleep. Due to this tolerance over
repeated testing, withdrawal of participants most affected
by caffeine, and residual effects of caffeine the following
morning, the use of caffeine in low- and noncaffeine consum-
ers in a naturalistic field setting is not recommended for mod-
eling the effects of poor sleep on the next-day performance
and mood.
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