
Random number generation during sleep deprivation: effects of

caffeine on response maintenance and stereotypy

JUL I E M . GOTTSEL IG , MART IN ADAM , JUL IA V . R É TEY , RAMIN
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SUMMARY Neurophysiological and functional imaging studies have demonstrated that frontal

regions of the brain are particularly responsive to homeostatic sleep pressure. Previous

neuropsychological studies indicate that sleep deprivation causes impairments in

prefrontal cortical function. Random number generation (RNG) is thought to provide

a sensitive index of executive functions that rely on the prefrontal cortex. The present

study tested the hypothesis that sleep deprivation would impair RNG and that caffeine

would mitigate this impairment. Healthy young men (n ¼ 21) participated in two 40-h

sleep deprivations 1 week apart. During each sleep deprivation period subjects

received either caffeine or placebo according to a randomized, double-blind cross-over

design, and they completed an oral RNG task at 3-h intervals. Comparison of test

sessions at analogous times of day revealed that sleep deprivation was associated with

significant drops in the number of responses, a threefold increase in the percentage of

rule violations, 59% greater response redundancy and a 20% increase in stereotypy of

adjacent response pairs. Sleep deprivation did not consistently alter counting

tendency. Caffeine ameliorated the decrease in the number of responses but did not

mitigate other deficits in RNG that arose during sleep deprivation. These findings are

consistent with prior reports of diminished vigilance and increased perseveration

during extended wakefulness. They support the conclusion that caffeine preserves

simple aspects of cognitive performance during sleep deprivation, whereas caffeine

may not prevent detrimental effects of sleep deprivation on some complex cognitive

functions.

k e yword s executive function, frontal cortex, neurobehavioral performance,

perseveration, random numbers, sleepiness, stimulants

INTRODUCTION

Random number generation (RNG) tests provide a sensitive

measure of frontal executive function (Baddeley et al., 1998;

Brugger et al., 1996). Frontal lesions impair random genera-

tion (Spatt and Goldenberg, 1993; Wiegersma et al., 1990),

and improvements in random generation correlated with

clinical improvements among psychiatric inpatients (Horne

et al., 1982). Neuroimaging studies indicate involvement of

the frontal cortex in the performance of RNG tasks (Artiges

et al., 2000; Itagaki et al., 1995; Jahanshahi et al., 2000).

Activation of the superior anterior cingulate correlated with

greater randomness in the choice of neighboring response

pairs (Artiges et al., 2000), and activation of the left

dorsolateral prefrontal cortex was associated with suppres-

sion of habitual counting responses (Jahanshahi et al., 2000).

When subjects randomly generated response choices in either

of two response modalities, increased blood flow was

observed in the dorsolateral prefrontal cortex (Frith et al.,

1991). Studies with transcranial magnetic stimulation indica-

ted that in random number and letter generation tasks, the
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left dorsolateral prefrontal cortex serves to inhibit habitual

responses (Jahanshahi and Dirnberger, 1999; Jahanshahi

et al., 1998).

Frontal regions of the brain appear to be particularly

sensitive to homeostatic sleep pressure (Horne, 1993). Sleep

electroencephalogram (EEG) slow-wave activity (approxi-

mately 0.5–4.5 Hz) indexes sleep pressure (Borbély and

Achermann, 2005) and is prominent in frontal EEG deriva-

tions (Buchsbaum et al., 1982; Werth et al., 1997). After sleep

deprivation, sleep EEG slow-wave activity increases, and the

increase in slow-wave activity is most pronounced in frontal

EEG derivations (Cajochen et al., 1999; Finelli et al., 2001)

Fluorodeoxyglucose positron emission tomography imaging

(FDG-PET) studies of subjects who performed a serial

addition/subtraction task in baseline conditions and after

24 h of wakefulness revealed that sleep deprivation reduced

regional cerebral metabolic rate in the prefrontal cortex

(Thomas et al., 2000). Functional magnetic resonance ima-

ging studies similarly revealed that during performance of

serial subtraction prefrontal cortical activation decreased

after 35 h of wakefulness (Drummond et al., 1999); in

contrast, during performance of verbal learning and divided

attention prefrontal activation increased (Drummond et al.,

2001). The increases were associated with increases in

subjective sleepiness and may represent cerebral compensa-

tion for the effects of sleep deprivation (Drummond et al.,

2000). People who are sleep deprived exhibit cognitive deficits

that resemble those observed in patients with prefrontal

cortical lesions. These deficits include increased perseveration

(Harrison and Horne, 1997, 1999; Horne, 1988), impaired

planning abilities (Harrison and Horne, 1999, 2000a) and

flatness of speech (Harrison and Horne, 1997). Recent

evidence suggests that local prefrontal sleep EEG rhythms

are associated with daytime performance (Anderson and

Horne, 2003).

Based on prior evidence that RNG is sensitive to deficits in

frontal executive function and that sleep deprivation alters

prefrontal cortical function, we predicted that sleep depriva-

tion would impair RNG performance. Sleep deprivation and

prefrontal lesions have been associated with stereotyped

responding (perseveration). Thus, we hypothesized that sleep

deprivation would increase two measures of response stereo-

typy: (1) redundancy, which quantifies the extent to which

some response alternatives are employed more frequently than

others and (2) the null score quotient, which quantifies

stereotypy in adjacent response pairs. Furthermore, because

sleep deprivation may impair the functioning of prefrontal

areas that are involved in the suppression of counting

tendency, we hypothesized that sleep deprivation would

increase counting tendency (cf. Heuer et al., 2005).

We investigated the effects of sleep deprivation on RNG

within the context of a double-blind cross-over study of the

effects of caffeine during sleep deprivation (Landolt et al.,

2004). Previous studies of the effects of caffeine on perform-

ance during sleep deprivation have focused primarily on

measures of simple cognitive processes, and the potential

benefit of caffeine on measures of executive function merits

investigation (Wyatt et al., 2004). It was expected that if sleep

deprivation impaired RNG, caffeine would reduce this impair-

ment.

METHODS

Subjects

Participants were male students [n ¼ 23, aged 20–30 years,

mean ¼ 24.7 ± 0.6 (SEM) years] recruited from the Univer-

sity of Zürich and the Swiss Federal Institute of Technology

and paid for their participation in the study. All subjects were

non-smokers who reported that they were in good health, had

no history of neurologic or psychiatric disease and had not

taken any medications or consumed any illicit drugs in the

2 months before the study. They reported habitual alcohol

consumption of less than seven drinks per week and habitual

caffeine consumption of less than 300 mg per day. They

indicated that they were good sleepers with regular bedtimes

and no subjective sleep disturbances. Based on polysomno-

graphic screening, subjects with sleep apnea, sleep efficiency

<75% or a periodic leg movements in sleep (PLMS) index of 5

or more per hour of sleep were excluded from participation.

The participants in the present study include those in the

report of Landolt et al. (2004). The data of two subjects were

excluded from analyses because these subjects did not comply

with the task instructions. Study procedures were approved by

the local ethics committee, and subjects gave written informed

consent before participating in the study.

Pre-experimental procedure

For 2 weeks prior to the study, subjects were required to

abstain from all dietary sources of caffeine, wear a wrist

activity monitor on the non-dominant arm and keep a sleep–

wake diary. During the 3 days prior to the study, participants

were required to abstain from alcohol intake and to keep a

regular 8-h night-time sleep schedule from either 23:00 to

07:00 hours (n ¼ 4) or from 00:00 to 08:00 hours (n ¼ 17).

These times corresponded approximately to the subjects�
habitual sleep times, and subjects were not allowed to deviate

from these times by more than 1 h. Compliance with these

requirements was verified with daily log books and wrist

actigraphy. Upon entering the laboratory, salivary caffeine

assays and breathalyzer tests were conducted to confirm

participants� abstinence.

Procedure

The study design is illustrated in Fig. 1. Subjects completed a

RNG task 14 times at 3-h intervals during the course of two

40-h sleep deprivation periods that occurred 1 week apart.

Subjects received 200 mg caffeine, 11 and 23 h into one of the

sleep deprivation periods. [One cup or 225 mL of ground roast

�brewed� coffee has about 125 mg of caffeine; however, the
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caffeine content of a cup of coffee varies widely depending on

the preparation method, type of coffee bean, etc. (James,

1997).] During the other sleep deprivation period subjects

received placebo, according to a randomized, double-blind

cross-over design. Prior to each sleep deprivation period

subjects spent two nights in the laboratory. On these nights the

subjects had an 8-h sleep opportunity scheduled at the

accustomed time. On the evening of the first night in the

laboratory, they completed the RNG task once to familiarize

themselves with the task. A previous study suggested that

performance in RNG remains stable with repeated test

administration (Evans and Graham, 1980).

Random number generation task

Subjects orally generated sequences of numbers using the

response alternatives 0, 1, 2, 3, 4, 5, 6, 7, 8, 9. They were

instructed to generate numbers in a sequence that should be as

random as possible, such as a sequence which would result if

one were to throw a 10-sided die to generate each number. The

task required generation of 225 numbers at each of two paces:

slow (one number every 1800 ms) and fast (one number every

750 ms). The pace was set by a tone generated by a computer.

The slow portion of the task always preceded the fast portion,

and there was a short break between these portions. The task

lasted approximately 10 min. Responses were recorded on

dictation machines and transcribed at a later date.

Data analysis

Dependent variables

Sample size deviation indicates deviations from the requested

sample size. It is equal to n)225. The sample size, n, is the

number of numbers that a subject generated. It does not

include responses that were not allowed. If subjects made a

response that was not allowed (e.g. if they used a number

greater than 9 or made a response that was not a number), the

response was transcribed as a rule break.

Rule breaks were quantified as the percentage of responses

that were not allowed. For each RNG test, the number of rule

breaks was divided by the sample size and multiplied by 100.

Redundancy is a measure of zero-order response stereotypy

that quantifies the extent to which subjects used some response

alternatives more frequently than others. It is a measure of

deviation from maximum information generation and was

calculated according to the following formula (Towse and

Neil, 1998):

Redundancy ¼ 100� 1� log2 n� n�1
Pa

i ni log2 ni
log2 a

� �

where n is the sample size, ni the number of occurrences of the

ith response alternative and a the number of response

alternatives.

The null score quotient (NSQ) is a measure of first-order

response stereotypy that quantifies stereotypy in adjacent

response pairs. It indicates the percentage of possible response

pairs (digrams) that were not used in the response set (Towse

and Neil, 1998):

NSQ ¼ 100� d
a2 � 1

� �

where a is the number of response alternatives and d the number

of digram permutations that do not appear in the response set.

The value a2 gives the number of possible digram permutations.

The value of d can vary from �0� to a2)1. To get the value that is

used in the denominator, a �1� must be subtracted from the a2

because if subjects supplied a response sequence, they must

have used at least one of the possible digrams.

Adjacency quantifies counting tendency. It was calculated as

the percentage of response pairs within a sequence for which the

numbers were adjacent items from an ordinal sequence of

alternatives (Towse and Neil, 1998). Response pairs of �2, 3� or
�9, 8� are examples of adjacent responses.

Adjacency ¼ 100� number of adjacent pairs

number of response pairs
:

Normalization

During the RNG task, subjects sometimes did not speak

precisely at the rate of the pacing tone, which resulted in

variations in the length of the number sequences. To permit

comparison of results derived from number sequences of

different lengths, the redundancy, NSQ and adjacency scores

were normalized with respect to computer-generated random

sequences. For each sequence length empirically observed in our

dataset, we computed 1000 computer-generated random

sequences of the corresponding length using a Matlab imple-

mentation (by Christian Merkwirth) of the Mersenne Twister

method (Matsumoto and Nishimura, 1998). The dependent

Session

Caffeine or
Placebo

Caffeine or
Placebo

8 11 14 17 20 23 2 5 8 11 14 17 20 23

Sleep deprivation period

Clock time

1 2 3 4 5 6 7 8 9 10 11 12 13 14

Time awake (h) 1 4 7 10 13 16 19 22 25 28 31 34 37 40

Figure 1. Experimental protocol. Subjects underwent two 40-h sleep

deprivation periods that occurred 1 week apart. During one of the

periods subjects received caffeine at 11 and 23 h into the sleep depri-

vation (200 mg at each time) and during the other they received pla-

cebo at these times, according to a randomized, double-blind cross-

over design. The random number generation task was administered

every 3 h beginning 30–40 min after awakening (the �time awake� given
in this and subsequent figures is rounded up to the nearest hour). The

clock times on this and subsequent figures are given in military time

(e.g. such that 14 represents 2 pm, etc.) and represent the midpoint of

the times when the task was administered to subjects who slept from

11 pm to 7 am (n ¼ 4, task administration beginning at 7:30 am) and

those who slept from 12 am to 8 am (n ¼ 17, task administration

beginning at 8:30 am). The gray shading indicates sessions at analogous

times of day; data from these sessions were compared to assess the

effects of sleep deprivation.
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variables were derived from each of these computer-generated

random sequences. Then, for each sequence length, the means

and standard deviations of each dependent variable were

calculated over these 1000 values. Z-scores were calculated for

the dependent variables derived from the experimental data by

subtracting themeans anddividing by the standarddeviations of

the corresponding dependent variables derived from computer-

generated data that had the same sequence length as the human-

generated data. Prior to the normalization all redundancy data

were log-transformed so that the datawere normally distributed.

Calculation and normalization of dependent variables were

conducted using Matlab version 6.5 (The MathWorks, Natick,

MA, USA).

Statistics

With the exception of the rule breaks, the dependent variables

were analyzed using covariance pattern models that were four-

way analyses of variance with the factors condition (caffeine

and placebo), speed (fast and slow), week (1 and 2), session (1–

14) and all interactions of these factors. Statistically significant

results (P < 0.05) are reported. As is conventional, the error

bars shown in the figures represent the between-subjects

variability.

The mixed model anovas were calculated using SAS proc

mixed (SAS Version 9.1, SAS Institute Inc., Cary, NC, USA).

Mixed models have the advantage that they permit analysis of

repeated measures data when data are missing and they allow

specification of different types of covariance structures. Com-

parison of different covariance structures makes it possible to

take into account the correlations between observations

collected from the same subject. The present study involved

repeated measures observations (in each of 14 sessions) taken in

each of the two laboratory visits (week 1 or week 2). Several

covariance structures were tried for each dependent variable

(Brown and Prescott, 1999), and the model with the best fit was

chosen based on information criteria (Akaike’s Information

Criterion and Schwarz’s Bayesian Criterion) and on the

residual log likelihood values, which permitted statistical

comparisons between models that subsumed each other. If

the models fitted did not differ significantly according to a

chi-square comparison, the simpler model (i.e. that involving

fewer covariance parameters) was employed. The restricted

maximum likelihood (REML) method for variance component

estimation was employed, and the Satterthwaite method was

used for computing the denominator degrees of freedom for the

tests of fixed effects. If changes across sessions were significant,

the SAS �estimate� statement was used to compare results from

sessions that occurred at analogous times of day (11:00, 14:00

and 17:00) before and after the night of sleep deprivation. Thus,

the mean of sessions 2–4 was compared with the mean of

sessions 10–12 (see Fig. 1). Sessions 1 and 9 were not included

in this comparison because session 1 occurred soon after

awakening and may have been influenced by sleep inertia.

Because the median percentages of rule breaks did not meet

the assumptions required for parametric testing, they were

analyzed using non-parametric Wilcoxon matched-pairs

signed-ranks tests calculated using the software JMP (SAS

Institute Inc., Cary, NC, USA). Tests of the effects of

condition, week, speed, and session were conducted. Two-

way interactions were tested by performing multiple tests of

one independent variable at all levels of the other independent

variable. To correct for multiple comparisons, a Bonferroni-

corrected alpha criterion was employed. For example, to test

the speed · session interaction, tests of the effect of speed were

conducted for each session, and an a-criterion 0.05/

14 ¼ 0.0037 was used.

RESULTS

Sample size deviation

As shown in Fig. 2, subjects generally tended to generate fewer

numbers than requested, and the negative deviation became

more pronounced with increasing sleep deprivation [session

effect: F(13, 248) ¼ 3.32, P ¼ 0.0001]. There was a significant

session · condition interaction [F(13, 776) ¼ 4.48,

P < 0.0001], because caffeine reduced the negative deviation

on the second day of the sleep deprivation. Comparison of

baseline and sleep deprivation sessions at analogous times of

day (11:00, 14:00 and 17:00) revealed that after sleep deprivation

there was a significant decrement in the sample size in the

placebo condition (estimated difference ¼ )8.8 ± 2.1,

P < 0.0001), whereas there was no significant decrement in

the caffeine condition (estimated difference ¼ )0.41 ± 1.6,

Figure 2. Sample size deviation, which represents the difference in the

number of numbers subjects generated from the number of numbers

required by the task (i.e. the observed sample size)225). The asterisks
indicate significant differences between the conditions (P < 0.001,

Tukey–Kramer post hoc tests). The vertical lines indicate the times of

caffeine or placebo administration. The error bars represent standard

errors. Values are staggered along the x-axis so that it is easier to see

the error bars.
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P ¼ 0.80). The estimated negative deviation associated with

sleep deprivation was 21 times greater in the placebo condition

than in the caffeine condition, and the difference between the

caffeine and placebo conditions was statistically significant

(P ¼ 0.04).

Rule breaks

The median percentage of rule breaks changed significantly

across sessions (see Fig. 3; v2 ¼ 47.8, P < 0.0001). Compar-

ison of sessions at analogous times of day revealed that rule

breaks increased by more than 3-fold after the night of sleep

deprivation (difference in the median percentage of rule

breaks ¼ 0.49 ± 0.14%, P < 0.001 based on Wilcoxon

signed-rank test; means and standard errors before:

0.22 ± 0.10%, after: 0.71 ± 0.16%). The median percentage

of rule breaks was greater for the fast than for the slow

condition in week 1 (difference ¼ 0.24 ± 0.06%, P ¼ 0.002;

fast: 0.47 ± 0.10%, slow: 0.24 ± 0.08%), but not in week 2

(difference ¼ 0.17 ± 0.13%, P ¼ 0.30; fast: 0.37 ± 0.14%,

slow: 0.20 ± 0.07%). There was a greater percentage of rule

breaks for the fast than the slow speed in session 12 only

(difference ¼ 0.79 ± 0.26%, P ¼ 0.001), and there was a

greater percentage of rule breaks in week 2 than in week 1 in

session 2 only (difference ¼ 0.24 ± 0.07%, P ¼ 0.001).

Redundancy

Redundancy increased across sessions during the course of the

sleep deprivation (Fig. 4). There was a significant main effect

of session [F(13, 1016) ¼ 10.91, P < 0.0001], and comparison

of sessions at analogous times of day revealed a significant

59% increase in redundancy after the night of sleep depriva-

tion (estimated difference ¼ 0.74 ± 0.09, P < 0.0001; means

and standard errors, before: 1.25 ± 0.27, after: 1.99 ± 0.26).

Responses generated at the fast tempo were more redundant

than responses generated at the slow tempo [F(1,

1016) ¼ 76.08, P < 0.0001; means and standard errors, fast:

1.91 ± 0.23, slow: 1.40 ± 0.30].

Null score quotient

The NSQ, a measure of stereotypy in adjacent response pairs,

also increased during the course of sleep deprivation (Fig. 5).

There was a significant main effect of session [F(13,

1016) ¼ 3.98, P < 0.0001], and comparison of sessions at

analogous times of day revealed a significant 20% increase in

NSQ after the night of sleep deprivation (estimated

difference ¼ 0.80 ± 0.14, P < 0.01; before: 3.93 ± 0.49,

after: 4.71 ± 0.56). The NSQ was higher for responses

generated at the fast tempo than for responses generated at

the slow tempo [F(1, 1016) ¼ 56.38, P < 0.0001; fast:

4.74 ± 0.50, slow: 4.01 ± 0.56]. There was a speed · week

interaction [F(1, 1016) ¼ 4.25, P ¼ 0.04], because the NSQ

increased across the 2 weeks for the slow speed (slow week 1:

3.68 ± 0.53, slow week 2: 4.27 ± 0.58, P ¼ 0.03) but did not

differ across weeks for the fast speed (fast week 1: 4.75 ± 0.48

fast week 2: 4.80 ± 0.53, P ¼ 0.74).

Adjacency

The adjacency, a measure of counting tendency, was higher for

the fast speed than for the slow speed [F(1, 767) ¼ 310.3,

Figure 3. Boxplots of the percentage of rule breaks plotted across the

14 sessions that occurred during sleep deprivation. The middle line

shows the median, the outer edges of the boxes indicate the 25th and

75th percentiles, the whiskers indicate the 90th and 10th percentiles

and the dots indicate the 5th and 95th percentiles.

Figure 4. Redundancy, a measure of repetitive usage of response

alternatives, increased over the 14 test sessions during sleep depriva-

tion. The ordinate units represent standard deviations from the mean

values derived from computer-generated sequences (see Methods). The

error bars represent standard errors.
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P < 0.0001; fast: 2.62 ± 0.47, slow: 0.99 ± 0.46]. Adjacency

decreased across weeks [F(1, 19) ¼ 49.18, P < 0.0001; week 1:

2.64 ± 0.48, week 2: 0.96 ± 0.45] and also changed across

sessions [F(13, 244) ¼ 1.79, P ¼ 0.04]. As shown in Fig. 6, the

latter changes depended on speed and week. On the fast

portion of the test, adjacency decreased across sessions in the

first week, whereas on the slow portion adjacency did not

change across sessions. As illustrated in Fig. 7, the

speed · condition · week interaction was significant [F(1,

767) ¼ 16.62, P < 0.0001]. Caffeine tended to lower the

adjacency score on the slow portion of the task in the first

week only.

DISCUSSION

Sleep deprivation was associated with a larger percentage of

rule violations and increased stereotypy of responding in oral

RNG. Caffeine did not mitigate these impairments, whereas it

did help to prevent drops in the number of numbers generated

on the second day of sleep deprivation. Some of the reported

beneficial effects of caffeine on cognitive performance may

represent the relief of withdrawal symptoms in habitual

caffeine users (e.g. James, 1998; James and Gregg, 2004). In

the present study, subjects abstained from caffeine for 2 weeks

before the study. Thus, the effect observed is unlikely to be

attributable to relief of withdrawal. Our findings are consistent

with previous evidence that caffeine helps to maintain relat-

ively simple aspects of performance during sleep deprivation

(e.g. Beaumont et al., 2001; Bonnet et al., 1995; Lagarde et al.,

2000; Lieberman et al., 2002; Lorist et al., 1994; Patat et al.,

2000; Reyner and Horne, 2000; Tharion et al., 2003; Wesen-

sten et al., 2002; Wright et al., 1997; Wyatt et al., 2004), while

it may not prevent decrements in some complex cognitive tasks

(Harrison and Horne, 2000b). Stimulants may help to sustain

some, but not necessarily all, complex cognitive abilities during

Figure 5. The null score quotient, a measure of stereotypy in response

pairs, increased over the 14 test sessions during sleep deprivation. The

ordinate units represent standard deviations from the mean values

derived from computer-generated sequences (see Methods). The error

bars represent standard errors.

Figure 6. Adjacency, a measure of counting tendency, did not show

consistent changes with sleep deprivation. The ordinate units represent

standard deviations from the mean values derived from computer-

generated sequences (see Methods). The error bars represent standard

errors. The session effect depended on speed and week [session · speed:

F(13, 767) ¼ 2.59, P ¼ 0.002; session · week: F(13, 772) ¼ 2.76,

P < 0.001]. anovas with the factors session, week, and condition were

computed for the fast and slow data separately. For the fast tempo (solid

symbols), there was a significant main effect of session [F(13,

245) ¼ 3.45,P < 0.0001] and week [F(1, 19) ¼ 67.52,P < 0.0001] and

a significant session · week interaction [F(13, 244) ¼ 3.66,

P < 0.0001]. Adjacency decreased across sessions in the first week

[upper graph, solid symbols; session main effect: F(13, 246) ¼ 4.90,

P < 0.0001; comparison of sessions 2–4 with sessions 10–12 revealed a

significant decrease; estimated difference ¼ 1.24 ± 0.29, P < 0.0001].

In the second week, the adjacency differed among sessions [lower graph,

solid symbols; F(13, 242) ¼ 1.88, P ¼ 0.03] but did not differ between

sessions at analogous times of day (P ¼ 0.37). For the slow tempo (open

symbols), the adjacency differed between weeks [F(1, 19) ¼ 18.94,

P < 0.001] and conditions [F(1,19) ¼ 6.60, P ¼ 0.02, caffeine:

0.70 ± 0.44, placebo 1.27 ± 0.56; see Fig. 7] but did not change dur-

ing sleep deprivation [session main effect: F(13, 243) ¼ 1.38, P ¼ 0.17].
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sleep deprivation (Baranski and Pigeau, 1997; Bard et al.,

1996; Walsh et al., 2004).

We found that subjects tended to generate fewer numbers

than requested and that the negative deviations from the

requested sample size became more pronounced with increas-

ing sleep deprivation. Compared with baseline sessions at

analogous times of day, subjects in the placebo condition

generated on average 8.8 fewer responses during sleep depri-

vation. These drops in responding may reflect attentional

lapses, such as those observed with visual and auditory

vigilance tasks present during sleep deprivation or sleep

restriction (e.g. Glenville et al., 1978; Van Dongen et al.,

2003; Wright et al., 2002). The variability in the placebo

condition increased in the later sessions; presumably this

variability reflects individual differences in the response to

sleep deprivation (cf. Van Dongen et al., 2003). Caffeine is

known to improve reaction times and lapses induced by sleep

deprivation (e.g. Patat et al., 2000; Wyatt et al., 2004;

Zwyghuizendoorenbos et al., 1990). Similarly, in our study

caffeine attenuated the negative deviations from the required

sample size and reduced variability. In sessions at analogous

times of day, the negative deviation associated with sleep

deprivation was 21 times greater in the placebo condition than

in the caffeine condition.

Our results support the prediction that sleep deprivation

increases stereotypy of responding in oral RNG. Sleep

deprivation affected two independent measures of response

stereotypy. Compared with baseline sessions at analogous

times of day, sleep deprivation was associated with: (1) a 59%

increase in redundancy of responding, indicating differential

frequency of the usage of response choices regardless of their

position in the sequence; and (2) a 20% increase in the NSQ,

indicating increased stereotypy of adjacent response pairs.

Thus, both zero-order and first-order measures of response

stereotypy increased during extended wakefulness. Consistent

with these findings, observations of performance on other

types of tasks indicate that sleep deprivation (Harrison and

Horne, 1997, 1999; Horne, 1988) and sleep restriction (Hers-

covitch et al., 1980) cause perseveration.

The percentage of rule violations also increased during

sleep deprivation. Impairments in the ability to follow task

rules (cf. Riccio et al., 2004) and increased perseveration

(Harrison and Horne, 1997, 1999; Horne, 1988) may reflect

sleep deprivation induced alterations in executive/prefrontal

cortical functions. Previous studies suggest that oral RNG

assesses executive functions that rely on the frontal and

particularly prefrontal cortex (Artiges et al., 2000; Itagaki

et al., 1995; Jahanshahi et al., 2000). However, additional

studies would be necessary to identify the neural bases for the

deficits that we observed. Human RNG may involve multiple

overlapping neuroanatomical systems that contribute to

different aspects of performance (cf. Daniels et al., 2003),

such as keeping track of allowed responses, avoiding response

stereotypy and suppressing habitual tendencies such as

counting. Sleep deprivation may differentially affect these

systems.

Sleep deprivation influenced sample size, rule adherence and

zero- and first-order response stereotypy. However, the results

did not support the prediction that sleep deprivation would

increase counting tendency. A recent study that involved three

experiments with random keypressing tasks and one experi-

ment with RNG and random noun generation tasks likewise

suggested that sleep deprivation differentially affects various

functions that can be assessed with random generation tasks

(Heuer et al., 2005). Moreover, the rate of responding can

influence the results, and the effects of sleep deprivation may

depend on the number of response alternatives and on the type

of response solicited (Heuer et al., 2005; Sagaspe et al., 2003).

Counting is one of the most highly automated responses

associated with oral generation of numbers, but participants

easily recognize their tendency to count and try to suppress

Figure 7. Caffeine was associated with a marginally significant de-

crease in adjacency scores during the first week on the slow portion of

the task. In addition to the three-way interaction of speed · condi-

tion · week (see text), the four-way anova revealed significant two-way

interactions of speed · week [F(1, 767) ¼ 28.5, P < 0.0001] and

speed · condition [F(1, 767) ¼ 11.54, P < 0.001]. The ordinate units

represent standard deviations from the mean values derived from

computer-generated sequences (see Methods). The error bars represent

standard errors.
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counting when attempting to generate random sequences. In

our study, the adjacency measure did not show consistent

effects across the course of sleep deprivation, and there was

evidence for a decrease in counting tendency across weeks.

There was also a decrease across sessions in the first week on

the fast portion of the task. It remains possible that sleep

deprivation increases counting tendency and that practice on

the task counteracts this effect. A recent study that involved

only two administrations of a RNG task given before and after

an experimental night involving either a night of sleep

deprivation or normal sleep at home found that counting

tendency declined across sessions in the control group but did

not change in the sleep deprivation group (Heuer et al., 2005).

Our results suggest that caffeine helps to suppress counting

tendency before subjects have extensive practice because

caffeine was associated with a marginally significant decrease

in the adjacency score in the first week for the slow portion of

the task.

The present study included only male subjects which limits

the generality of the conclusions. Also, because the order of

sleep deprivation and the baseline condition (the first day of

wakefulness) were not counterbalanced, one cannot rule out

the possibility that order effects could have influenced the

results. Order effects may influence the outcome of many

studies in which tasks are administered repeatedly to investi-

gate the effects of sleep homeostasis or circadian rhythms on

cognitive performance. For example, repeated performance of

a task may cause boredom and contribute to worsening of

performance over time. Interactions between boredom and

sleepiness are interesting in their own right (Hayashi et al.,

1998), and these interactions are practically relevant (Weinger,

1999). However, boredom alone is unlikely to explain our

results. For those variables on which we observed detrimental

effects of sleep deprivation, there were generally no changes in

performance across the 2 weeks (with the exception of NSQ at

the slow speed). If subjects� performance worsened because of

boredom, one would expect worse performance in the second

week. Yet, there was overall performance improvement across

the 2 weeks on both the rule breaks and the adjacency

measures, indicating that changes in motivation did not cause

a generalized performance decrement. Future studies can

address these issues by including women as participants, using

counterbalanced designs and collecting subjective ratings of

motivation/boredom.

SUMMARY AND CONCLUSIONS

The present results provide evidence that sleep deprivation

impairs RNG. Sleep deprivation was associated with drops in

the number of responses generated, more violations of task

rules and increases in zero- and first-order response stereotypy.

RNG is a simple task that may provide a sensitive new method

for the investigation of cognitive impairments during sleep

deprivation. Caffeine attenuated the deficit in the number of

responses generated, but did not mitigate the other impair-

ments in RNG that were associated with sleep deprivation.

Our results support the conclusion that while caffeine helps to

sustain simple cognitive processes during sleep deprivation, it

may not prevent decrements in more complex aspects of

cognitive performance. Further studies are needed to fully

characterize the relative efficacy of caffeine and other stimu-

lants in sustaining complex cognitive processes during sleep

deprivation.
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Finelli, L. A., Borbély, A. A. and Achermann, P. Functional

topography of the human nonREM sleep electroencephalogram.

Eur. J. Neurosci., 2001, 13: 2282–2290.

Frith, C. D., Friston, K., Liddle, P. F. and Frackowiak, R. S. Willed

action and the prefrontal cortex in man: a study with PET. Proc. R.

Soc. Lond. B. Biol. Sci., 1991, 244: 241–246.

Glenville, M., Broughton, R., Wing, A. M. and Wilkinson, R. T.

Effects of sleep deprivation on short duration performance measures

compared to the Wilkinson auditory vigilance task. Sleep, 1978, 1:

169–176.

Harrison, Y. and Horne, J. A. Sleep deprivation affects speech. Sleep,

1997, 20: 871–877.

Harrison, Y. and Horne, J. A. One night of sleep loss impairs

innovative thinking and flexible decision making. Organ. Behav.

Hum. Decis. Process., 1999, 78: 128–145.

Harrison, Y. and Horne, J. A. The impact of sleep deprivation on

decision making: a review. J. Exp. Psychol. Appl., 2000a, 6: 236–249.

Harrison, Y. and Horne, J. A. Sleep loss and temporal memory. Q. J.

Exp. Psychol. A, 2000b, 53: 271–279.

Hayashi, M., Minami, S. and Hori, T. Masking effect of motivation on

ultradian rhythm. Percept. Mot. Skills, 1998, 86: 127–136.

Herscovitch, J., Stuss, D. and Broughton, R. Changes in cognitive

processing following short-term cumulative partial sleep deprivation

and recovery oversleeeping. J. Clin. Neuropsychol., 1980, 2: 301–319.

Heuer, H., Kohlisch, O. and Klein, W. The effects of total sleep

deprivation on the generation of random sequences of key-presses,

numbers and nouns. Q. J. Exp. Psychol. Sect. A Hum. Exp. Psychol.,

2005, 58: 275–307.

Horne, J. A. Sleep loss and divergent thinking ability. Sleep, 1988, 11:

528–536.

Horne, J. A. Human sleep, sleep loss and behavior – implications for

the prefrontal cortex and psychiatric-disorder. Br. J. Psychiatry,

1993, 162: 413–419.

Horne, R. L., Evans, F. J. and Orne, M. T. Random number

generation, psychopathology, and therapeutic change. Arch. Gen.

Psychiatry, 1982, 39: 680–683.

Itagaki, F., Niwa, S. I., Itoh, K. and Momose, T. Random number

generation and the frontal cortex. Int. J. Psychophysiol., 1995, 19:

79–80.

Jahanshahi, M. and Dirnberger, G. The left dorsolateral prefrontal

cortex and random generation of responses: studies with transcra-

nial magnetic stimulation. Neuropsychologia, 1999, 37: 181–190.

Jahanshahi, M., Profice, P., Brown, R. G., Ridding, M. C., Dirnber-

ger, G. and Rothwell, J. C. The effects of transcranial magnetic

stimulation over the dorsolateral prefrontal cortex on suppression of

habitual counting during random number generation. Brain, 1998,

121: 1533–1544.

Jahanshahi, M., Dirnberger, G., Fuller, R. and Frith, C. D. The role of

the dorsolateral prefrontal cortex in random number generation: a

study with positron emission tomography. Neuroimage, 2000, 12:

713–725.

James, J. E. Understanding Caffeine: A Biobehavioral Analysis. Sage

Publications, Thousand Oaks, CA, 1997.

James, J. E. Acute and chronic effects of caffeine on performance,

mood, headache, and sleep. Neuropsychobiology, 1998, 38: 32–41.

James, J. E. and Gregg, M. E. Effects of dietary caffeine on mood when

rested and sleep restricted. Hum. Psychopharmacol. Clin. Exp., 2004,

19: 333–341.

Lagarde, D., Batejat, D., Sicard, B., Trocherie, S., Chassard, D.,

Enslen, M. and Chauffard, F. Slow-release caffeine: a new response

to the effects of a limited sleep deprivation. Sleep, 2000, 23: 651–661.
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