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Abstract

After a normal baseline night of sleep and a morning of baseline test performance, 24 young adult male Ss returned to bed from 1600 - 2000 prior to a 24-hour period of sleep loss.  Twelve Ss received caffeine 200 mg at 0130 and 0730.  Performance tests (correctly completed addition problems, vigilance sensitivity, and logical reasoning correct responses) all indicated maintenance of baseline performance levels in the caffeine group after administration of caffeine while performance declined in the placebo group.  Similar results were found for the Multiple Sleep Latency Test and Oral Temperature, which both remained near baseline levels throughout the observation period in Ss receiving caffeine.  The results indicated that the combination of a prophylactic nap and caffeine was more effective in maintaining nocturnal alertness and performance than was the nap alone.  Of more interest was the fact that the group which was given the combination of nap and caffeine was able to maintain alertness and performance at very close to baseline levels throughout a 24-hour period without sleep.
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1.  Introduction

In operational settings, performance declines as a function of work load, sleep loss and circadian rhythms.  When normal nocturnal sleep periods are not possible or are not practical, the additive effects of sleep loss and circadian rhythms typically result in declining performance and alertness.  Considerable evidence has been presented in recent years that prophylactic sleep, sleep taken before a period of sleep loss, nocturnal work shift, or continuous operation, is effective in improving performance for as long as 54 hours (Angiboust, & Gouars 1972; Nicholson, et al. 1985; Dinges, Orne, Whitehouse, & Orne 1987; Bonnet, et al. 1988; Gilberg 1974).

Five studies have compared all-night performance with or without naps preceding the work period.  There was a consistent substantial decrease in performance during and following the night of total sleep loss.  Morning performance following 1-4 hour naps on the preceding day was clearly improved compared to the total sleep loss condition in each experiment.  Four hours of sleep left performance near pre-study morning baseline levels (Nicholson, et al. 1985; Bonnet, et al. 1988). 

One recent study (Bonnet 1991) has specifically examined the effect of prophylactic naps ranging in length from 2 - 8 hours on performance and concluded that the beneficial effects of the nap were linearly related to the length of sleep in the nap.  When an 8-hour nap period was provided before a continuous work period starting at 2200, alertness and performance were generally maintained near baseline levels for about 24 hours.  Unfortunately, it is unclear in the real world how many individuals will provide themselves with an 8-hour nap period before long nocturnal work periods or continuous operations.

Several studies have shown that the acute use of caffeine improves alertness.  One study (Walsh, et al. 1990) has shown that the acute use of caffeine at the beginning of a nocturnal work period improved objective alertness over an 8-hr nocturnal work shift.  The increase in alertness after 4.0 mg/kg (body weight) of caffeine was similar to the increase in alertness seen after a 3.5 hour afternoon nap (Sugerman, & Walsh 1989).

The beneficial effect of both prophylactic sleep and caffeine in maintaining alertness and performance means that it may be practical to decrease the length of prophylactic sleep and the amount of caffeine used by combining prophylactic sleep with caffeine during the work period.  The current study reports the effects of the use of caffeine following a 4-hour prophylactic nap in comparison to a 4-hour prophylactic nap without caffeine over a 24-hour continuous operation.

2.  Method

2.1.  Subjects:  Subjects were required to be healthy, 18-30 year-old males without significant history of sleeping problems, shiftwork, or frequent naps.  Potential subjects using more than 250 Mg of caffeine equivalent were excluded.  All subjects completed an informed consent and a four-hour session of practice on tests to be used in the study before being scheduled for the study. 

2.2  Design:  After practice, subjects were scheduled for a laboratory adaptation night, which was preceded by additional test practice.  Following the adaptation night, a final 90-minute test practice session was followed by an adaptation nap.  The study proper is presented schematically in Figure 1. Three consecutive nights and two days were spent in the laboratory (usually Thursday night through Sunday morning).  The initial night was a baseline sleep night scheduled according to the subject's habitual bed time and wake time.  On the following morning, subjects completed baseline testing on all performance and mood measures and had their baseline nap latency test between 0800 and 1200 hours.  Subjects were allowed to leave the laboratory until 1500, when they returned to the lab to be readied for a 4-hour nap, which began at 1600 and ended at 2000.  Beginning at 2000, all subjects followed the same schedule of alternating performance test blocks, MSLT observations, meals, and breaks for 27 hours before being allowed a night of recovery sleep scheduled at their normal sleep time. All subjects received pills at 0130, 0730, 1330, and 1930.  For all subjects, the pills received at 1330 and 1930 were placebos.  For 12 subjects randomly assigned to the Caffeine group, the pills administered at 0130 and 0730 contained 200 mg of Eleveine, a sustained release formulation of caffeine.  For another 12 subjects assigned to the Placebo group, all pills were placebo.

All subjects were assigned their own room for the course of the study.  Each room contained a standard hospital bed and furniture including a desk with an Apple IIGS computer.  Subjects participated in the study in groups of 1-4 individuals.  Subjects completed all tests and questionnaires at their individual computer workstation in their room under technician observation.  Non-startling procedures, such as calling the subject's name, were used by the technicians to awaken faltering subjects.  Meals and breaks were scheduled in another area of the laboratory, which was also within technician observation.  Caffeinated beverages were not available.

2.3.  Tests:  Performance and mood were assessed with a battery of measures including logical reasoning (a 30 min version of the modified Baddeley task, Baddeley 1968), digit span task from the WAIS (Wechsler 1981), hand tremor (2 min insertion of a stylus into a 4 mm opening with percent of side touching time measured), the digit symbol substitution task from the WAIS (5 min, Wechsler 1981), tapping (preferred rate for 10 min), computer modified Williams Word Memory Test of immediate free recall (Williams, Gieseking, & Lubin 1966), computer modified Wilkinson Addition (60 min, Wilkinson 1968), visual vigilance (60 min, Scerbo, Warm, & Fisk 1987), subjective sleepiness (10-point analogue scale), Profile of Mood States (POMS), and oral temperature.  The tests were administered in repeated batteries, and the scheduling and contents of batteries are summarized in Table 1.

For all subjects on all measures except MSLT, performance during continuous operations was automatically scored by the computer and output in a format suitable for statistical analysis.  To help reduce between subject variance, scores on all measures were calculated as percentage change from performance levels attained on the baseline day in the laboratory (preceding the prophylactic nap).  The MSLT was scored for the latency to stage 1 sleep to maximize the sensitivity of the test during the relatively short sleep loss with prior sleep and possible caffeine.

2.4.  EEG Recordings:  Four-channel sleep recordings (LE - A2, RE - A2, C3 - A2, OZ - A1) were made during nocturnal sleep periods, naps, and MSLT evaluations.  Ten MSLT evaluations were made during the study proper.  The first occurred at 10:00 on the baseline day.  The remaining 9 MSLT observations began at 22:00 that night (following the prophylactic nap) and continued at 3-hour intervals until 22:00 one day later.

2.5.  Analyses of performance data:  Mean baseline performance and MSLT data are presented in Table 2.  These data were collected between 08:00 and 12:00 following the baseline sleep night (see Table 1).  All performance and MSLT variables were analyzed and are expressed as the proportion of change from baseline (i.e., observation divided by baseline score) to help control for individual differences in performance ability.  Change score results were checked for consistency with raw data analyses and were generally comparable with one exception to be noted.  Data were analyzed by ANOVA with terms for Group (1 df), Time of Test (df dependent upon number of administrations of a given test), and interaction.  Pairwise comparisons were performed with the Newman-Keuls test at the .05 level using the Greenhouse-Geisser degrees of freedom.  All reported results in the text will refer to statistically significant differences unless noted otherwise.  Results on the many performance tests were similar.  Therefore only data from MSLT, vigilance, additions, logical reasoning, tremor, subjective sleepiness, POMS subjective fatigue, and POMS subjective vigour will be presented in this report.

3.  Results

Baseline and recovery night sleep data can be found in Table 3.  The table includes F-values for Group (Caffeine or Placebo), night (Baseline or Recovery), and interaction of Group with Night.  Significant Group by Night interactions were found for Percentage Stage 4 and number of stage changes.  These interactions all were attributed to the Baseline night in the Placebo group, where stage 4 was decreased and stage changes increased in comparison with the Caffeine group.  The only significant overall group difference between the Caffeine and Placebo groups in terms of nocturnal sleep was a small difference in stage 2 sleep (42% in the Caffeine group vs 48% in the Placebo group, p=.05).  Both of these stage 2 values are within 1 standard deviation of the population norm (Williams, Karacan, & Hursch 1974).  As would be expected, the sleep deprivation resulted in characteristic changes in sleep on the recovery night.  Significant increases in total sleep and stage 4 along with decreases in stage wake, stage 1, stage changes and number of awakenings are all consistent with sleep loss effects.

In terms of the prophylactic nap itself (Table 4), significant group differences were found for stages 3 and 4 with the Caffeine group having more stage 3 (7% vs 3%, p < .02) and more stage 4 (15% vs 8%, p = .05).  These differences were similar to those seen in the baseline night sleep.  Otherwise sleep values did not differ during the prophylactic nap.

3.1  CONTINUOUS OPERATION DATA

3.1.1  Physiological Measures

Objective alertness (MSLT) was measured ten times during the study, and oral temperature was measured eleven times.  The MSLT data were not normally distributed.  As a result, the data underwent a log transformation before calculation of percentage of baseline and ANOVA.  The percentages of baseline data have not been retransformed before presentation here.  ANOVA for the MSLT (terms for Group, Time of test, and Interaction) revealed a significant Group by Time interaction (F8,176 = 2.92, p < .01).  Neuman-Keuls Pairwise comparisons revealed significantly longer latencies in the Caffeine group as compared to the Placebo group at seven of the nine test points.  These data are plotted in Figure 4 with significant differences designated.  In terms of Time effects, MSLT values fell rapidly from about baseline levels to 70% of baseline levels in the Placebo group between 0400 and 0700 and then remained at 70-90% of baseline for the remainder of the study (Figure 2).  In contrast, in the Caffeine group, values slowly declined across the study but never fell significantly below the baseline level (the lowest level being 92% of baseline at 1900).  

For oral temperature, significant main effects were found for Group (F1,220 = 25.88, p < .001) and Time (F9,396 = 2.85, p < .01) but not for the Interaction (F9,198 = 1.244, p = .27).  Temperature was elevated overall about 0.5o F in the Caffeine group compared to Placebo (1.0034 vs 1.0083 of baseline values overall).

3.1.2  Psychomotor Performance Data

The performance data, which are summarized in Table 5, were consistent in showing improved performance in the Caffeine condition as compared to Placebo.  Significant group or interaction F-values were found for Additions Correct (condition main effect), Vigilance P(A) (interaction F3,66 = 3.58, p < .02), and Logical Reasoning (interaction F3,66 = 8.54, p < .001) but not for Tremor.  The significant group by time interactions found for vigilance and logical reasoning were consistent in showing that performance in the two groups was equal at the first evening test point.  Performance declined significantly for the Placebo group but not the Caffeine group at subsequent test points.  For example, in the Vigilance data, which are plotted in Figure 3, performance started at 101% of baseline in the Caffeine group and declined to a minimum value of 99% of baseline during the remainder of the study.  For the Placebo group, performance began at 102% of Baseline but declined to 94% of baseline after the first test session and remained at that level throughout the remainder of the experiment.  For Logical Reasoning, performance in the Caffeine group started at 107% of baseline but averaged 96% of baseline for the remaining tests.  Comparable figures for the Placebo group were 115% of baseline at the first test point declining to an average of 72% of baseline for the remainder of the study.  For addition problems correctly completed, a significant main effect for group was found.  Overall, subjects in the Caffeine group averaged 105% of baseline during the operation, while the average in the Placebo group was 93%.

3.1.3  Mood Analyses

Data from a 10-point sleepiness scale (lower values designating increased sleepiness) and the Vigor and Fatigue subscales from the Profile of Mood States (POMS) were analyzed.  The analyses are summarized in Table 5.  On the sleepiness scale, significant main effects were found for Group and Time.  The group effect indicated that the Caffeine group reported less sleepiness overall.  For the Vigor subscale of the POMS, a significant interaction was found (interaction F4,88 = 2.97, p < .03).  The data are plotted in Figure 4.   Vigor declined from 107% of baseline to 67% of baseline from the first to second observation in the Placebo group and remained between 58 and 70% of baseline for all other observations.  In the Caffeine group, reported Vigor never fell below the baseline value (100%).  For the Fatigue subscale of the POMS, only the F-value for Time of test was significant.

4.  Discussion

Previous studies that have examined the effect of either 4-hour prophylactic naps or caffeine use on performance during an extended work period that followed have suggested that, in isolation, either of those manipulations would result in performance and alertness that was significantly improved over non-nap or non-caffeine conditions (Nicholson, et al. 1985; Bonnet, et al. 1988; Bonnet 1991; Walsh, et al. 1990).  The data from this study are consistent in showing that the combination of a 4-hr prophylactic nap and the use of caffeine during a 24-hour continuous operation results in significantly improved alertness, performance, and mood as compared to a 4-hr prophylactic nap by itself.  Of equal importance, the data from the nap plus caffeine group indicated that, at least under the acute conditions of this study, performance and alertness could be maintained at baseline or better levels for 24 hours without a nocturnal sleep period.  In this study, no evidence of negative effects from caffeine use, such as increased tremor, were found.

Other studies have shown that when sleep loss is repeated, the negative performance effects are more profound (Wilkinson 1961; Webb, & Levy 1984).  It is important that future studies examine the repeated use of naps and caffeine in applied designs to determine the extent of their continued efficacy.  The development of tolerance to the effects of caffeine, in particular, might make the frequent or long term use of caffeine less helpful than indicated in the current data.

It was predicted in the current study that significant group by time interactions would be found for variables measured during sleep loss.  This effect was found for several variables including vigilance, logical reasoning and subjective vigor.  Such interactions were predicted based on the groups starting with the same experimental history at 2200 on the continuous operation night and then diverging as caffeine or placebo was administered.  For some variables, such as additions correct, sleepiness and body temperature, only main effects were found in the ANOVA, perhaps because these tests were performed more frequently after the caffeine administration began.  Looking at the individual test time means for these data nonetheless revealed a consistent pattern of change.  For example, for the sleepiness scale, the group means for the first 2 observations (before caffeine) were 127% of baseline in the Placebo group and 132% of baseline in the Caffeine group while the group means for the sleepiness observations from the following morning were 100% of baseline in the Placebo group and 128% of baseline in the Caffeine group.  For oral temperature, the oral temperatures before caffeine administration averaged 98.5 and 98.6o F for the Placebo and Caffeine groups respectively while the first two temperature observations after caffeine administration averaged 98.1 and 98.6o F for the groups.  On the MSLT, a group difference was apparent at the first evening test period, before the initial administration of caffeine.  Such a difference, which may have been based on calculating proportions from the non-significant difference in baseline MSLT values, brings into question the significant differences found in later MSLT observations.  When the MSLT data were analyzed without reference to the baseline value, MSLT latencies were still significantly increased in the Caffeine condition but the initial two MSLT values from the continuous operation (2200 and 0100) were no longer significantly different in the Caffeine versus Placebo group.

Stage 4 sleep amounts were consistently decreased in the Placebo group as compared to the Caffeine group and population norms (Williams, et al. 1974) in this study.  This finding was most likely a chance group difference.  Greater Stage 4 in the Caffeine group probably does not represent recovery from prior sleep deprivation, because the stage 4 amount in that group is within one standard deviation of the population norm value (Williams, et al. 1974).  It is unlikely that these baseline sleep or prophylactic nap differences account for any of the differences reported from the continuous operation, particularly considering the fact that the groups were very similar on most measures collected after the prophylactic nap until caffeine was administered.

The positive interaction of naps and caffeine use is not surprising either in terms of common use or previous work.  Patients with narcolepsy are commonly advised to make judicious use of naps in addition to using their stimulant medication.  Just as evidence exists that the deactivation of mild sleep restriction interacts with the depressant effect of alcohol to potentiate sleepiness (Roehrs, Zwyghuizen-Doorenbos, Timms, Zorick, & Roth 1989), one would expect caffeine to interact positively with additional sleep.

The data presented here are applicable to individuals shifting to night work who do not have accumulated sleep loss.  These data suggest that performance across a nocturnal shift and the following day can be maintained at a high level by the use of a prophylactic nap prior to the work shift and caffeine during that work shift.  The use of such a strategy to maintain extended performance may be preferable to tolerating decreased alertness and performance in many work settings.  In occupations where a high level of alertness is demanded, such as in hospitals, the provision of a secure afternoon nap and the availability of caffeine at night might be preferable to work schedules in which doctors are only allowed to take naps during the night if workload permits.  In the latter common work schedule, doctors are in a conflict of interest setting (patient care versus sleep), cannot use caffeine because it could interfere with a sleep opportunity that might arise, and may suffer from sleep inertia (Dinges 1989; Stampi 1989) if awakened in the middle of the night in an emergency situation.
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Table 1

Study Performance Schedule


   TIME
TESTS
TEST NUMBER

1.  08:00
Battery 1
Baseline

2.  09:30
Battery 2
Baseline

3.  20:00
Battery 1
Repetition 1

4.  22:30
Battery 2
Repetition 1

5.  03:00
Battery 1
Repetition 2

6.  04:30
Battery 2
Repetition 2

7.  09:00
Battery 1
Repetition 3

8.  10:30
Battery 2
Repetition 3

9.  15:00
Battery 1
Repetition 4

10. 16:30
Battery 2
Repetition 4

11. 21:00 
Battery 1
Repetition 5

TEST BATTERY 1:  Logical Reasoning (30 Min), Tremor (2 Min), Sleepiness Scale, Digit Symbol Substitution (5 Min), Oral Temperature, Tapping (10 Min), Williams Word Memory, POMS, MSLT.

TEST BATTERY 2:  Sleepiness Scale, Digit Symbol Substitution (5 Min), Oral Temperature, Wilkinson Addition (60 Min), Visual Vigilance (60 Min), MSLT.

Table 2

Baseline Means










Caffeine




Placebo










X



SD




X


SD

t

P

Performance


Adds Correct


148.0

88.0



168.0
65.0

-.633
NS


Vigilance P(A)

92.8


0.8




91.6
0.6

4.16
.01


DSST




127.0

24.0



118.0
20.0

.997
NS


Logical Reasoning
185.0

104.0


217.0
90.0

-.806
NS


Tremor




20.9


19.8



11.2
8.4

1.562
NS

Physiological


MSLT (non-log)

8.5


7.4




11.4
5.0

-1.124
NS


Oral Temperature
97.9


0.6




97.9
0.7


0

NS

Mood


VAS





5.0


1.6




4.9

1.9

.109
NS


POMS Fatigue

11.2


7.2




11.0
7.6

.066
NS


POMS Vigor


16.2


6.8




18.2
4.3

-0.861
NS

Table 3

Nocturnal Baseline and Recovery Sleep


















Placebo vs 
Baseline vs


















Caffeine


Recovery 







Baseline
Recovery
Group



Night





Interaction


















F

  
P



F




P




F


P

Total Sleep Time


435.


467.


0.31
0.58


23.39

0.00


0.08

0.77

% Stage 1




10.



4.3




1.01
0.32


45.86

0.00


3.08

0.09

% Stage 2




46.



44.




4.55
0.04


0.90

0.35


0.00

0.95

% Stage 3




5.9



6.8




2.36
0.13


1.55

0.22


0.01

0.91

% Stage 4




12.



22.




4.05
0.05


56.86

0.00


6.26

0.02

% Stage REM




20.



19.




0.13
0.71


0.19

0.66


0.06

0.80

% Stage Movement
.83



1.0




0.00
0.96


1.39

0.25


0.03

0.86

Sleep Latency



11.



4.6




0.58
0.45


15.87

0.00


0.02

0.88

Latency to REM



116.


97.




0.04
0.84


2.31

0.14


0.82

0.37

Wake Time




19.



5.8




2.79
0.10


8.72

0.00


3.04

0.09

Stage Changes



128.


112.


1.05
0.31


5.75

0.02


6.92`
0.01

Time in Bed




466.


477.


0.01
0.92


3.41

0.07


2.72

0.11

Sleep Efficiency



95.



98.




3.15
0.09


9.93

0.00


3.59

0.07

Table 4

 Prophylactic Nap Sleep in Placebo 

and Caffeine Groups











F


P






Group 1



Group 2























X







X

Total Sleep Time




0.91
0.34




167.




142.

% Stage 1







1.19
0.28




6.7





8.9

% Stage 2







0.02
0.86




33.





32.

% Stage 3







6.59
0.01




7.1





3.0

% Stage 4







4.30
0.05




15.





8.3

% Stage REM






0.64
0.43




12.





9.4

% Stage Movement


0.11
0.74



.37





.43

Sleep Latency






0.88
0.35




9.8





28.

Latency to REM




2.82
0.10




57.





100.

Wake Time







1.42
0.24




58.





87.

Stage Changes





0.00
0.93




56.





56.

Time in Bed






0.55
0.46




234.




238.

Sleep Efficiency




1.25
0.27




74.0




62.0

Table 5

Anova Summaries










Caffeine


Placebo

Group F
P


Interaction F



P

Performance


Additions Correct



1.05






.93






6.29


.05


0.56







NS 


Vigilance P(A)




see figure 
2




















3.58






.01


Logical Reasoning



0.82






1.00




3.89


.06


8.54






.001


Tremor







7.44






3.34



0.78



NS


0.85







NS

Physiological


Oral Temperature



1.00
83


1.0034

25.88


.001
1.24







NS


MSLT







see figure
 1










5.47



.02


2.92






.01

Mood


POMS Fatigue




2.44





2.19




0.05




NS


0.66







NS


POMS Vigor






see figure
 3









3.24



.08


2.97






.02


Alertness/Sleepiness
1.32





1.10





6.13



.05


1.20







NS

Figure Legends

Figure 1  Study time line

Figure 2  Multiple Sleep Latency Test Values (proportion of pre-study baseline) for Caffeine and Placebo Groups.  Significant differences are noted (*) in the Figure.

Figure 3  Vigilance P(A) values (proportion of pre-study baseline) for Caffeine and Placebo Groups.  Significant differences are noted (*) in the Figure.

Figure 4  Profile of Mood States Vigor subscale values (proportion of pre-study baseline) for Caffeine and Placebo Groups.  Significant differences are noted (*) in the Figure.
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