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Abstract

Bonnet, M.H. and Arand, D.A. METABOLIC RATE AND THE RESTORATIVE FUNCTION OF SLEEP.  It has been shown that performance improves during sleep more rapidly after sleep deprivation than during normal sleep.  Recovery after sleep deprivation is also characterized by a different sleep stage distribution and by a decreased metabolic rate compared to a normal night of sleep.  The present study examined whether sleep during a period of increased metabolic rate was less restorative than a normal period of sleep.  Twelve normal young adults participated for two 4-day periods.  In each period, an undisturbed baseline sleep night was followed by baseline testing.  On the subsequent night, Ss slept a total of 212 minutes starting at 0200 after consuming placebo or 400 mg of caffeine.  After the nap, subjects remained awake for 41 hours until beginning an undisturbed night of recovery sleep.  During the period of sleep loss, subjects remained at the sleep laboratory where they performed computer tests and MSLTs.  The caffeine produced a significant increase in metabolic rate during the nap.  Although total sleep time was held constant, there was an increase in stage 1 and a decrease in stage 4 sleep after caffeine use.  Performance on addition and vigilance tasks was significantly decreased after the caffeine plus nap condition.  However, no significant differences were found on the MSLT, and subjective vigor was significantly greater following the caffeine and nap combination.  It was concluded that the beneficial effect of sleep in maintaining performance was decreased by increased physiological activation during sleep.

Keywords:  Sleep Deprivation, Nap, Caffeine, Work Schedules, Continuous Performance

It is common for patients with insomnia and normal sleepers who must sleep at unusual circadian times to report both poor sleep and residual fatigue and dysphoria.  The residual symptoms may simply be secondary to poor sleep.  However, when the nocturnal sleep of insomniacs is examined, it frequently does not appear as disturbed as the complaints imply.  Studies have shown that nocturnal sleep must be decreased to 5 hours per night for 2 nights to detect residual daytime performance or mood effects (Wilkinson, Edwards, & Haines, 1966).  Insomniacs rarely have sleep which consistently meets these criteria.  In addition, it is not clear whether the increase in wake time itself is sufficient to produce the sleep-associated symptoms reported by insomniacs (Bonnet, & Arand, 1995b).

Several studies have shown that insomniacs have increased physiological activity, as measured by body temperature, heart rate, muscle activity, and skin resistance (Monroe, 1967) at bedtime or during the night.  Recently, it has been shown that insomniacs have increased 24-hour metabolic rate as compared to matched normal sleepers (Bonnet, & Arand, 1995a).  Similarly, normal young adults given caffeine at their normal bedtime show an increase in metabolic rate, poor sleep, and subjective fatigue on days which follow (Bonnet, & Arand, 1992).  Normal sleepers also have a higher metabolic rate on nights of poor sleep than on baseline nights, and their baseline sleeping metabolic rate is significantly higher than during recovery sleep after a night of sleep disturbance (Bonnet, Berry, & Arand, 1991).  It is therefore possible that increased physiological activity itself may reduce the ability of sleep to restore function, and if so, it may be that this less restorative sleep results in the reports of fatigue and poor function.

Typically manipulations which increase metabolic rate also decrease total sleep time and make differentiation of sleep and metabolic effects difficult.  Therefore, the current study sought to examine the recuperative potential of sleep by holding total sleep time constant and varying the level of physiological arousal at the trough of the circadian curve.  Specifically, it was hypothesized that performance and alertness following sleep in a shortened nocturnal sleep period at an increased metabolic rate would be degraded as compared performance and alertness following a similar amount of non-manipulated nocturnal sleep.

METHOD

Subjects

Subjects were required to be healthy, 18- to 30-year-old males without significant history of sleeping problems, shift work, frequent naps, or benzodiazepine use.  Potential subjects using more than 250 mg of caffeine were excluded.  Selected subjects took infrequent naps.  All subjects completed an informed consent and a four-hour practice session on study tests before being scheduled for the study.

Design

All selected subjects were scheduled for a laboratory adaptation night, which was preceded by additional test practice.  The study proper involved spending two sessions of four consecutive nights in the laboratory.  The initial night of each of the two periods was a baseline sleep night.  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 (see Table 1).  

After the tests were complete, Ss were allowed to leave the laboratory until 2400 with the request that they avoid naps and unusual behavior.  When Ss returned at 2400, they had EEG recording electrodes applied, performed practice computer tests, had a 30-min. baseline metabolic observation, randomly received pills containing either placebo on one week or 400 mg of caffeine (on the alternate week), and were put in bed at 02:15.  Subjects were allowed to accumulate a total of 210 minutes of sleep (based on technician observation while sleep data were being recorded) and were awakened a little after 06:00.  Metabolic data were collected during the 210 minutes of sleep (in 10 of the 12 subjects) to document the impact of caffeine on metabolic rate.  Subjects then remained awake for approximately 41 hours before being allowed a normal night of recovery sleep.  While awake, Ss  performed computer tests and MSLTs and were fed standard meals (including an extra meal at 0300 on the night awake).

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 1-3 individuals.  Subjects completed all tests and questionnaires at their individual computer workstation 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.

Tests

Performance and mood were assessed with a battery of measures including  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)), computer modified Williams Word Memory Test of immediate free recall (Williams, Gieseking, & Lubin, 1966), computer modified Wilkinson Addition (60 min. (Wilkinson, 1970)), visual vigilance (60 min. (Scerbo, Warm, & Fisk, 1987)), subjective sleepiness (10-point visual analog scale), Profile of Mood States (POMS), and oral temperature.  The tests were administered in repeated batteries (see Table 1 for the schedule and battery contents).  Results from the MSLT, oral temperature, POMS Vigor and Fatigue subscales, subjective sleepiness, Vigilance,  Digit Symbol Substitution, and Addition tests will be reported in this paper.

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 performance measures were calculated as percentage changes from performance levels attained on the baseline day in the laboratory for each week.  The MSLT was scored for the latency to stage 2 sleep to maximize the sensitivity of the test during sleep loss.

EEG Recordings

Four-channel sleep recordings (LE - A2, RE - A2, C3 - A2, OZ - A1) were made during nocturnal sleep periods, naps, and MSLT evaluations.  Fourteen MSLT evaluations were made during each week of the study.  The first occurred at 1000 hr on the baseline day.  The remaining  MSLT tests began at 0700 hr after the 3.5- hr nap and continued at 3-hour intervals until 1900 hr on the next day.

RESULTS

Data Analysis

Twelve subjects participated in the study.  All performance variables were expressed as the proportion of change from baseline  (i.e., observation divided by baseline score) to help control for learning on the tests from one week to the next.  Data  were analyzed by ANOVA with terms for condition (placebo or caffeine), time of test (df dependent upon number of administrations of a given test) and interaction.  Pairwise comparisons were performed with the Neuman-Keuls test at the .05 significance level using the Huynh-Feldt corrected degrees of freedom.  When interaction F-values were not statistically significant (p > .1), the interaction variance was pooled with the error variance to test the main effects.  All reported results in the text will refer to statistically significant differences (p < .05) except where noted otherwise.

Sleep Variables

There were no significant differences when the baseline nights from week 1 and week 2 were compared by paired t-test.  Sleep data from the two 3.5 hour naps are presented in Table 2.  It can be seen from the table that subjects were in bed an average of 12 min. longer on the caffeine nights (not significantly different) to accumulate 213 min. of sleep.  The actual total sleep time for both conditions was 213 min.  There was a significant increase in stage 1 sleep (17 vs. 12%) and a decrease in stage 4 sleep (9.8 vs. 16%) in the caffeine condition compared to the placebo condition.  There was a borderline increase in EEG arousals in the caffeine condition (40 vs. 31).

Recovery sleep data are summarized in Table 3.  Characteristic post-deprivation recovery sleep changes were seen.  However, there were no significant differences  between groups in recovery night sleep parameters.  There was a trend toward increased stage 2 sleep (p < .1) in the caffeine group  (48 vs. 44%).

Metabolic Data

Due to scheduling and equipment availability, metabolic rate was recorded in only 10 of the 12 Ss.  Average 

 during the 210 min. nap was 82.7% of baseline after the placebo and 87.1% of baseline after caffeine administration.  These values differed significantly: t9 = 2.802, p = .021.

Performance variables  

Results from the Addition Test (number of problems attempted) are plotted in Figure 1.  There was a significant group by time interaction (F6,66 = 2.46, p < .05). Significantly more problems were attempted following placebo at the 2200 and the following 0500 time point than following caffeine.  Results of additions attempted from a separate study of 64 hours of total sleep loss (Bonnet, 1991) are also plotted in Figure 1 as a reference.  Similar results to those plotted were found for the number of correctly completed problems.  

Statistically significant interactions were not found for any other performance or mood variable.  However, like additions, all performance variables were improved early in the study following caffeine and improved late in the study following placebo.  As a result, ANOVA results are presented for these variables for both the entire study (Table 4) and for the second half of the study (Table 5).

On the visual vigilance task, performance was significantly better following placebo for both the entire study and for the second half of the study (see Table 4 and 5 for ANOVA and mean values).  On the Digit Symbol Substitution and Word Memory tests, performance was improved in the placebo condition compared to the caffeine condition for both the entire study and the second half of the study, but none of the differences were statistically significant.

Mood variables  

The data from the POMS fatigue and vigor scales were analyzed.  Vigor was rated as significantly higher in the caffeine group in the complete study data, and the mean Vigor rating remained non-significantly higher in the caffeine group during the second half of the study.  For fatigue, ratings were non-significantly greater in the placebo group for the entire study and non-significantly greater in the caffeine group for the second half of the study.

No significant differences were found for subjective alertness, as measured by the visual analog scale.  The condition means were the same for the entire study, but there was a trend (p < .1) for increased rated alertness in the placebo condition in the second half of the experiment.
Physiological Measures

No significant condition difference was found on the Multiple Sleep Latency Test in either the complete data set or second half data.  In both data sets, latencies were slightly longer following the caffeine administration.  No significant effects were found for oral temperature, and the data were similar for both conditions.

Interrelationships

Changes in performance seen in the second half of the current study could be secondary to many factors.  It was hypothesized that metabolic rate during the nap would determine later performance.  However, it is possible that changes late in the study were secondary to caffeine use, differential nap sleep stage distribution, or other factors.  To examine this issue major variables were identified and a set of correlations and partial correlations were performed.  Percent change from placebo to caffeine was analyzed for metabolic rate, delta sleep, arousals, and vigilance sensitivity.  Weight was also chosen as an indicator of caffeine dose (since the same dose of caffeine was given to all subjects, low weight subjects had a somewhat higher effective dose of caffeine).  The correlation matrix of these variables is presented in Table 6.  It can be seen from the table that the only significant correlations were between metabolic rate and vigilance and weight.  To further assess the correlation between metabolic rate and vigilance, partial correlations each removing the effects of weight, stage 4 or arousals were performed.  When the effects of these variables were partialed out, the correlation between vigilance and metabolic rate increased in each case and remained statistically significant (rvig x mr.weight = -.72, p = .043; rvig x mr.stage 4 = -.767, p = .024; rvig x mr.arousals = -.788, p = .017)

DISCUSSION

In this experiment, there was a significant increase in metabolic rate during a 3.5-hr nap period as a function of caffeine administration.  This 5% increase in metabolic rate can be compared with about a 9% difference between chronic insomniacs and matched normals (Bonnet, & Arand, 1995a).  Arousal produced by the caffeine was sufficient to increase stage 1 sleep and decrease stage 4 sleep significantly.  This sleep and metabolic data support the contention that the caffeine administration did have an impact on the sleep process.

One of the primary functions of sleep is the reversal of accumulated sleepiness.  Several means of measuring sleepiness have been developed and typically include changes in mood, objective sleep latency, and ability to perform various psychomotor performance tests.  In most experiments, these three groups of dependent variables all move in consistent directions to reflect sleepiness or alertness.  In the current study, the psychomotor tests consistently indicated decreased performance ability compared to baseline following the caffeine administration and nap.  However, the mood data did not clearly support degraded or improved improved mood after caffeine or placebo administrations.  In the second half of the study, both POMS Vigor and Fatigue were non-significantly higher following the caffeine nap, and subjective alertness tended (p < .1) to be higher after placebo.  The MSLT data weakly (i.e., nonsignificantly) supported increased alertness following the caffeine administration.  As such, the complete data set can only weakly support the major hypothesis that sleep with the physiological activation produced by caffeine was not as beneficial as normal sleep.  

The reported effects on performance could have been caused by several factors, including sleep-related factors, caffeine-related factors, and chance.  Sleep-related factors which were measured and could have caused the decrease in performance after the caffeine sleep include increased metabolic rate, decreased stage 4 sleep, and increased arousals.  The relationship of these variables to the main effect on vigilance performance in the latter half of the study was examined by the use of correlation and partial correlation.  The change in vigilance performance was most highly correlated with metabolic rate, and this relationship actually increased when the effect of stage 4 or arousals was partialed out.  These results, along with other human studies showing the lack of differential recuperative value of slow wave sleep (Bonnet, 1986, Lubin, Moses, Johnson, & Naitoh, 1974), decrease the likelihood that sleep stage parameters caused the decrease in performance.  It is even more unlikely that total sleep time played any role in the results, because total sleep time was the same in both conditions.

The reported mood and performance results were clearly affected directly by the use of caffeine.  It was planned for the caffeine to remain active to increase metabolic rate throughout the 3.5 hour sleep period, but it can be seen from the performance data (see figure) that the caffeine continued to act for at least 5 hours after the nap to improve mood and performance.  Following that point, there was a rapid decrease in performance in the caffeine group relative to the placebo group.  However, as can be seen from the figure, this 10-20% decline in performance was relatively small in comparison with data from a group of young adults who remained awake instead of having a 3.5 hour nap and whose performance was reduced 40-44% from their baseline abilty.

Are the decreases in performance which appear in the last half of the study the result of a rebound decrease in alertness secondary to caffeine withdrawal rather than differences in the preceding sleep?  Subject weight was added to the vigilance correlations to determine whether any sort of caffeine dose relationship could be seen in the performance data, but a meaningful correlation was not found.  Similar performance data was collected for 24 hours after the administration of 300 mg of caffeine (with no intervening sleep) in a recent sleep deprivation study (Bonnet, Gomez, Wirth, & Arand, 1995).  Careful examination of the data in this study also reveals no indication of performance dropping below placebo levels in subjects receiving caffeine after the metabolic life of caffeine has ended.  Such data decrease the likelihood that the decrease in performance is secondary to direct withdrawal effects of caffeine late in the study.

The most parsimonious explanation of the late study performance data is that sleep during the 3.5 hour nap was degraded and therefore resulted in a more rapid accumulation of performance deficits during the period of sleep deprivation which followed.  Such a finding is congruent with previous studies which have found that psychomotor performance improves more rapidly in post sleep deprivation sleep (total sleep time held roughly constant) than in normal sleep (Bonnet, & Rosa, 1987) and that post-disturbance sleep is characterized by decreased metabolic rates as compared to baseline sleep (Bonnet, et al., 1991).  The data presented here cannot implicate metabolic rate as more than a correlate in the performance effects demonstrated in the current or prior studies.  However, the data do indicate that some central factor beyond total sleep time, sleep stages and sleep continuity as measured by arousals has an impact on the ability of sleep to restore and maintain function.  
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Table 1.  Study Performance Schedule

____________________________________________________________________

     TIME
TESTS

TEST NUMBER
MEDICATION

____________________________________________________________________

  08:00
Battery 1

Baseline



  09:30
Battery 2

Baseline

  06:00
Battery 1

Repetition 1

  07:30
Battery 2

Repetition 1

Meal

  10:30
Battery 2

Repetition 3

  13:30
Battery 1

Repetition 4

Placebo, Meal

  16:30
Battery 2

Repetition 4

  19:30 
Battery 1

Repetition 5

Placebo, Meal

  22:30
Battery 2

Repetition 5

  01:30
Battery 1

Repetition 6

Placebo, Meal

  04:30
Battery 2

Repetition 6

  07:30
Battery 1

Repetition 7

Placebo, Meal

  10:30
Battery 2

Repetition 7

  13:30
Battery 1

Repetition 8

Placebo, Meal

  16:30
Battery 2

Repetition 8

  1930








Meal

____________________________________________________________________  

TEST BATTERY 1:  Sleepiness Scale (VAS), Digit Symbol Substitution (5 min.), Oral Temperature, Wilkinson Addition (60 min.), Visual Vigilance (60 min.), MSLT.

TEST BATTERY 2:  Sleepiness Scale (VAS), Digit Symbol Substitution (5 min.),  Oral Temperature, Williams Word Memory, POMS, MSLT.

Note.  Tests in each battery are listed in the order they are administered. Times appearing in this table refer to approximate starting times for each test battery whereas times reported in the text and figures refer to the starting times of individual tests.  MSLT tests were terminated after two well-defined spindles, K-complexes, or REMS.

Table 2.  Nap Sleep Parameters

	
	PLACEBO
	
	CAFFEINE
	
	t11
	P

	
	Mean
	S.D.
	Mean
	S.D.
	
	

	Total Sleep Time (Min)
	213
	16
	213
	15
	0.000
	NS

	Latency (Min)
	4.1
	5.2
	4.6
	4.9
	0.462
	NS

	Stage 1%
	11.8
	6.8
	17.0
	9.8
	2.264
	0.045

	Stage 2%
	43.4
	9.9
	41.2
	12
	0.668
	NS

	Stage 3%
	8.4
	5.1
	5.4
	3.0
	1.821
	0.096

	Stage 4%
	15.6
	11
	9.8
	11
	2.559
	0.027

	Stage REM%
	16.0
	7.8
	17.5
	9.1
	0.469
	NS

	Stage Movement%
	0.3
	0.3
	0.4
	0.4
	0.114
	NS

	Wake Time    (Min)
	10.8
	16
	23.1
	30
	1.362
	NS

	REM Latency (Min)
	86.4
	43
	91.7
	29
	0.373
	NS

	Stage Changes
	70.9
	21
	69.8
	24
	0.158
	NS

	Arousals
	31
	17
	40
	21
	1.853
	0.091

	Time in Bed (Min)
	228
	26
	240
	36
	1.718
	NS

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	


Table 3.  Recovery Sleep Values

	
	PLACEBO
	
	CAFFEINE
	
	t11
	P

	
	Mean
	S.D.
	Mean
	S.D.
	
	

	Total Sleep Time (Min)
	452
	80
	474
	11
	1.071
	NS

	Latency (Min)
	5.9
	8.2
	3.8
	3.2
	1.002
	NS

	Stage 1%
	6.4
	3.8
	5.3
	3.4
	0.992
	NS

	Stage 2%
	44.3
	7.3
	47.6
	9.1
	1.802
	0.099

	Stage 3%
	8.4
	3.8
	7.8
	3.1
	0.575
	NS

	Stage 4%
	14.8
	11
	13.7
	11
	0.612
	NS

	Stage REM%
	24.7
	6.6
	24.2
	8.9
	0.173
	NS

	Stage Movement%
	0.4
	0.4
	0.5
	0.4
	0.648
	NS

	Wake Time (Min)
	3.4
	4.6
	3.9
	9.1
	0.276
	NS

	REM Latency (Min)
	87.4
	42
	95.2
	72
	0.352
	NS

	Stage Changes
	129
	43
	133
	34
	0.288
	NS

	Arousals
	46
	21
	44
	15
	0.210
	NS


Table 4.  Performance and Mood Variables

	
	PLACEBO
	
	CAFFEINE
	
	F
	df
	P

	
	Mean
	S.D.
	Mean
	S.D.
	
	
	

	Additions Attempted
	1.076
	.26
	1.027
	.26
	2.457*
	6,66
	0.042

	Vigilance P(A)
	1.012
	.13
	0.976
	.05
	6.186
	1,51
	0.025

	Digit Symbol Substitution
	1.099
	.19
	1.072
	.17
	1.340
	1,82
	NS

	Word Memory
	1.003
	.22
	0.945
	.25
	3.12
	1,66
	NS

	
	
	
	
	
	
	
	

	Body Temperature
	98.5
	.64
	98.5
	.58
	1.760
	1,74
	NS

	MSLT (Min)
	9.4
	5.0
	10.6
	4.8
	3.695
	1,11
	0.081

	
	
	
	
	
	
	
	

	Subjective Alertness
	5.4
	2.1
	5.4
	2.0
	0.037
	1,157
	NS

	POMS:
	
	
	
	
	
	
	

	  Vigor
	13.8
	7.5
	16.1
	7.2
	12.85
	1,60
	0.001

	  Fatigue
	10.3
	7.8
	9.8
	5.9
	0.179
	1,41
	NS


*This F-Value represents a significant Condition by Time interaction (see Fig. 1).  The other F-values represent Condition main effect F-values (interactions non-significant for all).

TABLE 5.  Mood and Performance in the Second Half of the Study

	
	PLACEBO
	
	CAFFEINE
	
	F
	df
	P

	
	Mean
	S.D.
	Mean
	S.D.
	
	
	

	Additions Attempted
	1.018
	.21
	0.923
	.24
	2.848*
	3,24
	0.08

	Vigilance P(A)
	0.99
	.15
	0.92
	.04
	4.37
	1,47
	0.05

	Digit Symbol Substitution
	1.07
	.19
	1.03
	.17
	1.105
	1,62
	NS

	Word Memory
	0.98
	.25
	0.90
	.28
	1.973
	1,35
	NS

	
	
	
	
	
	
	
	

	Body Temperature
	98.7
	.77
	98.6
	.59
	0.987
	1,83
	NS

	MSLT (Min)
	6.4
	3.5
	6.9
	4.3
	1.62
	1,66
	NS

	
	
	
	
	
	
	
	

	Subjective Alertness
	4.7
	2.2
	4.3
	2.1
	3.654
	1,39
	0.1

	POMS:
	
	
	
	
	
	
	

	  Vigor
	11.0
	8.7
	12.1
	6.9
	2.12
	1,35
	NS

	  Fatigue
	13.4
	8.3
	14.3
	7.0
	0.377
	1,32
	NS


*This F-Value represents a significant Condition by Time interaction (see Fig. 1).  The other F-values represent Condition main effect F-values (interactions non-significant for all).

Table 6.  Data Correlation Matrix

	
	Vigilance P(A) 

N=12
	Weight

N=12
	Stage 4

N=10**
	Arousals

N=12
	Metabolic 

Rate 

N=10

	Vigilance P(A)
	
	-.325
	-.255
	.397
	-.632*

	Weight 


	-.325
	
	-.402
	.279
	.704*

	Stage 4


	-.255
	-.402
	
	-.627
	-.338

	Arousals


	.397
	.279
	-.627
	
	.074

	Metabolic Rate
	-.632*
	.704*
	-.338
	.074
	


* P < .05

**  Only 10 Ss had stage 4 sleep during the sleep period.

Figure Legends

Figure 1:  Addition problems attempted for placebo and caffeine nap conditions during  sleep loss.  Significantly different points are designated by *.  Also plotted for reference is performance on the same task at the same times in a group of young adults who did not have a 210-min. nap (i.e., total sleep loss) from (Bonnet, 1991).
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