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From many studies of sleep loss, it is evident that sufficient loss of sleep will result in decreased ability to perform on psychomotor tasks ranging from reaction time to short term memory to vigilance (Bonnet, 1994).  Change in mood, as indexed by fatigue, vigor or irritability, is also an early sign of sleep deprivation (Bonnet, 1994).  As such, one can define a function of sleep as the reversal of these performance and mood deficits.  Deficits in alertness accumulate slowly over periods of sleep deprivation and suggest the operation of a lawful process.  Similarly, sleep itself restores function as a lawful, time-related process.  For example, allowing 2 hours of sleep at night is insufficient to reverse the accumulated decrements from the preceding 16 hours of wakefulness (Wilkinson, Edwards, & Haines, 1966).

My goal, about 10 years ago, was to explore this sleep process by breaking sleep into smaller and smaller units until I could find the “just noticeable sleep unit,” i.e. the smallest amount of sleep which would allow the process of sleep to continue.  The rationale for these studies was aided considerably by the fact that at the same time, patients with sleep apnea, who were very sleepy all the time and also had many arousals during the night, had recently been identified.

In the first study, I specifically chose to model the arousal pattern seen in patients with severe obstructive sleep apnea (i.e., an arousal about each minute during sleep) in a group of normal young adult males (Bonnet, 1985).  In these studies, an audiometer attached to a hearing aid earphone insert was used to produce gradually increasing intensity 1000 Hz tones in a standard pattern until a desired response (a verbal response of “I’m awake” with a rating of certainty of sleep) was produced.  Total time in bed was increased to try to keep total sleep time constant so that only “fragmentation” was being tested in the study during the two disturbance nights of this study.

It can be seen from Table 1 that the fragmentation procedure had a large impact on all sleep stages and produced recovery sleep that was similar to that seen after sleep deprivation (Table 2).  Decreases in mood and performance after sleep fragmentation were similar to those seen after total sleep deprivation.

The large performance deficits produced in these young adults, who by normal sleep scoring criteria had slept quite a lot clearly implied that something in the fragmentation had halted the normal process of sleep restoration and that a similar mechanism probably accounted for the sleepiness found in apnea patients.

An examination of sleep and brief arousals in apnea patients revealed that rated daytime sleepiness increased as a function of increasing arousals but that the increase was most apparent with large numbers of arousals.  When we looked at longer periods of sleep between arousals in normal young adults, we also found a relationship between rate of fragmentation and degree of impairment.  Figure 1 shows auditory arousal threshold in normal young adults who had their sleep disturbed either once each minute, each two minutes, each ten minutes or each hour.  It can be seen that the rate of auditory threshold increase, corresponding to the build up of sleep deprivation, was greatest after the one minute sleep periods and correspondingly less as arousals became more infrequent even though Ss were much more likely to be awakened out of SWS or REM the longer they had been asleep.  Decreases in daytime performance ability have paralleled these threshold changes.  From a series of studies, we have been unable to produce daytime decrements when periodic arousals have been placed 20 min. or more apart, and decrements have increased exponentially as the intervals of sleep have been reduced from 10 to 1 min (Bonnet, 1985, Bonnet, 1986a, Bonnet, 1987, Bonnet, 1989).

Over the years, we have examined several other variables as well.  For example, we found that the degree of residual daytime sleepiness was the same in a group of normal young adults if we a) required them to wake up and give a coherent verbal response following a tone; b) required them to make a major body movement in response to a tone; or c) required no response other than an EEG arousal to the tone, although subjects all subjectively preferred the EEG arousal only paradigm (Bonnet, 1987).  In a different kind of study, we produced leg movements using a passive pulley system (Bonnet, 1984).  In that study, also performed in normal young adults, up to 400 leg jerks per night were produced, but no increase in daytime sleepiness or decrease in daytime performance could be documented, almost certainly because the Ss rapidly habituated to the leg jerks (i.e., the jerks quickly stopped producing EEG arousals and sleep EEG became relatively normal).

In another kind of study, the hypothesis that SWS lost during the fragmentation was responsible for the accumulation of sleepiness was tested by producing a constant rate of fragmentation (10 arousals per hour) and simultaneously encouraging or discouraging SWS (Bonnet, 1986b).  Despite producing differential SWS and equal fragmentation, resulting daytime performance and alertness deficits were the same in both conditions, which implied again that it was the continuity of sleep that was important rather than the sleep stages themselves.  

One study looked specifically at depth of sleep and cognitive ability in young adults as their sleep was fragmented on three different schedules (Downey, & Bonnet, 1987).  In this study, a group of young adult subjects had two consecutive nights of experimental sleep disturbance repeated at three different times.  In one two-night period, subjects were briefly awakened after each minute of EEG-defined sleep.  In a second two-night period, subjects were briefly awakened after each 10 minutes of EEG defined sleep.  In a final two-night period, subjects were allowed to sleep for 2.5 hours and were then briefly awakened at sleep onset for the remainder of the night.  After alternate awakenings, subjects were asked to solve mentally and report orally solutions to a random two-digit and two-number addition problem.  Latency in seconds from the presentation of the problem to the response was recorded.  Latencies to correct and incorrect responses did not differ and were therefore combined.  Average response latencies as a function of time of night, night of disturbance, and experimental condition are plotted in slide 10.  

A significant condition by night interaction (F2,32 = 11.9, p < 0.01) was found.  Post-hoc comparisons (Newman-Keuls at p < 0.05) showed that latencies were longest after the ten-minute condition on the first night.  However, on the second night, latencies were longest in the one-minute condition.  This interaction suggests that the sleep inertia or nocturnal confusion effects built up more rapidly when sleep was frequently interrupted.  Response difficulty increased most slowly when subjects were allowed a 2.5 hour period of consolidated sleep.  Subjects took 7 seconds to solve these problems under non-sleep control conditions.  The magnitude of increase in response latency, from about 15 seconds to almost one minute after frequent arousals, suggests major changes in ability to process information and make responses.  In fact, it became very difficult to arouse some subjects at all despite the use of 120 dB tone intensities.  Other Ss would give nonsensical or even non-English responses.  Some Ss reported in the morning that they had heard the technician talking to them but could not remember how to speak to respond.  Subjects usually estimated that they had been awakened 12-14 times per night when they had actually been awakened on the average 120 times per night in the 1-minute awakening condition.  Finally, a significant but relatively low level correlation (r = .32, p < .05) was found between response latency and arousal threshold.

In sum these data suggest that the level of sleep disturbance commonly found in patients with sleep apnea can result in sleepiness and performance loss almost equivalent with that seen in total sleep deprivation.  Additionally subjects begin to sleep very deeply at night and display profound changes in cognitive ability during the night.  These changes, which include mental confusion, inability to respond, and very long response intervals may be related to increasing depth of sleep secondary to nonrestorative sleep. The reported decrements occurred rapidly.  These symptoms are very consistent with sleepiness, memory loss, poor performance, and nocturnal confusion frequently seen in patients with severe obstructive sleep apnea.

If fragmentation of sleep leads to daytime sleepiness, then decreased sleep fragmentation in patients with sleep disorders should result in increased daytime alertness.  We have shown that patients with excessive daytime sleepiness secondary to periodic leg movements have improved daytime alertness and performance, along with improved sleep parameters, when given triazolam 0.125 mg on both an acute and a chronic basis (Bonnet, & Arand, 1990, Bonnet, & Arand, 1991).  Of perhaps more interest in the current context, we have also explored the impact of reducing sleep fragmentation in patients with central sleep apnea.  As shown by Bradley et al (Bradley, et al., 1986), patients with central sleep apnea have most of their apneic events in transitional sleep stages 1 and 2.  This lead to the hypothesis that central apnea might be precipitated by chained sleep-wake state shifts (i.e., arousals) and that, if we could get patients into stable sleep their sleep and alertness would improve and their apnea would decrease.  Therefore, we treated our patients with triazolam 0.125 and 0.25 mg in an attempt to decrease sleep fragmentation (Bonnet, Dexter, & Arand, 1990).  As expected, following both treatment conditions, total sleep time was significantly increased and transitional stage 1 sleep was significantly decreased.  The arousal index and the apnea index were also significantly decreased although no change was seen in oxygen saturation parameters.  As a result of improved sleep, daytime alertness was improved as measured by the Stanford Sleepiness Scale and there was a significant improvement in daytime performance as measured by the Wilkinson Vigilance and Wilkinson Addition tests.

In summary, periodic arousals during the night result in increasing sleepiness as a function of the interval of time between arousals.  When arousals are frequent, deficits similar to those seen after total sleep deprivation have been found.  Observed decrements appear to be specifically related to EEG arousals and do not require complete awakening.  In patients with fragmenting sleep disorders such as periodic leg movements and central sleep apnea, improved nocturnal sleep is related to increased alertness and daytime performance.
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Figure Legend

Figure 1.  Auditory arousal threshold across two consecutive nights of sleep with experimental arousals placed after each 1, 2, 10, or 60 min. of accumulated sleep.
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Table 1.  Sleep stages before, during, and after sleep disruption

	Sleep Variable
	   BL
	   D1
	   D2
	  R1
	  R2
	    F
	Differences

	Latency 1 (min)
	    5.4
	    8.2
	     4.8
	    5.4
	    5.8
	    1.25
	

	Stage W (%)
	    3.1
	  24
	   28
	    0.6
	    1.8
	  25.1*
	R1<R2=BL<D1=D2

	Stage 1 (%)
	    6.4
	  31
	   28
	    3.1
	    5.7
	  54.1*
	R1<R2=BL<D1=D2

	Stage 2 (%)
	  43
	  31
	   31
	  40
	  44
	  15.5*
	D1=D2<BL=R1=R2

	Stage 3 (%)
	    8.8
	    1.1
	     1.2
	  11
	    6.9
	  62.0*
	D1=D2<BL=R2<R1

	Stage 4 (%)
	  14
	    0.7
	     0.2
	  20
	  13
	  39.2*
	D1=D2<BL=R2<R1

	REM (%)
	  19
	    3.7
	     1.8
	  22
	  22
	  55.0*
	D1=D2<BL=R1=R2

	Stage Changes
	132
	479
	504
	128
	115
	123.6*
	D1=D2>BL=R1=R2

	Time asleep (min)
	389
	334
	316
	415
	391
	  12.2*
	D1=D2<BL=R1=R2


Abbreviations: BL, baseline; D, disruption night; R, recovery night.

*p<0.05, Newman-Keuls  pairwise comparisons
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Table 2.  Sleep stages before and after sleep deprivaion as compared with sleep disruption

	Sleep

Variable

  (%)
	Sleep deprivation*

           (36 h)

_________________

BL         R1        Diff
	Sleep deprivation*

           (64 h)

_________________

BL         R1        Diff
	Sleep disruption

_________________

BL         R1        Diff

	Stage W
	  2.3
	  2.1
	  0.2
	  2.2
	  0.4
	  1.8
	  3.1
	  0.6
	  2.5

	Stage 1
	  7.4
	  6.5
	  0.9
	  7.4
	  4.1
	  3.3
	  6.4
	  3.1
	  3.3

	SWS
	23.7
	27.8
	  4.1
	23.9
	36.4
	12.5
	22.8
	31.0
	  8.2

	REM
	23.1
	24.8
	  1.7
	22.8
	22.7
	 -0.1
	19.0
	22.0
	  3.0


Abbreviations: BL, baseline; Diff, difference; R1, recovery night; SWS, slow-wave sleep.
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