Sleep Research Highlight:

A New MATHEMATICAL MODEL FOR THE HOMEOSTATIC
EFFECTS OF SLEEP L0SS ON NEUROBEHAVIORAL
PERFORMANCE (McCAULEY, P. ET AL. J. THEOR BIOL.
2009;256:227-239).

More than 25 years ago, basic principles of how sleep timing and
duration are regulated in humans were captured in the seminal two-
process model of sleep regulation.! The regulatory processes featured
in this model are 1) a homeostatic process, which keeps track of time
spent awake and time spent asleep, and 2) a circadian process, which
keeps track of time of day. It has been shown that these processes pre-
dict waking neurobehavioral function under conditions of total sleep
deprivation.2 However, recent sleep dose-response studies?# revealed
that the two-process model does not accurately capture the cumula-
tive performance impairments observed over days of chronic sleep
restriction. This suggests the existence of an additional process,’
modulating the homeostatic process over the long term (days to
weeks). An attempt was made to implement such a modulating pro-
cess in the framework of the two-process model,¢ but the approach
taken initially was not successful in simultaneously predicting
performance during total sleep deprivation and across days of sleep
restriction. McCauley and colleagues in the Sleep and Performance
Research Center at Washington State University Spokane extended
the effort, and discovered a modeling solution to this problem?” that
may have some far-reaching implications for understanding the
effects of sleep loss on neurobehavioral functioning.

A set of differential equations for the homeostatic process was
formulated, representing two underlying biological subprocesses
interacting dynamically with each other (and with the circadian
process) during wakefulness and during sleep. One subprocess is
characterized by time constants in the order of hours, the other by
time constants in the order of days, and their reciprocal interactions
involve positive feedback.” The neurobiological underpinnings are
not fully known, and many systems and substrates are likely to be
involved. One hypothesis involves adenosinergic mechanisms: the
subprocess with the shorter time constants would reflect changes in
(extracellular) concentrations of adenosine, and the subprocess with
the longer time constants would reflect up- and downregulation of
adenosine receptors. Upregulation of adenosine receptors occurs in
response to sleep loss, and in turn increases sensitivity to sleep loss.®
It is precisely this kind of system that the model of McCauley and
colleagues suggests causes the build-up of neurobehavioral impair-
ment across days of sleep restriction. Such a mechanism implies that,
besides trait vulnerability to sleep deprivation,? a person’s sensitivity
to sleep loss is determined by his/her sleep history—as was recently
demonstrated experimentally.10

Analysis of the model’s dynamics as a function of sleep dose yield-
ed a surprising finding: the two interacting homeostatic subprocesses
showed fundamentally different overall behavior under conditions of
total sleep deprivation and severe sleep restriction (less than -4 hours
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sleep per day) than under conditions of less or no sleep restriction.”
This so-called “bifurcation” effect provided an integrated prediction
framework for the ostensibly different neurobehavioral effects of
total sleep deprivation vs. chronic sleep restriction as observed in
the laboratory. The bifurcation was confirmed by the data of the
two major published dose-response studies of sustained sleep restric-
tion?4: for restriction to 8 hours or less, down to 4 hours, time in
bed per day, performance deficits increased over days but eventually
appeared to converge to an equilibrium state of stable, suboptimal
performance; whereas for restriction to 3 or 0 hours time in bed per
day performance deficits escalated rapidly and did not converge to
an equilibrium state. See Fig. 1.
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Figure 1—Model predictions” for daytime averages (09:00-19:00)
of performance lapses (reaction times > 500 ms) on a psychomotor
vigilance test (PVT), expressed relative to baseline, in two dose-
response studies of sustained sleep loss.34 Left panel: daily time in bed
for days 1 through 14 is restricted to 8 hours (diamonds), 6 hours
(squares), 4 hours (circles) or 0 hours (triangles); day O represents
baseline and days 15 and 16 involve recovery sleep (8 hours time
in bed each). Right panel: daily time in bed for days 1 through 7 is
extended to 9 hours (diamonds) or restricted to 7 hours (squares), 5
hours (circles) or 3 hours (triangles); day 0 represents baseline and days
8 through 10 involve recovery sleep (all 8 hours time in bed). Notice
that the 3-hour and 0-hour time in bed conditions (triangles in both
panels) do not fit the near-linear dose-response relationship among the
other conditions, showing instead a more rapid escalation of predicted
performance impairment. This reflects the model’s bifurcation (i.e.,
qualitatively different behavior) just below 4 hours time in bed per day,
as corroborated by the data of the two studies.?4
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Assuming further validation efforts will be successful, the model
of McCauley and colleagues makes a number of notable predic-
tions. Simulations driven by the model show that one or two nights
of recovery sleep should suffice for neurobehavioral recuperation
after a period of acute total sleep deprivation,'! but several more
recovery nights may be needed to overcome the cumulative effects
of sustained sleep restriction.> Moreover, although “sleeping in” to
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overcome the effects of prior sleep loss would accelerate recupera-
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result in more performance improvement the greater the amount of

n, this strategy is predicted to be neither necessary nor sufficient to
tore performance to baseline levels.!2 The model also predicts that
extended recovery night after a period of chronic sleep loss should

prior sleep loss. However, if the pattern of sleep restriction is repeated

aft

er the recovery night, then the performance improvement will dis-

sipate quickly—after just a few days it would seem as if the recovery

night never took place. Preliminary data from a laboratory study at

the University of Pennsylvania appear to support this prediction.!?

The hours of service implications in extended work environments

could be profound, as is illustrated for a hypothetical medical resi-

dency program in Fig. 2.
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Figure 2—Illustration of model predictions” for daytime averages
(09:00-19:00) of performance lapses (reaction times > 500 ms) on a
psychomotor vigilance test (PVT), expressed relative to baseline, across
three different 4-week rotation schedules in a hypothetical medical
residency program. The House Staff schedule (circles) involves 5 hours
time for sleep from Monday through Saturday and 8 hours time for
sleep on Sunday. The Elective 1 schedule (diamonds) involves no time
for sleep every fourth day, 10 hours time for (recovery) sleep on the day
thereafter, and 5 hours time for sleep on the remaining week days and
8 hours time for sleep on the remaining weekend days. The Elective
2 schedule (squares) involves 4 hours time for sleep from Monday
through Friday and 9 hours time for sleep during the weekend. All
three schedules have an average of 5.43 hours of time for sleep per day,
and are predicted to result in cumulative performance impairment due
to the sustained sleep restriction across the 4-week rotation (despite
intermittent performance improvement following the days with the
longer sleep periods). However, the grand average daytime level of
performance impairment is predicted to be noticeably greater for the
Elective 1 schedule, making this hypothetical schedule the least efficient
in terms of performance relative to time invested in sleep.
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A schedule with sustained sleep restriction to, say, 4 hours time
bed daily produces considerable cumulative performance deficits,
shown in Fig. 1. Yet, if such a schedule is followed by one or

more days with more modest sleep restriction, then the prediction

is not that there will be more modest additional degradation of per-

formance, but rather that some improvement will occur. Although

subjective experience might support this prediction, it is counterin-

tuitive from a cumulative “sleep debt” perspective.!4 Indeed, the new
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model does not substantiate a “sleep debt” account of the neurobe-

havioral consequences of sleep loss. Instead, the model dynamics

imply that the effects of sleep restriction and sleep extension on per-

formance should be interpreted in terms of physiologic balance shifts

that depend on the prevailing ratio of total wake time to total sleep

time. In this view, interestingly, the seemingly irresolvable question

of “which components of sleep are most important for recuperation”

is, at least in a practical sense, largely irrelevant.

References

1.

10.

11.

12.

13.

14.
15.

-18-—

Borbély AA. A two process model of sleep regulation. Human Neuro-
biol. 1982;1:195-204.

Daan S, Beersma DGM, Borbély AA. Timing of human sleep:
recovery process gated by a circadian pacemaker. Am. J. Physiol.
1984;246:R161-R178.

Belenky G, Wesensten NJ, Thorne DR, Thomas ML, Sing HC, Red-
mond DP, Russo MB, Balkin TJ. Patterns of performance degradation
and restoration during sleep restriction and subsequent recovery: a sleep
dose-response study. J. Sleep Res. 2003;12:1-12.

Van Dongen HPA, Maislin G, Mullington JM, Dinges DE The cumu-
lative cost of additional wakefulness: dose-response effects on neurobe-
havioral functions and sleep physiology from chronic sleep restriction
and total sleep deprivation. Sleep 2003;26:117-126.

Johnson ML, Belenky G, Redmond DP, Thorne DR, Williams JD,
Hursh SR, Balkin TJ. Modulating the homeostatic process to predict
performance during chronic sleep restriction. Aviat. Space Environ.
Med. 2004;75:A141-A146.

Avinash D, Crudele CB, Amin DD, Vacs EE, Dinges DE, Van Dongen
HPA. Goodness-of-fit of an expansion of the two-process model to
predict cumulative performance impairment due to chronic sleep
restriction. Sleep 2005;28:A133-A134.

McCauley P, Kalachev LV, Smith AD, Belenky G, Dinges DE Van
Dongen HPA. A new mathematical model for the homeostatic
effects of sleep loss on neurobehavioral performance. J. Theor. Biol.
2009;256:227-239.

Basheer R, Bauer A, Elmenhorst D, Ramesh V, McCarley RW. Sleep
deprivation upregulates A; adenosine receptors in the rat basal fore-
brain. NeuroReport 2007;18:1895-1899.

Van Dongen HPA, Baynard MD, Maislin G, Dinges DF. Sys-
tematic interindividual differences in neurobehavioral impairment
from sleep loss: evidence of trait-like differential vulnerability. Sleep
2004;27:423-433.

Rupp TL, Wesensten NJ, Bliese PD, Balkin TJ. Banking sleep: realiza-
tion of benefits during subsequent sleep restriction and recovery. Sleep
2009;32:311-321.

Lamond N, Jay SM, Dorrian J, Ferguson SA, Jones C, Dawson D. The
dynamics of neurobehavioural recovery following sleep loss. J. Sleep
Res. 2007;16:33-41.

Van Dongen HPA, McCauley P, Kalachev LV, Belenky G. Modeling
recovery after chronic sleep restriction: sleep extension can provide
recuperation of performance but may be neither necessary nor suf-
ficient. Sleep 2009;32:A146.

Banks S, Van Dongen HPA, Dinges DF. Neurobehavioral response to
sleep restriction is influenced by pre-existing sleep debt. Sleep Biol.
Rhythms 2007;5:A103.

Dement WC. Talking about our sleep debt. Sleep Rev. 2006;7:10-13.

Peter McCauley M.A., Mark E. McCauley, Hans PA. Van Dongen
Ph.D. Sleep and Performance Research Center, Washington State Uni-
versity Spokane



