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Abstract

Individual differences in vulnerability to'neurobehavioral performance impairment during'sleep
deprivation are considerable and represent a neurobiological trait. Genetic polymorphisms
reported to be predictors have suggested the involvement of the'homeostatic and circadian
processes of sleep regulation in determining this trait. We applied mathematical and statistical
modeling of these two processes to/psychomotor vigilance performance and sleep phyS|oIog|caI
data from a laboratory study of repeated exposure to 36 h of total sleep deprivation in 9 healthy
young adults. This served to quantify the respective contributions of individual differences in the
two processes to the magnitudes of participants’ individual vulnerabilities to'sleep deprivation. For
the homeostatic process, the standard deviation for individual differences was found to be about
60% as expressed relative to its group-average contribution to'neurobehavioral performance
impairment. The same was found for the(circadian process. Across the span of the(total sleep
deprivation period, the group-average effect of the homeostatic process was twice as big as that of
the(circadian process. In absolute terms, therefore, the impact of the individual differences in the
homeostatic process was twice as large as the impact of the individual differences in the/circadian
process in this study. These modeling results indicated that individualized applications of
mathematical models predicting performance on the basis of a homeostatic and a circadian process
should account for individual differences in both processes.
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1. Introduction

In recent years it has become widely recognized that there are trait individual differences in
vulnerability to performance impairment due to sleep deprivation (Van Dongen et al., 2004).
It has been suggested that such trait vulnerability may at least partially be explained by
habitual sleep restriction (Rupp et al., 2009), but no correlation has been found between
individual differences in vulnerability to sleep deprivation and self-reported habitual sleep
duration (Van Dongen et al., 2004). Furthermore, experimental manipulation of prior sleep
ration only marginally affects the expression of the trait (Van Dongen et al., 2004). Recent
reports of genetic predictors of vulnerability to sleep deprivation cast further doubt on a
mere behavioral explanation of the trait (King et al., 2009), suggesting instead that it may be
fundamentally neurobiological in nature. Genetic polymorphisms identified as candidate
predictors of vulnerability to sleep deprivation (Goel et al., 2010; Rétey et al., 2006; Viola et
al., 2007) are believed to be associated with the sleep homeostatic and circadian regulation
of sleep. This suggests involvement of the homeostatic and circadian processes in
determining trait vulnerability to performance impairment during sleep deprivation, and
raises interest in quantifying the respective contributions of individual differences in these
two underlying processes (Van Dongen, 2006).

The laboratory study that first established the trait-like nature of vulnerability to sleep loss
(\VVan Dongen et al., 2004) involved repeated exposure to 36 h of total sleep deprivation. A
neurobehavioral test battery was administered every 2 h, and impairment was assessed by
averaging performance measurements across the test bouts in the final 24 h (i.e., one
circadian cycle) of each sleep deprivation period. This yielded multiple assessments of
vulnerability to performance impairment during sleep deprivation per subject, which is
essential for the disentanglement of systematic between-participants variance from within-
participants variance and measurement noise. By averaging the data within each sleep
deprivation period, however, the sleep homeostatic and circadian rhythm processes driving
performance deficits (Van Dongen and Dinges, 2005) remained intertwined. Therefore,
questions about the relative contributions of the two processes to trait vulnerability to sleep
loss could not be addressed in this data analysis approach. Here, we revisit this issue in a
new laboratory data set of repeated sleep deprivation, using mathematical and statistical
modeling to disentangle the circadian rhythm from the sleep homeostat at the level of
individual participants.

2. Methods

2.1. Participants and experiment

Nine healthy volunteers (2 men, 7 women; ages 22 - 40 years) completed an 11-day
laboratory study. They were physically and psychologically healthy and free of traces of
drugs, as assessed by physical examination, blood chemistry, urine analysis, and history.
They reported to be good sleepers, habitually sleeping between 7 and 9 h per night and
regularly getting up between 06:30 h and 08:30 h. Participants were instructed to maintain
their habitual sleep/wake pattern and not to take naps, as verified by means of actigraphy
and diary, and to abstain from caffeine, tobacco, alcohol and drugs during the seven days
before the experiment.

The experiment was conducted in a controlled laboratory environment of the Sleep and
Performance Research Center at Washington State University Spokane. Fig. 1 (top)
illustrates the study protocol. Upon entering the laboratory, participants practiced the
neurobehavioral test battery (described below). They went to bed at 22:00 h and got up 12 h
later at 10:00 h the next morning. They performed a low workload (0.2-h) version of the
neurobehavioral test battery every 2 h beginning at 10:00 h. They went to bed at 22:00 h and
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got up 12 h later at 10:00 h the next morning. They were then subjected to 36 h of total sleep
deprivation, during which they performed the neurobehavioral test battery every 2 h. The
test battery could involve either medium (0.5-h) or high (1.0-h) workload, as further
explained below.

At 22:00 h at the end of the 36-h sleep deprivation period, participants went to bed. After a
12-h recovery sleep opportunity, they got up at 10:00 h, and performed the low workload
version of the neurobehavioral test battery every 2 h. They went to bed at 22:00 h and again
got up 12 h later at 10:00 h the next morning. This pattern of a 36-h sleep deprivation period
with medium or high workload testing, followed by a 12-h recovery sleep period and a 12-h
rest day with low workload testing and an additional 12-h sleep period, was repeated two
more times. One of the three sleep deprivation periods involved the high workload version
of the test battery; the other two sleep deprivation protocols involved the medium workload
version. These conditions occurred in randomized, counterbalanced order. At 10:00 h after
the last laboratory sleep period, participants performed the low workload test battery one
final time, and then went home.

The laboratory environment was strictly controlled in terms of scheduled activities and
environmental conditions. Participants were in their own room for performance testing and
sleep, and shared a common suite with up to three other participants at other times.
Participants were behaviorally monitored continuously, and were allowed only non-vigorous
activities between test bouts. Light exposure was less than 50 lux during scheduled
wakefulness, and lights were off during scheduled sleep. Ambient temperature was
maintained at 21 + 1 °C. Standardized meals were given at 11:00 h, 15:00 h and 19:00 h
each day, and also at 23:00 h, 03:00 h and 07:00 h during sleep deprivation periods. Meals
were strictly controlled in terms of calories and nutrients (proteins, fats and carbohydrates);
the amount of food participants received during the 36-h sleep deprivation periods matched
their normal two-day caloric requirement based on height and weight. No caffeine, alcohol
and tobacco were allowed during the experiment.

2.2. Measurements

The neurobehavioral test battery contained a number of cognitive performance tasks
described in detail elsewhere (Van Dongen et al., 2004), and included a psychomotor
vigilance test (PVT) which was used for the present analyses. The PVT is a sustained
attention reaction time task measuring behavioral alertness (Dorrian et al., 2005). The
number of PVT lapses (reaction times > 500 ms) was used as the primary outcome variable.
As mentioned above, the experiment involved manipulation of the duration of the test
battery, which was done for reasons beyond the scope of the present paper. During the sleep
deprivation periods there was either a high workload version of the test battery totaling 1 h
in duration, which included a 20-minute PVT; or a medium workload version of 0.5 h
duration, which included a 10-minute PVT. Only data from the two sleep deprivation
periods with medium workload, containing the 10-minute version of the PVT, are
considered here. Since the test battery was administered every 2 h, there were 18 test bouts
during each sleep deprivation period, and thus each participant contributed 36 PVT data
points. The data points acquired immediately after awakening, which were potentially
affected by sleep inertia, were discarded, leaving 34 data points per participant.

All eight sleep periods were recorded polysomnographically with digital equipment (Nihon
Kohden). The electrode montage included frontal (Fz), central (C3, C4), and occipital (Oz)
electroencephalogram (EEG) referenced against the mastoids (A1/A2), bilateral electro-
oculogram (EOG), and submental electromyogram (EMG). The records were scored
visually in 30-second epochs using conventional criteria (Rechtschaffen and Kales, 1968).
Sleep latency, total sleep time, and time of final awakening were assessed from the scored
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records. Using these data, a sleep/wake timeline across the experiment was constructed for
each participant, as illustrated in Fig. 1 (bottom). The sleep homeostatic impact of brief
intermittent awakenings during sleep periods was deemed negligible, and as such it was
ignored for modeling purposes (In our sample of good sleepers, intermittent awakenings
were relatively infrequent and brief. The average number of polysomnographically assessed,
intermittent awakenings per sleep period was 15.2, with a between-participants standard
deviation of 6.5. The average duration of intermittent awakenings was 2.5 minutes, with a
between-participants standard deviation of 1.3 minutes.).

In the seven days before the beginning of the laboratory experiment, participants were
required to maintain their habitual sleep/wake pattern and not to take any naps, and to
abstain from caffeine, tobacco, alcohol, and drugs. Their sleep times were monitored by
actigraphy (Ambulatory Monitoring) and diary. Each participant’s average daily sleep
duration in the seven days before the experiment was assessed from the actigraph records.
Furthermore, the time of awakening on the day of laboratory admission was determined
from each participant’s actigraph record, providing the starting point of the sleep/wake
timeline (see Fig. 1, bottom).

2.3. Mathematical modeling

Mathematical model predictions of performance across each participant’s entire sleep/wake
timeline were derived using published equations for the homeostatic and circadian processes
(Borbély and Achermann, 1999). The equation for the homeostatic process for wakefulness
was transformed from its published iterative form to an equivalent closed form. In this form,
the homeostatic state S during scheduled waking period j at time awake tj, measured in hours
from the time of the most recent awakening, is given by:

S(t)=(S j — Dexp(—t; ry)+1, "

where S;j is the homeostatic state at the onset of waking period j (j = 1, ..., 8). Here S;j can be
determined by iterating over the following:

S i=((S j-1 — Dexp(—w j—1 rw)+Dexp(=sj_1 ry), @)

where rg and r,, are rate constants respectively defined as the inverse of the published time
constants for the decline of homeostatic pressure during sleep, rs = 1/4.2, and the build-up of
homeostatic pressure during wakefulness, r,, = 1/18.2 (Borbély and Achermann, 1999).
Wakefulness period number 1 was defined as the first complete waking period spent inside
the laboratory, sj_; as the duration of the preceding sleep period in hours, and wj_; as the
duration of the preceding waking period in hours (see Fig. 1, bottom).

Sp was defined as the equilibrium homeostatic state at the estimated time of awakening on
the day the subject entered the laboratory, as given by:

So=1—- (1 —exp(=Dr))/(1 —exp(D - 24) rw — D 1)), )
where D is the subject’s average daily sleep duration (in hours) in the seven days before the
experiment (as measured with actigraphy).

For the circadian process C, the published equation was used (Borbély and Achermann,
1999). In terms of clock time T expressed in hours from midnight, the equation is given by:
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CM=) ,_, asinkn(T —¢)/24),

=1,..5

(4)
in which ¢ determines the circadian phase position in hours. Here a; = 0.97, a» = 0.22, a3
=0.07, a4 = 0.03 and a5 = 0.001 as defined previously (Borbély and Achermann, 1999).

From the two processes S and C, neurobehavioral performance P was predicted using an
additive model (Achermann and Borbély, 1994):

P(t;, T)=BS (tj))+y C(T)+«, (5)

where f and y are scaling factors representing the magnitude of the contributions of the
homeostatic and circadian process, respectively, and « is an intercept modulating the basal
level of performance.

2.4. Statistical modeling

3. Results

Two-process model fitting was performed using the NLMIXED procedure in SAS 9.1.3
(SAS Institute). The performance model was fitted to the primary neurobehavioral
performance outcome variable of the study, that is, the number of PVT lapses observed
during the two sleep deprivation periods with medium workload. The time points associated
with these data y were defined by the midpoints of each of the 10-minute PVT bouts,
relative to the individual participants’ sleep/wake timelines. These time points were
expressed as time since awakening t; for the relevant waking period j, and as corresponding
clock time T relative to midnight. A regression model was used to estimate the model
parameters, as follows:

¥(t;, T)=P(t;, T)+e=BS (t))+y C(T)+k+e, ®)

where ¢ is the error term, assumed to be normally distributed with mean zero and standard
deviation a.

We assigned S, y, x and ¢ to be free parameters in the model. To estimate individual
differences, random effects over participants were placed on 3, y and k. These random
effects were assumed to be independently, normally distributed with mean zero and standard
deviations o, o, and g, respectively, which were also free parameters in the model. To
examine the importance of each of the random effects in the full model, reduced models
were fitted with the random effects removed, one at a time. The adequacy of the reduced
models was tested against the full model using likelihood ratio tests.

and Discussion

Fig. 2 shows the group-average profiles for the fitted homeostatic and circadian processes
during each of the 36-h total sleep deprivation periods (left panel). It also shows the overall
two-process model fit (right panel), as well as the group-average data and their standard
deviations across time awake (collapsed over the sleep deprivation periods). The figure
shows that the model captured the group-average data well. The size of the standard
deviations (over participants) was proportional to the magnitude of group-average
performance impairment (Pearson’s r = 0.92). This pattern suggests that individual
differences were exposed by increased homeostatic and/or circadian influences across the
sleep deprivation period (Doran et al., 2001).
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Table 1 (top) shows the parameter estimates and their standard errors for the full model (i.e.,
with all three random effects). The error term standard deviation was fairly large, and
indicated that at the level of individuals, the model did not capture the data as well as in the
collapsed, group-average representation of Fig. 2 (right). This may be due to known order
effects (i.e., gradually increasing vulnerability) across the repeated sleep deprivations
(Tucker et al., 2007; Van Dongen et al., 2004), which are not accounted for in the present
modeling. Nonetheless, the model captured 64.2% of the variance in the data set.

Of primary interest are the random effects for $, y and «. Likelihood ratio tests revealed that
there was a significant contribution to the model goodness-of-fit from the random effect for
B (12 = 91.2, P <.001), and a trend for y (12 = 3.7, P = .054). However, there was no
significant contribution from the random effect for « (y12 < 0.01, P > .99).

The abstract mathematical processes S and C have no physically meaningful absolute scales.
The magnitude of the individual differences attributed to each process separately was
therefore quantified by expressing the standard deviation of the random effect relative to the
corresponding scaling factor. For process S, this yielded o4/ = 56.0% + 17.8% (mean +
standard error). For process C, this yielded o,/y = 62.7% * 31.5%. Thus, the relative
magnitudes of individual variability were very similar for the two processes S and C, with
no significant difference (tg = 0.19, P = 0.86).

Over the time points considered during each of the sleep deprivation periods (from 2 h until
34 h since scheduled awakening), the range of the modeled effect of the homeostatic process
on PVT lapses was 2.02 times as big as that of the circadian process (see Fig. 2, left). Thus,
given that the relative magnitudes of the individual differences were found to be similar for
the two processes, overall the impact of the individual differences in the homeostatic process
was effectively about twice as large as the impact of the individual differences in the
circadian process in this study.

Before interpreting these results, it is important to review the parameter correlation matrix
shown in Table 1 (bottom). There were no pairwise correlations exceeding 0.5, and most
were much smaller. It follows that there were no major linear interdependencies
(colinearities) among the parameters. This means that each of the model parameters was
well estimable, and as such the processes S and C and their individual variabilities were
satisfactorily dissociable in this study.

The absence of individual differences in the intercept x is noteworthy - in earlier estimates
of individual variability in the two-process model used to predict neurobehavioral
performance (Van Dongen et al., 2007), individual differences in the intercept were
substantial (o, = 6.02). However, the earlier parameterization of the two-process model was
different, and not focused specifically on assessing the individual difference contributions of
the dissociated homeostatic and circadian processes. Furthermore, the earlier modeling
effort did not include individualization of the initial homeostatic state Sg as in the present
work. That said, on a scale theoretically ranging from 0 to 1, the initial homeostatic state Sq
varied only modestly among individuals in our data set (between 0.05 and 0.11). In the two-
process model, small variations in the value of Sg wash out within one or two sleep/wake
cycles, and thus there should have been no noticeable carry-over to the sleep deprivation
periods. Indeed, rerunning the model with the value of Sy fixed at the average over
participants did not increase the estimate for individual differences in the intercept.

Two modeling assumptions we made deserve some discussion. First, we assumed that the
random effects were normally distributed over participants, even though there have been no
studies assessing whether or not individual differences in the homeostatic and circadian
processes are normally distributed. However, it can be demonstrated mathematically
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(Olofsen et al., 2004) that the results of model fitting do not depend critically on the
assumed distributions of the random effects when more than a handful of data points are
available per subject (as was the case). Second, we used an additive model to predict
neurobehavioral performance based on the processes S and C. This form has been shown
previously to describe neurobehavioral function during total sleep deprivation adequately
(Achermann and Borbély, 1994; Daan et al., 1984). Nevertheless, a forced desynchrony
study has revealed that there is a nonlinear interaction in the contributions of the two
processes to neurobehavioral performance (Dijk et al., 1992). This interaction has also been
confirmed under conditions of total sleep deprivation (Van Dongen and Dinges, 2003). Yet,
in the first 36 h of sleep deprivation the interaction effect was negligible, and it was
therefore justifiably ignored here.

Finally, there are some important caveats. The expression of trait individual differences in
vulnerability to sleep deprivation depends on the kind of neurobehavioral performance
considered (Van Dongen et al., 2004), and possibly on the specific cognitive processes
involved (Ratcliff and VVan Dongen, 2009). As such, the results of our study could vary upon
examining data from other performance tasks in the neurobehavioral test battery.
Furthermore, the present results were obtained using data from a (repeated) total sleep
deprivation experiment. Whether or not the relative contributions of individual differences
in the homeostatic and circadian processes to trait vulnerability to sleep loss are equivalent
in other sleep loss and/or circadian disruption paradigms (e.g., Darwent et al., 2010) remains
to be determined. Lastly, the present findings may be specific to the population of healthy
men and women aged 22 - 40 from which the study sample was drawn.

4. Conclusion

We set out to mathematically dissociate systematic individual differences in sleep
homeostatic effects from systematic individual differences in circadian rhythm contributions
to neurobehavioral impairment in a study of repeated exposure to 36 h of total sleep
deprivation in healthy young adults. We found that for both the homeostatic process and the
circadian process, the standard deviation for individual differences was approximately 60%
of the group-average magnitude of the contribution of the process to overall neurobehavioral
impairment under these conditions. In real-world settings where operational safety and
success depend on the performance of individuals or small crews and any impairments they
may have need to be anticipated, individualized mathematical models of performance
substantially outperform group-average models with regard to their accuracy in predicting
impairment (Van Dongen et al., 2007). Our present finding indicates that individualized
mathematical models predicting performance on the basis of a homeostatic and a circadian
process (Hursh and VVan Dongen, 2010) should be specified to account for individual
differences in both processes.
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Fig. 1.

Schematic of the 11-day laboratory protocol. Top: Tick marks indicate 12-h time intervals
(alternating between 22:00 h and 10:00 h). The black sections represent 12-h nocturnal sleep
opportunities, which were recorded polysomnographically. The white sections represent
periods of wakefulness with low performance testing workload, all of which were 12 h in
duration except those at the very beginning and end of the study protocol. The hatched areas
reflect the three 36-h periods of total sleep deprivation with medium (single hatched) or high
(double hatched) performance testing workload. The high workload condition occurred
during the first, second or third sleep deprivation period in randomized, counterbalanced
order—for illustration purposes, it is shown here to occur during the second sleep
deprivation period. Performance testing occurred at 2-h intervals throughout scheduled
wakefulness. Bottom: Subject-specific sleep/wake timeline illustrated for the first few days
of the laboratory study. The variables indicated above the timeline are model variables
described in the text. Depending on the individual participants, the onsets of sleep and
wakefulness, indicated by the tick marks above the time line, typically occurred some time
after the beginning and before the end of the 12-h sleep opportunities.
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Two-process model fit for neurobehavioral performance impairment across repeated 36-h
periods of total sleep deprivation. Left: Best-fitting curves for the homeostatic (black) and
circadian (gray) processes across the repeated sleep deprivation periods. Right: Averages

(dots) and standard deviations (whiskers on each side) over participants (n = 9) for the

number of PVT lapses at every time point, after collapsing the data within participants over

the repeated sleep deprivation periods; and two-process model fit (gray) as a linear

combination of the homeostatic and circadian processes. The abscissas show cumulative
clock time over the collapsed 36-h sleep deprivation periods, ranging from 10:00 h until

22:00 h the next day.
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