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SUMMARY

Sleep inertia is affected by circadian phase, with worse performance upon awakening from sleep
during the biological night than biological day. Visual search/selective visual attention
performance is known to be sensitive to sleep inertia and circadian phase. Individual differences
exist in the circadian timing of habitual wake time, which may contribute to individual differences
in sleep inertia. Since later chronotypes awaken at an earlier circadian phase, we hypothesized that
later chronotypes would have worse visual search performance during sleep inertia than earlier
chronotypes if awakened at habitual waketime. We analyzed performance from eighteen healthy
participants [5 females (22.1+3.7 y; mean+SD)] at ~1, 10, 20, 30, 40, and 60 min following
electroencephalogram-verified awakening from an 8h in-laboratory sleep opportunity. Cognitive
throughput and reaction times of correct responses were impaired by sleep inertia and took ~10-30
min to improve after awakening. Regardless whether chronotype was defined by dim light
melatonin onset (DLMO) or mid-sleep clock hour on free days (MSFsc), derived from the Munich
ChronoType Questionnaire (MCTQ), the duration of sleep inertia for cognitive throughput and
reaction times was longer for later chronotypes (n=7) compared to earlier chronotypes (n=7).
Specifically, performance for earlier chronotypes showed significant improvement within ~10-20
min after awakening, whereas performance for later chronotypes took ~30 min or longer to show
significant improvement (p<0.05). Findings have implications for decision making immediately
upon awakening from sleep and are consistent with circadian theory suggesting that sleep inertia
contributes to longer lasting impairments in morning performance in later chronotypes.
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INTRODUCTION

Sleep inertia—the state of cognitive impairment immediately upon awakening from sleep—
is characterized by grogginess, disorientation, and confusion. This paradoxical phenomenon
of worse performance upon awakening than after a full day of wakefulness has been
observed since the 1930’s (Omwake, 1932, Kleitman, 1939). More recently, the duration and
magnitude of sleep inertia have been quantified. Impairment from sleep inertia is greatest
immediately upon awakening from sleep and performance continues to improve 2—-4h after
waking (Jewett et al., 1999, Wertz et al., 2006, Burke et al., 2015). Performance immediately
upon awakening from an 8h sleep opportunity has been shown to be significantly worse than
performance following 26h total sleep deprivation, suggesting that impairments within the
first ~10 min after waking are safety significant (Wertz et al., 2006).

Performance impairment caused by sleep inertia is largely affected by prior sleep duration/
depth (Dinges et al., 1985) and sleep stage upon awakening (Dinges et al., 1985, Silva and
Duffy, 2008). Sleep inertia is also affected by circadian phase, such that impairments are
greater when awoken during the biological night, when melatonin levels are high and core
body temperature is low, compared to the biological day when melatonin levels are low and
core body temperature is high (Scheer et al., 2008, Burke et al., 2015, Dinges et al., 1985,
Silva and Duffy, 2008). Lastly, drugs that promote sleep increase sleep inertia upon forced
awakening (Frey et al., 2011), whereas drugs that increase arousal reduce sleep inertia when
taken prior to a nap (Van Dongen et al., 2001) and upon awakening (Newman et al., 2013).

The phase angle of entrainment—timing of the circadian clock relative to the environmental
light-dark cycle—underlies a person’s chronotype (Aschoff, 1965, Aschoff and Wever,
1966). Early chronotypes tend to go to sleep and wake up at an earlier clock hour than late
chronotypes. Questionnaires have thus been developed to estimate chronotype based on
sleep-wake preferences (Horne and Ostberg, 1976) and sleep behavior (Roenneberg et al.,
2003, Kantermann et al., 2015). Phase angle of entrainment is associated with and/or
influenced by biological and environmental factors such as the period of the circadian clock
(Pittendrigh and Daan, 1976, Aschoff, 1965, Duffy et al., 1999, Lazar et al., 2013), age
(LeBourgeois et al., 2013, Crowley et al., 2014, Roenneberg et al., 2004, Duffy et al., 1999),
and light exposure history (Wright et al., 2013, Wright et al., 2005). Early chronotypes tend
to have shorter circadian periods and advanced circadian phases compared to late
chronotypes (Duffy et al., 2001,Carskadon et al., 1999). Further, Duffy and colleagues
(1999) showed that when sleeping at their habitual times, late chronotypes have a narrower
wake time phase angle of entrainment compared to early chronotypes. Therefore, although
late chronotypes tend to wake at a later clock hour than early chronotypes, they wake at an
earlier time within their circadian cycle closer to their melatonin onset and core body
temperature minimum.
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Inter-individual differences in the ease of awakening, “easy for some and difficult for
others”, was also noted by Kleitman (1939). However, whether performance upon
awakening from sleep differs between early and late chronotypes remains unknown and,
therefore, was the focus of the current study. Based on circadian theory, we expected later
chronotypes to show worse sleep inertia than earlier chronotypes upon awakening from an
8h sleep opportunity at habitual waketime. We tested spatial-configuration visual search
performance since cognitive throughput on another version of this task has been shown to be
sensitive to sleep inertia and circadian phase (Burke et al., 2015). We also performed
exploratory analyses on other performance metrics derived from the visual search task as
they have not been previously examined during sleep inertia.

MATERIAL AND METHODS

Participants and protocol

Analyses are of baseline data from a series of larger studies (Burke et al., 2013, McHill et
al., 2014). Eighteen healthy adults that performed a spatial-configuration visual search task
during sleep inertia (i.e., electroencephalogram [EEG] verified awakening) were included.
Written informed consent was obtained and procedures approved by the Colorado Clinical
and Translational Science Institute and University of Colorado Institutional Review Board.
Participants were healthy as determined by physical, psychological, and sleep disorders
screenings at the Clinical and Translational Research Center and the Sleep and
Chronobiology Laboratory. Participants were free of medications, nicotine, and recreational
drugs, verified by urine toxicology and breath alcohol testing (Lifeloc Technologies Model
FC10, Wheat Ridge, Colorado). Shift work within one year prior or travel more than one
time zone three weeks prior to the study were exclusionary. Participants maintained regular
~8h sleep schedules at habitual sleep-wake times for one week prior to study, verified via
sleep logs, call-ins to a time-stamped recorder, and wrist actigraphy. Caffeine, over-the-
counter medications and supplements/vitamins were proscribed two weeks prior, napping
one week prior, and alcohol two days prior to study.

Participants practiced the visual search task to remove the steep portion of the learning
curve. The visual search task (Wolfe, 1994) used required participants to determine whether
a target (the number 5) was present among distractor stimuli (the number 2) of four set sizes
with 10, 20, 30, and 40 distractors. Each test consisted of 100 self-paced trials, of which the
first 10 were considered practice and not included in analyses; targets were presented on
10% of trials with is considered a rare target prevalence (Wolfe, 2005). Performance was
assessed following an 8h in-laboratory sleep opportunity scheduled at participants’ habitual
bedtimes, derived from the prior week of ambulatory monitoring. Performance was assessed
~1, 10, 20, 30, 40, and 60 min after EEG-verified awakening. Baseline performance was
assessed ~9h prior to awakening; equivalent to ~1h prior to bedtime.

Chronotype of participants was determined in two ways: according to mid-sleep on free days
using the Munich ChronoType Questionnaire (chronotypeMSFsc) and according to dim light
melatonin onset (chronotypeDLMO). MSFsc was obtained during the consent visit and
DLMO was obtained during a constant routine immediately following sleep inertia testing.
The 28h modified constant routine included wakefulness in a semirecumbent position except
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for brief, scheduled bathroom breaks using a commode ~1m from the bed, dim light (~1.9
lux; ~0.6 Watts/m? in the angle of gaze), and isocaloric hourly snacks. Circadian melatonin
phase was estimated via saliva samples collected every 30-60 min (ELISA assay; IBL
International, Hamburg, Germany). DLMO was defined as the linearly interpolated time
point when melatonin levels exceeded and remained two standard deviations above the
stable baseline mean (Burke et al., 2013). Polysomnography (PSG) recordings (Siesta
Compumedics USA Ltd, Charlotte, North Carolina) were used to determine participants’
sleep architecture during the sleep opportunity prior to sleep inertia testing. Sleep onset
latency (SOL) was defined as time to three continuous epochs of sleep. Recordings were
obtained from C3, C4, O1, and F3, referenced to contralateral mastoid electrodes, right and
left electrooculogram, chin electromyogram, and electrocardiogram.

Data analysis

Sleep inertia was examined for the top and bottom ~39t" percentiles of each chronotype
definition: comparisons were made between earlier and later chronotypeMSFsc (n=7 [3
females] and n=7 [2 females], respectively) and between earlier and later chronotypeDLMO
(n=7 [1 female] and n=7 [3 females], respectively). Seventeen of the 18 individuals possible
contributed to chronotype categorizations and analyses. Categorization of four participants
switched when using MSFsc versus DLMO chronotype definitions (two from early to late
and two from late to early).

Primary outcomes for visual search performance were cognitive throughput—number of
correct responses attempted per minute—and overall median reaction time for correct
responses (MedRTC). As exploratory outcomes, we also examined MedRTC when a
participant responded “yes” when a target was present or “no” when a target was absent
overall and across set sizes, percent targets missed, and search slope calculated by the linear
fit of MedRTC across set sizes and interpreted as the rate at which attention is shifted from
item to item. False alarms and d’ were not examined since false alarms were rare, as known
when target prevalence is rare (Wolfe, 2005), and calculation of d’ is problematic as it is
derived using false alarms. Eight out of 126 performance tests were missing due to
scheduling or technical issues. Performance data were analyzed with mixed-model analysis
of variance (ANOVA), with participant as a random factor and time awake, chronotype, and
set size as fixed factors using the variance components covariance structure. Independent or
dependent parametric t-tests were used for planned comparisons (performance immediately
upon awakening compared to other time points within subject; each time point compared
between subject) using Statistica version 10.0.

Sleep staging was assessed for 8h sleep episodes, 30 min and 10 min prior to awakening,
and sleep stage upon awakening. Sleep data for one participant was missing due to loss of
recording (categorized as early for chronotypeMSFsc and late for chronotypeDLMO).
Examination of wrist actigraphy showed the participant had low activity consistent with
estimated sleep at scheduled waketime.

J Sleep Res. Author manuscript; available in PMC 2018 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ritchie et al. Page 5

RESULTS

Chronotype and sleep characteristics

Table 1 shows chronotype and sleep characteristics. On average, habitual bedtime occurred
earlier for earlier chronotypes compared to later chronotypes, being significant for
chronotypeDLMO groups but non-significant for chronotypeMSFsc groups (p=0.057).
MSFsc was significantly earlier for earlier chronotypes compared to later chronotypes in the
chronotypeMSFsc groups, but not the chronotypeDLMO groups (p=0.29). In contrast,
DLMO occurred significantly earlier for earlier chronotypes compared to later chronotypes
in the chronotypeDLMO groups, but not the chronotypeMSFsc groups (p=0.54).

Regardless of chronotype definition, no significant differences between earlier and later
chronotypes in total sleep time (TST), sleep efficiency (SE), sleep staging, or number of
minutes awake within 10 min or 30 min prior to awakening were observed (Table S1; all
p>0.11). Further, the majority of participants awakened out of stage 2 sleep (Table S2).
Three participants were awake prior to scheduled wake time with an average wake duration
of 1.3+£0.6 min, ranging 0.5 to 2.5 min.

Impact of sleep inertia on visual search — all 18 participants

Cogpnitive throughput was significantly worse immediately upon awakening compared to
baseline and significantly improved ~10 min after wake time (Fig. 1A), whereas reaction
time significantly improved ~30 min after wake time (Fig. 1B). When analyzing target
absent and target present trials separately, reaction time for target absent trials significantly
improved ~20 min after wake time, and reaction time for target present trials improved ~60
min after wake time (Fig. 1C). Reaction time varied by time and set size when the target was
absent such that performance significantly improved at ~20 min after awakening for
distractor set sizes 20 and 30, at ~30 min after awakening for distractor set size 40, and at
~60 min after awakening for distractor set size 10 (Fig. 1D). Percent of missed targets was
lower immediately upon awakening from sleep and significantly increased at ~20 min after
wake time (Fig. 1E). Search slopes for target present trials significantly improved ~10 min
after wake time and for target absent trials improved ~60 min after wake time (Fig. 1F).
ANOVA output for main effects of time are in Table 2.

Influence of chronotype on sleep inertia

In general, sleep inertia induced impairments in cognitive throughput that lasted longer for
later chronotypes than earlier chronotypes. Specifically, cognitive throughput significantly
improved within 10 min after wake time for both earlier chronotype groups (Fig. 2A and
2B), whereas cognitive throughput did not show significant improvement until ~30 min after
wake time for both later chronotype groups. Impairments in MedRTC also lasted longer for
later chronotypes than earlier chronotypes. Specifically, reaction time significantly improved
within ~20 min after wake time for both earlier chronotype groups (Fig. 2C and 2D). In
contrast, reaction time for the later chronotypeMSFsc group became more impaired until
~10 min after wake time. As a result, the magnitude of sleep inertia for MEDRTC was
significantly greater for later chronotypes compared to earlier chronotypes 10 min after
wake time for the chronotypeMSFsc group (Fig. 2C); there was a non-significant trend for
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cognitive throughput for the same time point (p=0.08; Fig. 2A). Reaction time for later
chronotypes did not show significant improvement until ~60 min after wake time (Fig. 2C).
For the later chronotypeDLMO group, reaction time did not show significant improvement
until ~40 min after wake time (Fig. 2D). When analyzing target absent trials separately,
findings were generally consistent with those seen for overall reaction time with target
absent and target present trials combined such that it took longer for later chronotypes to
show improvement in performance after awakening as compared to early chronotypes (Fig.
S1). ANOVA output for effects of chronotype and time are in Table 3.

DISCUSSION

Our findings demonstrate that cognitive throughput, cognitive speed, and search rate
components of visual selective attention are impaired by sleep inertia and take between ~10-
30 min after wake time to improve. Improvements during sleep inertia were first observed
for set sizes with intermediate attentional load and took the longest to improve for the set
size with the lowest attentional load. Missed targets were fewer immediately upon
awakening from sleep and worsened at ~20 min after awakening, consistent with prior
findings (Burke et al., 2015). During sleep inertia, participants took especially longer to
correctly identify that a target was absent. Slower, less efficient, visual search during sleep
inertia may have safety significant consequences immediately upon awakening from sleep,
such as when on-call medical personnel need to quickly search for multiple injuries in a
patient brought into the emergency room or when military or security personnel need to
quickly make decisions on how to respond to an emerging event.

Regardless of whether chronotype is defined by self-report on the Munich ChronoType
questionnaire (MSFsc) or by the timing of the internal circadian clock (DLMO), the duration
of sleep inertia for cognitive throughput and cognitive speed on a visual search task was
longer for later chronotypes than earlier chronotypes. Specifically, cognitive performance for
earlier chronotypes improved within ~10-20 min following wake time, whereas
performance for later chronotypes took ~30 min or longer to show improvement. There were
no main effects of chronotype nor interaction effects between chronotype and time, and
planned comparisons showed no significant differences between chronotypes with respect to
the magnitude of impairment aside from one time point in the chronotypeMSFsc group.
Therefore, these results suggest that chronotype has a larger impact on the time course of
improvement in cognition after awakening rather than the magnitude of sleep inertia, at least
for the visual search task examined. Cognitive throughput and overall reaction time
performance were the primary outcome variables and thus further research is needed to
replicate findings for exploratory outcomes.

The time to improvement during sleep inertia was longer for later than earlier chronotypes
when participants maintained self-selected 8h sleep opportunities for one-week prior to
study. Consistent with prior findings, sleep architecture was similar among chronotypes
(Mongrain et al., 2005). Prior sleep has been shown to influence sleep inertia such that sleep
restriction/deprivation increases sleep pressure and sleep depth, and consequently worsens
cognitive impairment upon awakening (Dinges et al., 1985). Although no differences in
homeostatic sleep drive (i.e., slow wave activity) is seen between chronotypes when sleeping
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at their habitual circadian phase, early chronotypes show more slow wave activity after sleep
fragmentation suggesting that sleep homoestasis may interact with chronotype to influence
sleep inertia (Mongrain et al., 2007).

Due to having a delayed circadian phase, late chronotypes typically have difficulty falling
asleep early on work/school days when social constraints require them to awaken early. As a
result, late chronotypes may be chronically sleep restricted during the work/school week-a
phenomenon known as social jetlag (Wittmann et al., 2006). Roenneberg, Wirz-Justice, and
Merrow (2003) showed that self-reported sleep inertia, or the time to feel fully awake in the
morning, is longer for late chronotypes than early chronotypes during the workweek, but
that this difference is not apparent on free days. Our findings, however, demonstrate that the
duration of sleep inertia for a visual search task is longer for late chronotypes compared to
early chronotypes when prior sleep duration is similar and when awakening at their habitual
times. Although sleep inertia was observed to last longer for late chronotypes than early
chronotypes when sleep history was similar, it is possible that sleep inertia would be
exacerbated during the work/school week when late chronotypes may get less sleep and
awaken at an even earlier circadian time due to social jetlag. Future research examining
differences in sleep inertia between chronotypes on Monday morning after a weekend, when
late chronotypes are expected to delay further, is necessary to determine effects of sleep
inertia.

Current findings are consistent with prior findings regarding the relationship between
circadian phase and cognitive performance. The circadian phase at which alertness and
cognitive performance are most impaired is near the end of the biological night (Dijk et al.,
1992, Wright et al., 2002, Burke et al., 2015). As noted, late chronotypes awaken closer to
their biological night compared to early chronotypes (Duffy et al., 1999). Furthermore, it has
been shown that performance level across the day varies between chronotypes, such that
when analyzing the same clock hour, early chronotypes’ performance is better than late
chronotypes’ performance during the morning hours (Horne et al., 1980, Monk, 1986).

Findings from prior studies indicate that DLMO and MSFsc are significantly correlated
(Wright et al., 2013, Kitamura et al., 2014, Kantermann et al., 2015). In the current study,
circadian DLMO phase was not significantly different for chronotypes derived from MSFsc,
and MSFsc was not significantly different for chronotypes derived from DLMO. Such
findings may reflect that MSFsc is influenced by behavioral choices, whereas DLMO is
more strongly determined by circadian period and light exposure history (Wright et al.,
2005, Duffy et al., 2011). Alternatively, participants were not selected based on chronotype
extremes and this may contribute to this finding. Later chronotypes were however consistent
with the “late” chronotype definition, as defined by Roenneberg (2003). Nonetheless,
performance outcomes were similar with later chronotypes derived from both MSFsc and
DLMO showing longer time to improvement during sleep inertia. Our findings may
underestimate the influence of chronotype on sleep inertia as examining extreme
chronotypes may result in larger effects. The absence of extreme chronotypes makes our
findings applicable to more individuals in society, as extreme types are rare in the general
population compared to intermediate types (Roenneberg et al., 2003). Research examining
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extreme chronotypes and how other cognitive functions are affected by interactions between
sleep inertia and chronotype are needed (Santhi et al., 2013).

In summary, visual selective attention was impaired during sleep inertia with lower cognitive
throughput and slower reaction time and search rates. The slower termination of searching
may be due to participants revisiting or dwelling on distractors and examination of other
search tasks is needed to explore contributing mechanisms. Impairments resulting from sleep
inertia appear to last longer for later chronotypes compared to earlier chronotypes, even
when sleep duration and history were similar. It appears that sleep inertia is influenced by
individual circadian characteristics, such as the circadian timing of wake time, yet it is
possible that other factors, such as social jetlag, could make sleep inertia even worse. Late
chronotypes are likely to awaken later and therefore have less time to commute to school or
work. If commuting within 30-40 min following awakening, it is likely that they will be
driving under the influence of sleep inertia, putting themselves and others at risk. In
conclusion, this study provides evidence for chronotype being another factor that influences
the duration of sleep inertia.
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Figurel.

Visual search performance for all subjects (n=18) regardless of chronotype. (A) cognitive
throughput; median correct reaction times for correct responses (MedRTC) for (B) all trials
and (C) for target absent and target present trials separately and (D) by set size when target
absent; (E) percent missed targets; (F) slope. Lines represent significant differences (p<0.05)
between time points at the ends of each line (A-C, E and F; solid line overall or target
present, dashed line target absent). Symbols in D represent significant differences for that
time point from the first sleep inertia test (open circle) 0.02h from wake time (p<0.05).
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Figure2.

Visual search performance for the ChronotypeMSFsc group (A and C) and
ChronotypeDLMO group (B and D). A and B cognitive throughput; C and D median
reaction time (MedRTC). Stars above symbols represent significant (p<0.05) differences
between earlier and later chronotypes. Solid and dashed lines represent significant
differences (p<0.05) for time points at the ends of each line within chronotype group.
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Table 2

Mixed model, analysis of cognitive measures

All Subjects (n=18)

Main effect of time unless noted

Outcome F value p value
Cognitive Throughput 454 0.0004
Cognitive Throughput for Target Present Trials 0.29 0.9424
Cognitive Throughput for Target Absent Trials 2.70 0.0212
Overall MedRTC 2.99 0.0113
MedRTC on Target Present Trials 1.25 0.2877

set size 9.15 0.0000

Interaction time x set size 1.28 0.1989
MedRTC on Target Absent Trials 2.69 0.0197

set size 31.82 0.0000

Interaction time x set size 1.80 0.0246
% Missed Targets 1.18 0.3217
Slope for Correct Responses on Target Present Trials 1.62 0.1509
Slope for Correct Responses on Target Absent Trials 2.16 0.0544

MedRTC, Median reaction time for correct responses.
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