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Abstract

Prolonged periods of sleep restriction seem to be common in the contemporary world. Sleep
loss causes perturbations of circadian rhythmicity and degradation of waking alertness as
reflected in attention, cognitive efficiency and memory. Understanding whether and how the
human brain recovers from chronic sleep loss is important not only from a scientific but also
from a public health perspective. In this work we report on behavioral, motor, and neuro-
physiological correlates of sleep loss in healthy adults in an unprecedented study conducted
in natural conditions and comprising 21 consecutive days divided into periods of 4 days of
regular life (a baseline), 10 days of chronic partial sleep restriction (30% reduction relative to
individual sleep need) and 7 days of recovery. Throughout the whole experiment we continu-
ously measured the spontaneous locomotor activity by means of actigraphy with 1-minute
resolution. On a daily basis the subjects were undergoing EEG measurements (64-elec-
trodes with 500 Hz sampling frequency): resting state with eyes open and closed (8 minutes
long each) followed by Stroop task lasting 22 minutes. Altogether we analyzed actigraphy
(distributions of rest and activity durations), behavioral measures (reaction times and accu-
racy from Stroop task) and EEG (amplitudes, latencies and scalp maps of event-related
potentials from Stroop task and power spectra from resting states). We observed unani-
mous deterioration in all the measures during sleep restriction. Further results indicate that
a week of recovery subsequent to prolonged periods of sleep restriction is insufficient to
recover fully. Only one measure (mean reaction time in Stroop task) reverted to baseline val-
ues, while the others did not.
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Introduction

Contemporary world is a sleep-deprived world. Apart from the professions ‘traditionally’
involved in so-called atypical work schedules (health services, entertainment, transportation,
energetic and chemistry industries etc.) and suffering from sleep problems, there is a growing
number of ‘regular’ day workers whose sleep-wake patterns become irregular due to periods of
intense work requiring extra time and effort (infamous ‘deadlines’).

Those working from home, on the one hand enjoy the flexibility of their work schedules,
more autonomy and adaptation of working times to individual needs, but—from the other
hand—they observe blurring of the boundaries between work and private life, resulting in “liv-
ing at work” and problems with time-management and self-discipline. The disruption of the
rest-activity rhythm is one of the common side-effects of remote work.

Fortunately, the problems of young generations, suffering permanent social-lag due to
their delayed sleep phase colliding with school timetables, are being noticed by scientists and
authorities and first rearrangements of school starting times are introduced in some countries.
Students are commonly subject to five-weekday sleep deprivation and weekend recovery
(however, some ‘highly social’ individuals do not profit from rest, throwing themselves into
intense and exhausting social life instead). Others, working on projects and coping with dead-
lines, experience even longer periods of chronic sleep restriction than just a week. Long week-
end sleep possibly compensates for short weekday sleep in terms of mortality, as Akerstedt
etal. [1] showed in the analysis of a cohort of over 43 thousands of people during 13 years.
How it works with prolonged sleep restriction and in other aspects than mortality is not yet
fully understood.

Both partial (defined as a reduction in a sleep time over a 24-hour period, relative to indi-
vidual sleep routine; also referred to as ‘sleep restriction’) and total (defined as a complete lack
of sleep in a 24-hour period; also referred to as ‘acute’) sleep deprivation are linked with defi-
cits in a cognitive performance [2], higher risks of motor accidents [3, 4] and medical errors
[5]. Furthermore, insufficient sleep is also associated with ill health, such as a higher risk of dia-
betes, obesity, heart problems, and even stroke [6].

The impact of chronic sleep deficiency on human brain functioning is well documented
(e.g. [7, 8]). Sleep deprivation impairs neurobehavioral functioning producing deficits in alert-
ness, attention, memory, and executive functions (for a review, see: [9-11]) and affects loco-
motor activity [12, 13]. Current research results suggest the differences in the brain responses
to acute deprivation and chronic sleep restriction as well as recovery processes [7, 14-16]. A
limited number of studies on the recovery of neurobehavioral functioning after sleep deficit
indicated a longer time for reversal of neural changes in the brain after chronic sleep restric-
tion (e.g. [17-23]).

While the changes in the levels of neurocognitive performance (at least as it regards atten-
tional processes) and sleepiness after acute total sleep deprivation may be interpreted in terms
of homeostatic and circadian mechanisms of sleep-wake regulation, in case of chronic partial
sleep restriction, this model seems to be incomplete. Hudson et al. [11] suggest the impact of
the third process, the allostatic one, which refers to ‘sleep/wake history’ (a matter of days and
weeks before) and may shift the setpoint of the homeostatic process. Sustained sleep restriction
gradually shifts the homeostatic set point and consecutive days of recovery gradually shift it
back.

Sleep deprivation, i.e. its consequences and recovery, may be considered on three levels:
subjective, behavioral, and neuronal. The most often used subjective measures in sleep restric-
tion studies are scales of self-reported sleepiness (e.g., Karolinska Sleepiness Scale, Stanford
Sleepiness Scale, Epworth Sleepiness Scale, Accumulated Time Sleepiness Scale, Rotterdam
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Daytime Sleepiness Scale [24]. On the behavioral and neuronal levels the most widely studied
cognitive domains are attention, working memory and executive functioning [25]. There is a
long list of cognitive tests sensitive to performance deterioration during sleep deprivation (for
areview, see: [14]. To assess behavioral effects of sleep deficit two measures of task perfor-
mance are considered: speed (reaction times) and accuracy (for a review, see: [26]). Neural
aspects’ analyses comprise fMRI (for a review, see [27] and EEG parameters: ERPs and power
spectrum [28-30]. Finally, what is new in this field, changes in locomotor activity show to be
promising indicators of sleep deficiency or of response to sleep deprivation treatment, what
makes us think about actigraphy as a useful tool in sleep studies.

Even a seemingly mild reduction (of only a few hours) of sleep can have a significant impact
on behavioural and neural functioning. Stojanoski and colleagues [31] have shown that partici-
pants (following only one night of restricted sleep equalling to five hours) presented decision-
making processing difficulties and had reduced ERPs for motor preparation and execution,
which had a detrimental impact on their vigilance. A recent study by Gibbings et al. [30] also
found a decreased level of vigilance on behavioural measures after one night of sleep depriva-
tion (5 hours) as well as intensified alpha-wave bursts that index the level of drowsiness. Addi-
tionally, they have found a reduced arousal as seen on the EEG power spectral analyses (such
as increased frontal delta and occipital alpha, and reduced frontal beta waves).

Behavioural vigilance and EEG were also measured in a task involving driving performance
following a night of normal and completely restricted sleep [32]. Significantly increased alpha
and theta power spectra following a night of total sleep deprivation in frontal, central and par-
ieto-occipital brain regions, compared to controls, have been found. Specifically, an increase in
power was seen over the first 40 minutes of an hour-long driving task and was followed by a
decrease in the last 20 minutes. An increase of beta power spectra was seen overall throughout
the one-hour driving task and there were no differences between the normal and sleep-
deprived groups. Increased alpha and theta power has been well documented to be associated
with increased level of sleepiness and more fatigue (for example, [33-35]).

Understanding whether and how the human brain recovers from chronic sleep loss is
important not only from a scientific but also from a public health perspective. The current
study aimed at exploring, in natural conditions, the long term effects of chronic sleep defi-
ciency on human functioning using behavioral, actigraphy, and EEG metrics. We evaluated
the effects of 7 days sleep recovery following 10 days of sleep restriction on performance (accu-
racy and reaction times from Stroop task), spontaneous locomotor activity (distributions of
rest and activity durations from actigraphy), and EEG parameters (amplitudes, latencies and
scalp maps of event-related potentials from Stroop task and power spectra from resting states).

Materials and methods
Participants

The total number of 23 participants underwent our experiment. However, based on actigraphy
recordings, 4 participants were removed from analysis due to failure to comply with the pre-
scribed sleep restriction. The analyses of actigraphy take into account all the remaining 19 sub-
jects (9 morning-oriented, 10 evening-oriented). Due to a revision of the Stroop task design,
another 6 subjects are left out, with 13 subjects remaining in the reported EEG and behavioral
analyses.

Further, individual days for a given subject were excluded as follows:

« if towards the end of baseline period a given subject slept as little as during sleep restriction
period,
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BASELINE (BASE)

« if a given subject failed to comply with the sleep restriction (sleep more than 10% longer
than prescribed) towards the end of its period, we removed its further days from the analysis,
but left the recovery data,

« if in the middle of recovery a subject slept as little as during sleep restriction, we removed
individual days from recovery data.

These exclusions result in 32 days (8, 11 and 13, respectively, for baseline, sleep restriction
and recovery periods) out of 273 (13 subjects x 21 days). For actigraphy, 54 daily actigraphy
recordings (14, 12 and 28) were excluded out of 399 (19 subjects), where some of the exclu-
sions were additionally the first or last experimental day, which did not necessarily cover entire
24 hours.

The subjects were recruited based on Pittsburgh Sleep Quality Index [36] and Epworth
Sleepiness Scale [37] questionnaires. All participants were healthy, drug-free (including alco-
hol and nicotine), and reported regular sleeping patterns with no sleep-related problems. The
mean age of the 13 subjects was 21.5+1.3 y.0.; they were 12 women and 1 man; they had 6
evening-oriented and 7 morning-oriented chronotypes (defined by morningness-eveningness
and subjective amplitude scales of the Chronotype Questionnaire [38]).

All of the subjects provided their written informed consent and were financially reim-
bursed for their time. The procedure was approved by the Jagiellonian University Bioethics
Committee.

Procedure

As illustrated in Fig 1, the whole study lasted 21 consecutive days, which were divided into 3
sleep conditions: a 4-day period of unrestricted sleep (‘baseline’; hereafter abbreviated to
BASE), then a 10-day period of daily 30% sleep reduction relative to individual sleep need
(‘sleep restriction’; SR) followed by a 7-day period of unrestricted sleep again (‘recovery’;
RCV).

The specific number of days in each phase was the compromise between researchers’ inten-
tions to capture longer periods of sleep restriction and recovery than reported so far, and the
comfort of participants which might have been jeopardized by too exhaustive procedure.

The subjects were instructed to conduct their normal daily routines during BASE; during
SR they were individually prescribed a reduced sleep duration to follow; during RCV they
were instructed to sleep without any restrictions. The subjects were additionally instructed to
refrain from partying for the whole duration of the study and from caffeine consumption
before visiting the EEG laboratory. Daily naps were not allowed in SR period. The subjects
were informed that their sleeping patterns will be monitored with actigraphy. Data collected
from participants who did not comply with the requirements were excluded from the study.

SLEEP RESTRICTION (SR) RECOVERY (RCV)

DAYS

Fig 1. Study experimental design, showing number of days in each of the experimental sleep conditions.

https://doi.org/10.1371/journal.pone.0255771.9001
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Individual sleep need was determined on the basis of two types of data: 1) the answer to the
question “How many hours of sleep do you need to feel refreshed and active the next day?”
(declared sleep need) and 2) sleep length calculated from actigraphy recordings during base-
line. The SR protocol assumed 30% curtailment of this need. After excluding participants who
did not manage to observe the rules of the study, mean baseline sleep was 7 h 37 minutes + 50
min (SD over individual means) and during sleep restriction condition—5h 18 min * 31 min
(69.6% of baseline sleep). Average sleep length during recovery turned out to be again 7 h 36
min * 26 min.

Daily, the severity of subjective sleepiness level was assessed by Karolinska Sleepiness Scale
[39] and participant’s mood was assessed with the use of Positive and Negative Affect Schedule
[40] questionnaire. Those data were reported in an article by Beres et al. [41]. Mean sleepiness
score during baseline was 3.4 £ 0.94, during sleep restriction period it amounted 5.55 + 1.17,
and in recovery it averaged 3.25 + 1.09 pts.

Data acquisition

The motor activity of participants was continuously recorded with actigraphy (Micro Motion-
logger Sleep Watch, Ambulatory Monitoring, Inc., Ardsley, NY) in order to control their sleep
timing and duration; a given participant wore the same device during the whole 21-day period.
The actigraphs collected data in 1-min intervals in two available modes: the zero-crossing
mode (ZCM,; i.e., frequency of activity signal crossing a zero threshold) and the proportional
integrating measure (PIM; i.e., intensity or under the signal curve), see Fig 2A-2E. The EEG
recordings were performed in the laboratory, whereas the actigraphy data were collected con-
tinuously both in the laboratory and in the natural environment.

Each day the subjects’ performance in terms of cognitive information processing was mea-
sured in a classic Stroop test. The subjects were asked to decide whether the name of the color
matches with the ink in which it is written (congruent conditions) or not (incongruent condi-
tions). So the more automated task (reading the word) interfered with the less automated task
(naming the ink color) resulting the difficulty in inhibiting more automated process known as
the Stroop effect. In total there were N; = 432 randomly shuffled stimuli presented in 3 separate
blocks (144 stimuli each) with a short break in between each block, as indicated in Fig 3. Half
of the stimuli were congruent, and half were incongruent. The inter-stimulus interval between
each stimulus was between 1500 ms and 3500 ms (in steps of 400 ms, with 2500 ms on aver-
age); the entire task lasted 22 minutes and 11 seconds on average.

All participants underwent one training session before beginning of the experiment in
order to avoid the learning effect.

Each day, participants’ brain activity was being monitored with an EEG (64 electrodes, 500
Hz sampling frequency; Geodesic Sensor Net, EGI System 300, USA), while they were in a rest-
ing state (for 8 minutes with open eyes, RSeO, followed by 8 minutes with closed eyes, RSeC),
and next performing Stroop test. The EEG session for a given participant took place in the lab-
oratory at the same time every day, in the morning (8-11 a.m.) or evening (6-9 p.m.) accord-
ing to the participant’s diurnal preferences.

Data analysis

Whenever possible, when reporting on statistical significance of a result we provide (in the text
or in the S1 File) a bare p-value. Unless otherwise explicitly stated we use the term “significant/
insignificant” for significance level a = 0.05 with multiple-comparisons taken into account
(Holm-Bonferroni method with three comparisons: BASE-SR, BASE-RCV, and SR-RCV).
Particular methods and tests depend on data type, and are described in detail below.
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Fig 2. Summary of actigraphy analysis. A-B: a sample of the first two days (black) and three nights (red) of activity recording of a single
subject in ZCM and PIM modes. C: density histogram of ZCM versus PIM activity (vertical and horizontal axes, respectively) collected
from all subjects on all days (BASE, SR, and RCV) with the highest concentration of data around point (0, 0); the relation between ZCM
and PIM is non-linear with ZCM saturating around 250. D-E: separate histograms of ZCM and PIM recordings, respectively; ZCM has
two peaks, at 8 and 252, marked by red triangles corresponding to diurnal and nocturnal activity, while PIM is unimodal. F: rest and
activity periods (red and black stripes) are defined as segments of activity continuously smaller or greater than a threshold (red dashed
line); lengths of these segments are collected into duration distributions in G. G: complementary cumulative distributions of rest and
activity durations in SR period of all subjects in log-log scale; y is the exponent of power-law tail of rest CCDF (slope of the blue dashed
line). Inset: y exponents in baseline, sleep restriction and recovery conditions. H: y exponents for each day of the experiment obtained
from rest duration CCDF of all subjects.

https://doi.org/10.1371/journal.pone.0255771.9002
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Fig 3. Accuracy (top) and reaction times (bottom) as functions of time spent on performing the task (measured
by the number of stimuli presented). Vertical dashed lines indicate pauses between blocks of the Stroop task. The
curves represent means over subjects and days within a given condition. and the shaded regions 95% confidence
intervals; The straight lines are linear fits; the RT slope is significantly higher in SR. Red triangles point to RTs
dropping just after the pause, which happens in all conditions.

https://doi.org/10.1371/journal.pone.0255771.9003

Actigraphy. The ZCM and PIM modes were the only modes of data acquisition available
for the devices used. We decided to record and analyze both of them for both theoretical and
practical reasons: a) on one hand ZCM has been the most popular choice in the literature,
while on the other PIM has a higher resolution, b) the two modes measure different physical
quantities (in a nutshell, the frequency or intensity of movements, respectively for ZCM and
PIM) which offer complementary views on the nature of recorded movements, ¢) a priori both
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quantities (number of activities and the energy expended on them) could have been relevant
for sleep deficit, d) as evidenced by panel C in Fig 2, the two modes are non-linearly correlated
and so they do carry different information (in particular above ZCM value 200), e) as shown in
Fig 9 in S1 File, the values of relevant exponents derived from both modes differ, hence we
keep both for better replicability.

We followed the procedures presented in the detailed actigraphy analysis of sleep deprived
individuals in [12, 42] (on a different data set). First, the raw actigraph data X(t), see Fig 2 pan-
els A and B, were segmented into 18-hour days (4 hours sleep followed by 14 hours wakeful-
ness); data which did not fit into these durations or contained other artifacts (5.2% of all data)
was discarded. The fixed length removes statistical artifacts connected with inter- and intrain-
dividual variance of sleep duration and the forced difference between restricted and unre-
stricted sleep. Next, based on a predetermined threshold, the data was split into ‘activity’ and
‘rest’ (data points above and below the threshold, respectively), see Fig 2 panel F. Lastly, their
durations (lengths of uninterrupted periods of activity or rest) were extracted. The thresholds
were set to Tzcpr = 85 and Tppy = 8000, based on the optimal goodness of fit of a power law (3)
to the distribution of rest durations.

Since the ZCM and PIM actigraphy modes may contain complementary information, in
the present paper we added a new methodological element analyzing four scenarios:

o threshold only for ZCM, see panel A in Fig 2,

o threshold only for PIM, see panel B,

« jointly: when both ZCM and PIM cross a threshold, see panel C,
« jointly: when either ZCM or PIM crosses a threshold, see panel C.

For a given scenario, we counted the number of activity/rest periods of given duration time
jointly for all subjects, and calculated the resulting probability density function (PDF) p(7) of
duration time 7. To better assess statistics of rare events in tails of PDF we construct, as the
main measure of discussed phenomena, the complementary cumulative distributions (CCDF)
C(a) of durations g, see Fig 2G:

Cla)=1- [ﬂ p(t)dt =Pr(t > a) = /mp(r)dr, (1)

which represents surviving probability for the system to stay in a given state for up to the
time a.

The function C(a) is equal to one for a minimal value a = 0 and tends to zero for a — oc.
For a stationary time series the survival probability C(a) is expected to have a characteristic
scale (relaxation time 7,,;) related to the probability per unit of time A to undergo the change of
the state. The rate A, named the hazard rate in the theory of critical phenomena, denotes then
the ratio

Pr(t < a <1+ dr)

"= C(t)dz

(2)

and can be associated with C(a) representing a simple exponential function of dwell times,
Cla) = e with A = 1/7,.;. As discussed elsewhere [12, 42, 43], in case of disordered systems,
the notion of the survival function and the corresponding (hazard) rate A(7) can present much
more complex behavior, strongly deviating from a simple Poissonian-like occurrence of the
‘threshold-exceeding’ events.
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For the purpose of statistical analysis, the numerical estimates of cumulative distributions
was fitted with two mathematical formulae, power-law of the form

C(a) ~a™ (3)
for rest periods and a stretched exponential
C(a) ~ exp (—oa") (4)

for activity periods.

For robustness, the cumulative distributions were bootstrapped (on the BASE/SR/RCV
period level there were 1000 samples with 60 daily recordings each; on the day-by-day level
there were all combinations of N,; — 2 daily recordings, ranging 10-171 samples a day, where
N, is the number of available recordings for a given day). The ordinary least-squares fitting
was performed on log-log or log-linear data, respectively for a power-law and stretched expo-
nential, in order to account for the tails in the distributions. The fitting was weighted, with
weights coming from bootstrap standard deviations, which removed variance caused by the
very end of the distribution tails. The fitted parameters o, f and y were then compared for sev-
eral period and subject combinations. The error bars in Fig 2G and 2H are 95% confidence
intervals of the respective fit. The statistical significance of differences between exponents y
was tested by t-test [44, 45] for differences in linear regression slopes (version with unequal
residual variances; the test is based on fit residuals, which in this case are very highly non-nor-
mal due to the very end of the distribution tail, cf. rest distribution in Fig 2G; to fulfil normality
assumption we took approximately only the first half of residuals).

Behavioral measures. The two quantities scrutinized in this paper are: accuracy (percent-
age of correct responses) and reaction times, for results see Sec. Stroop test—time-on-task
effect. We report their change over the duration of an experimental session; for reaction times,
we also report their decrease shortly after pauses dividing the session into blocks. As a proxy of
time passed in a session, we count the number of stimuli shown.

The curves shown in Fig 3 are averages over subjects and days within a given condition
(baseline, sleep restriction, recovery). For visual clarity, the curves are moving averages over
w = 10 consecutive stimuli; moving average was not used for the analysis. Since the responses
have binary values (correct or error) and the percentage of hits is high (around 96%), the accu-
racy has a highly skewed binomial distribution. Consequently, to draw error bars in the figure,
we use Clopper—Pearson binomial proportion 95% confidence intervals. For reaction times,
we use standard 95% CL

The dashed lines in Fig 3 represent fitted linear models. The linear regression did not take
into account the pauses in the experiment (nor the first 6 stimuli in each block for RTs), i.e.,
the input data were only the 432 (414) stimuli responses.

The change in accuracy and reaction times reported in Table 2 in S1 File is simply the slope
of the regression line multiplied by N; — 1.

The 95% CI given in the table are computed from the standard error of the fit. The statisti-
cal significance of differences between the slopes can be assessed simply by investigating the
confidence intervals, but we also provide p-values from the appropriate t-test [44, 45] (version
with unequal residual variances). One must bear in mind, however, that residuals of accuracy
and reaction time do not fulfil normality assumption. Since at each time point the distributions
of inter-individual and inter-day reaction times is skewed, see Fig 10 and Table 2 in S1 File we
also report results on linear fits to time-point medians of RTs, in which case the fit residuals
are normal.
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The effect of after-pause speed-up was measured by RT residuals from the linear fit
described above. RTs to the first 6 stimuli in the 2nd and 3rd block of each experimental ses-
sion were used. We used RT's from all valid subjects and days within a given condition (BASE,
SR, RCV). Since their distributions are non-normal and the variances are not equal, instead of
ANOVA we used Kruskal-Wallis test [46] followed by Conover-Iman post hoc [47] (chosen
instead of the usual Dunn’s test for its reportedly greater power) as implemented in R [48] to
test for stochastic dominance of the samples.

EEG. The EEG analyses were performed with the use of EEGlab v. 13 [49] and ERPLAB
6.0 [50] on MATLAB R2016b. The time series sampled at 500 Hz were digitally filtered (0.5-
35 Hz), the reference was recomputed from Cz electrode to average, bad channels and time
epochs with artefacts were removed. An Independent Component Analysis (ICA) was used to
separate and remove physiological artefacts, including saccade-related spike potentials [49].
For recording and all analyses the EGI’s 64-channel Geodesic Sensor Net system was used. We
report in detail on electrodes vref, 4, 34, 35, 39, 12 and 60. The equivalents of these electrodes
in 10-10 system (within 1 cm accuracy) are Cz, Pz, FCz, O1, O2, F3 and F4, respectively.
Henceforth, we use the 10-10 names for better readibility. In total there were 32 recordings for
baseline, 47 for recovery and 69 for sleep restriction.

EEG: ERP analysis. The event-related potentials are reported in detail at FCz and Pz. The
electrodes were chosen by the maximal absolute difference between baseline activity and either
SR or RCV period activity: for BASE-SR it was electrode Pz and for BASE-RCV it was elec-
trode FCz. The times (166, 268, 438, 600 ms) at which topographical maps are plotted were
also chosen as the times when the maximal differences at either FCz or Pz occurred.

The ERPs were measured with segments from 200 ms before to 1000 ms after the onset of
the target stimulus, with the [-200 ms, 0 ms] pre-stimulus baseline mean subtracted. The
potential amplitudes are grand averages, i.e., averages over ERP waveforms from all daily ses-
sions of all subjects in a single condition (BASE/SR/RCV) and stimuli type (congruent/incon-
gruent). Since, as reported in in [41], there was no significant interaction between the sleep
condition and stimuli type, subsequently the ERPs from congruent and incongruent stimuli
were averaged for robustness and a more concise presentation in Figs 4 and 5.

Presented measurement uncertainties are pointwise standard errors of the mean as imple-
mented in ERPLAB. The significance tests between condition samples, as presented in Fig 5,
were performed at each time point separately with a t-test or Mann-Whitney test, depending
on which test assumptions were met. In the figures referenced above we show only the late SR
period.

Latency shifts between conditions were computed with ERPLAB [50] as onset latency at
50% peak height.

EEG: Power spectrum analysis. After the pre-processing described in Sec. Data analysis:
EEG above, the power spectra of continuous EEG signals were computed in resting state with
eyes open and closed for chosen electrodes using Welch’s overlapped segment averaging esti-
mator. Powers were then computed separately for each subject on each day in four sub-bands:
delta (1-4 Hz), theta (4-8 Hz), alpha (8-13 Hz), and beta (13-30 Hz). Statistical tests were per-
formed in each band separately, between distributions of measurements collected from all
days and subjects in a given sleep condition (BASE/SR/RCV). The distributions were in gen-
eral non-normal (the highest p-value 0.066 in Shapiro-Wilk test was obtained for beta band in
baseline period; others were orders of magnitude smaller). Consequently, we used Kruskal-
Wallis test followed by Conover-Iman post hoc to test for stochastic dominance of the
samples.

We also examined how brain waves changed in time during the resting state part of the
experiment (both eyes open and closed), since the power estimates of the EEG activity were
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Fig 4. Activation maps and ERPs in response to Stroop task (average of congruent and incongruent stimuli) with
200 ms baseline. The ERPs of BASE, SR (days 10-14), and RCV are shown at the two locations (FCz and Pz) that
correspond to the largest differences between these conditions, cf Fig 5. Four time points (dashed vertical lines at 166,
268, 438 and 600 ms) are chosen on the same basis. The shaded areas are standard errors (mean SE ~1.1 V). The
maps are shown in columns corresponding to these times points; their amplitude scale is the same as in the ERP plots.
The differences visible in maps at 268 ms can be attributed to change in latency.

https://doi.org/10.1371/journal.pone.0255771.g004
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Fig 5. Differences in ERP amplitudes between BASE, SR (days 10-14), and RCV periods, derived from Fig 4 (note
that the scale is twice as small as therein). Grey lines in the lower part indicate time points at which t-tests for
pairwise comparisons yielded p-value p < 0.01. SR and RCV only differ frontally in early processing, whereas they
diverge from BASE in frontocentral and parietal areas for extended intervals. The differences around 268 ms can be

attributed to latency change.
https://doi.org/10.1371/journal.pone.0255771.g005
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reported to depend on the length of the recording and the analyzed segments, and the way
they are selected [51]. We specifically focused on alpha rhythms, due to their known correla-
tion with sleepiness [33], considerable inter- and intra-individual variability [52, 53] and time-
dependent variability [51, 54]. The powers were computed jointly for channels O1 and O2,
divided into 5 time blocks, 96 s each.

Results

Actigraphy

Fig 2 summarizes actigraphy data characteristics and processing. A sample of raw ZCM and
PIM time series is shown in panels A-B. As visible in panel C, the dependence between the two
modes is linear only for small values. The resulting distributions of activity as recorded in
ZCM and PIM (panels D-E, flipped to the side) also differ: ZCM has two clear peaks corre-
sponding to daily activity and sleep, while PIM distribution monotonically falls down from
low to high intensities. Panel F shows periods of activity and rest for PIM (respectively above
and below Tp;s = 8000) obtained from an exemplary recording.

First, the activity period durations undergo stretched exponential distributions as found in
our previous papers [12, 42]. In this experiment we found some dependence of the exponent
on the measurement period, contrary to our previous results. This may be due to different
experimental conditions (21 consecutive days as contrasted to two separate 7 days periods).
The exponent ¢ in 4 different mode combinations can be found in Fig 9 in S1 File.

More importantly, we concentrate on the CCDF of resting period durations C(a). In Fig 2G
and 2H, we present the y exponents (in the PIM mode at the group level) as a function of the
measuring period and as a function of consecutive days. Consistently with our earlier work
[12, 42] the distribution’s slope changes rapidly once the sleep loss appears (statistically signifi-
cant with p = 0.0017).

The new result is long recovery time: even one week of regular sleep does not stabilize the
distributions (the difference between SR/RCV is significant, p = 0.019, but smaller, while for
BASE/RCV it is still visible but below confidence threshold, p = 0.16). Similar effect, although
exhibiting more variability than in the PIM mode, is observed in the ZCM mode, cf. Fig 9 in
S1 File.

Having at our disposal two different measuring modes we posed the question which mode
or combination of modes is more informative of the changes resulting from sleep loss. The
question follows from the observation that both modes are correlated but the relation is not
linear, Fig 2C. Consequently, the division into resting and activity periods can differ in both
modes. Thus, as indicated in Sec. Data Analysis: Actigraphy, we additionally repeated the tests
reported above for exponents of distributions generated by the two modes simultaneously:
either by defining resting states by alternative of ZCM and PIM thresholds (below ZCM or
below PIM) or their conjunction (below ZCM and below PIM). Comparison of the two mea-
surement modes and their combinations is summarised in Fig 9 in S1 File. The left panel of
that figure shows that the use of both modes does not enhance the y exponent result and the
PIM measurement mode seems to be most suitable for this particular experiment.

All the above combinations show a general trend—a significant change of the exponent
during sleep restriction period and a partial return towards baseline values.

Stroop test—Time-on-task effect

The sleep restriction period influenced participants cognitive functioning as tested with the
Stroop task. The main observation is poorer behavioral performance on the Stroop test during
sleep restriction period followed by a gradual, incomplete recovery, as reported in [41].
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Our previous report also showed that there was a tendency to have fewer correct responses
during sleep restriction period -— mainly due to a significantly higher rate of errors and omis-
sions, and a slightly increased rate of double responses. A decreasing tendency in reaction
times (RT) for the first few days of the experiment was also observed, which can be interpreted
as learning the Stroop task. As expected [55], the distributions of RTs for congruent stimuli
have smaller means and variances than for incongruent ones. Somewhat counter-intuitively,
for incongruent stimuli there are more correct responses in the entire experiment than for
congruent (see section “Behavioural results” in [41]).

Here, we focus on how the time spent on performing Stroop task (within a given experi-
mental session) affects accuracy and reaction times, see Fig 3. The technical details on statisti-
cal computations are given in Sec. Behavioral measures.

The accuracy of responses, systematically and significantly decreases during session for SR
and RCV conditions (by 1.96% and 1.64%, respectively), but not for the baseline period. The
difference in the slopes between BASE and either SR or RCV is highly significant (p < 0.001;
see Table 2 in S1 File for confidence intervals and p-values). In other words, subjects undergo-
ing and recovering from sleep restriction found it harder to maintain perfect accuracy during
the 20-minute experimental session.

The change is more pronounced for reaction times. During a given session the RTs slightly
increased, as visible in Fig 3 (bottom). The difference between the last and first stimulus in a
session, as given by linear regression, is 24.3 ms, 37.5 ms, 21.6 ms for BASE, SR and RCV con-
ditions, respectively. As already visible, the difference between BASE and RCV is not signifi-
cant, but it is for BASE/SR and for RCV/SR (p < 0.001; see Table 2 in S1 File for details).

It should be noted, on one hand, that for accuracy and mean RTs the normality assumption
on regression residuals is not fulfilled, and so the reported p-values for slope differences should
be treated with caution. On the other hand, the confidence intervals obtained from the fitting
do corroborate the conclusions. Additionally, due to high skewness of reaction time distribu-
tions [55] (see Fig 10 in S1 File), means might not be appropriate estimators, hence in Table 2
in S1 File we also include results for median (where both differences for BASE/SR and RCV/
SR are below a = 0.05 significance level, but marginally do not survive Holm-Bonferroni cor-
rection). We nevertheless believe that mean RTs—thanks to their sensitivity to skewness and
outliers—can actually carry more information on atypical behaviour induced by sleep loss
than medians.

In the Fig 3, there are two dips in the RT curve: in one-third and two-thirds of the session,
which is due to pauses between blocks of Stroop task (during which the electrodes were
watered, and consequently the subjects were able to rest). These after-pause dips basically reset
the reaction time to what it was at the beginning of the session. They take 6-16 consecutive sti-
muli, and are on average 20.8, 21.8, and 37.6 ms deep for BASE, SR, and RCV, respectively.
Kruskal-Wallis test indicates differences (p = 2.5 x 10~°). Post-hoc test shows that the differ-
ence between BASE and SR or RCV is significant, but is not for SR and RCV, see Table 2 in
S1 File.

In summary, the ratios of accurate responses and omissions directly follow the schedule of
sleep restriction; they go back almost to normal already after the first day of recovery period.
The difference between conditions in linear growth of reaction times (and linear decrease of
accuracy) indicates that the more sleep deprived subjects get tired more quickly. A difference
between conditions in the after-pause drop in reaction times indicates that the pause gives
more rest to the sleep deprived and recovering subjects. An interesting general observation is
that the variability of response accuracy does not average out as well as the variability of reac-
tion times.
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EEG data: ERP analysis—Scalp maps and electrode dependence

The effects related to task performance in different conditions can be observed in event-related
potentials.

It was observed that the P300 neural response was attenuated during and after sleep loss as
compared to the baseline [41]. Here, we analyse the whole scalp maps of ERP amplitudes to
discover how the brain response changes during different sleep condition.

The ERPs having the maximal absolute difference from BASE period are located at Pz for
SR and FCz for RCV, as shown in Figs 4 and 5. Dashed lines in the ERP plot indicate the times
(166, 268, 438, 600 ms) when the maximal differences occurred. Consecutive columns of maps
correspond to these time points.

The general observation from Fig 4 is that post-stimulus activations are mostly bipolar with
strong positive activations in occipital and centro-parietal regions. Fig 5 additionally shows
where and when the differences occur: visibly the baseline activations are greater at first in the
frontal, then central, and finally parietal regions. Also visibly subjects in SR and RCV periods
had stronger occipital activations earlier and the parietal activations disappeared sooner. Note
that the greatest differences in ERP curves occur around and not at their peaks, which rather
suggests a delay between them. The BASE onset latency at FCz is 272 ms and at Pz 292 ms, as
visible in Fig 4. The time shift from the baseline ERP curve for FCz and Pz is: -8 ms and —10
ms, respectively, for SR and —16 ms and —24 ms for RCV.

EEG data: Power spectrum analysis

The shapes and variances of the band-power distributions differed between groups. The Krus-
kal-Wallis tests for differences between BASE, SR, and RCV periods yielded statistically signifi-
cant results only for resting-state condition at central and occipital electrodes, see Tables 3 and
4 in S1 File. The differences were discovered between BASE and RCV in delta, theta and beta
bands at Cz in RSeO and between BASE and SR in delta in RSeO and alpha in RSeC at O1
and alpha in RSeC at O2.

On closer look, the differences at Cz came from a weak negative correlation with time, i.e.,
gradual decrease of power in these bands as the experiment progresses from BASE phase, to
SR, and to RCV, which is visible in the top row in Fig 6. The behavior of alpha band in resting
state condition with eyes closed also did indicate differences between the periods, which were
however below statistical significance. The highest power of the § and 8 oscillations at Cz were
observed in the Stroop task. In contrast, the power of § waves during the task was drastically
low. Nevertheless, there were no significant differences between conditions in the Stroop task.

As expected, the o rhythms at occipital electrodes were significantly higher when subjects
had their eyes closed when compared to performing the task or resting state with eyes open.
The results at O1 and O2 are consistent, with alpha and delta power greater in BASE period
than in SR, see Fig 7 and Tables 3 and 4 in S1 File. The frontal electrodes F3 and F4 show no
statistically significant differences, although the tendency in alpha band in resting state with
eyes closed is similar to that of O1 and O2.

We also examined how brain waves, in particular alpha waves, changed in time during the
resting state part of the experiment. Fig 8 illustrates the alpha rhythms in both resting states
(eyes open and closed), jointly for channels O1 and O2, divided into 5 time blocks, 96 s each.
This plot clearly presents two effects: firstly, the lowest power for the sleep restriction period;
and secondly, decreasing the value of the absolute power during the first three or four time
blocks and then growing the band power at the end of the session, Fig 8, especially in the left
panel. For RSeC the highest absolute power can be observed for the first 4 days of BASE
whereas during RSeO the largest amplitude of power band was during recovery period. These
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https://doi.org/10.1371/journal.pone.0255771.9006

changes in brainwave power result in higher variance (visible in Fig 6) and thus it is advisable
to test for differences on time-dependent powers. What we found intriguing, is the values of
alpha power in both sleep restriction (SR) and recovery periods (RCV) being greater than in
the control period in eyes open condition.

Discussion

Recovery process

The primary goal of the study was to investigate the recovery process following an extended
period of sleep restriction. We have observed differences in behavioral, motor, and neurophys-
iological responses to both sleep loss and recovery. The main results are summarized in

Table 1: full return (reaction times in behavioral task), only partial return (actigraphy, behav-
ioral task accuracy), or no return (ERPs, power spectrum) to the baseline values within the
seven days of recovery.
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channels O1 and O2. The p-values for differences at each channel can be found in Table 3 in S1 File.

https://doi.org/10.1371/journal.pone.0255771.9007
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Table 1. A simplified summary of the results where the difference between baseline and sleep restriction or recovery was found significant. The arrows T and | indi-
cate increase or decrease of a given measure. Partial return indicates a tendency for a given measure to go back to baseline value, even if they still remain different. * FCz
amplitude at 272 ms, Pz at 600 ms. ** Delta, theta and alpha bands at Cz; delta and alpha bands at O1, O2.

Quantity BASE—SR SR—RCV Reference
Actigraphy Rest CCDF exponent y (ZCM,PIM, ZCM and/or PIM) yes | partial T Fig 2G and 2H
Fig 9 in S1 File left
Activity CCDF parameter a (ZCM, ZCM or PIM) yes | partial | Fig 9 in S1 File right
Behavioral Accuracy yes | partial T Table 2 in S1 File
RTs yes | yes | Fig 3
RTs (median) yes | partial | Sec. “Behavioral measures”
After-pause RT boost partial T yes T
EEG FCz amplitude* yes | yes | Fig 5 top
Pz amplitude” yes | no Fig 5 bottom
ERP latency yes | yes | Sec. “EEG data: ERP analysis”
Cz band powers** no | yes | Figs 6-8,
01, 02 and band powers** yes | no | Table 4 in S1 File

https://doi.org/10.1371/journal.pone.0255771.t001

The literature provides varied data as to the length of necessary recovery sleep after pro-
longed sleep restriction. Philip et al. [56] observed full recovery to baseline levels of perfor-
mance and objective alertness after just eight hours of recovery sleep following 5-night sleep
restriction to four hours (the same regarded one night of total sleep deprivation). An impor-
tant issue was the age of the participants—this study comprised 18 healthy middle-aged sub-
jects (46-55 years), so the conclusion may not be valid for younger individuals who typically
need more sleep. It seems coherent with other observations confirming that aging is connected
with better tolerance to sleep loss (e.g., [57, 58]), which is one of the very few advantages of
older age, apart from ‘positivity’ in emotion regulation and increase in crystallized intelligence.

The studies involving younger participants showed that recovery from sleep restriction to
four hours during 5-7 nights is not complete during subsequent resting period of 3 to 7 nights
of normal sleep. The sleep-dose response study conducted by Belenky et al. [17] showed the
reduced brain operational capacity persisting for three days of normal sleep duration and
thought to be the effect of former adaptation to chronic sleep restriction [19]. Described the
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positive effects of three recovery nights on daytime sleepiness, fatigue and cortisol levels but
not on performance compromised with six sleep restriction nights. Rupp et al. [23] reported
the effects of 5-night recovery after 7-night restriction—the authors suggested that the rate at
which recovery sleep reverses the alertness and performance impairments depends on the
amount of sleep obtained before the restriction period. It means that the physiological mecha-
nisms underlying chronic sleep debt should be considered as long-term adaptive changes.
Axelsson et al. [21] concluded that seven days of recovery after five days of restricted sleep (to
4 hours a night) allowed participants to return to the baseline for sleepiness and median reac-
tion time, but not for lapses.

Bougard and colleagues [20] looked at the consequences of a 7-day sleep restriction (to 4
hours) and the following 13-day recovery stage. They have looked at microsleeps during the
day, wakefulness capacities, and feelings of sleepiness during the morning and evening time
measurements. It has been found that the number of microsleeps, as measured by the EEG,
has increased respectively to the homeostatic sleep pressure with the accumulation of the
SR days. Interestingly, the number of microsleeps was still high after the first night of recov-
ery and only returned to baseline levels after 12 days, which suggests that after a prolonged
period of sleep restriction, participants’ recovery processes are slow and complex to adjust
to, which are much slower than in the case of acute sleep restriction [17]. There were no dif-
ferences in the observed number of microsleeps in the morning and evening sessions. In
this study, all sleep-related measures returned to baseline on the 12th day of the recovery
stage. The results obtained by Bougard et al. [20] appear consistent with one-week recovery,
as in our experiment, not being sufficient to observe behavioral (accuracy) and neurophysi-
ological parameters (EEG) returning to baseline levels after 10-day sleep restriction. The
nature of the study itself imposes several limitations. Almost all the experiments referred to
in this paper were conducted entirely in laboratory conditions; in one case, the participants
spent a week of the 13-day recovery at home (wearing wrist activity monitors). Participants
in our study were spending their nights (and most of the daytimes) in the so-called ‘natural
conditions’; they were asked to follow their daily routines. Naturally, the price to pay for
this paradigm was a number of uncontrollable factors that might have affected their life-
style, alertness, and mood, which may cause potential caveats in the interpretation of
results.

The multi-faceted character of the study allowed us to investigate the specificity of the
recovery process. First, of behavioral measures, only mean RT reverts to baseline values, while
some others only partly (accuracy, RTs median). Secondly, the actigraphy measures revert to
normal only to an extent, which suggests long-lasting (even a week) disruption of motor con-
trol and overall behavior, including daily routines. Lastly, the EEG measures either reveal no
significant change between conditions (power spectrum in the task and resting state with eyes
closed at Cz) or, interestingly, the change from the baseline is not reverted by the recovery
(ERPs and power spectrum).

The current study suggests that 7-day recovery following 10-day sleep restriction is suffi-
cient only for the reaction speed to reverse to baseline, while the other behavioral, locomotor,
and neurophysiological measures do not show such improvement. A great diversity of research
procedures and proportions of sleep restriction and recovery times makes it hardly possible to
compare our results with those reported in the literature. However, we note a few similar find-
ings pointing to the incomplete restoration of some behavioral indices: Axelsson et al. [21]
observed improvement in mean RT but not in the number of lapses, and Pejovic and col-
leagues [19] reported no improvement in RT parameters (median, lapses, fastest and slowest
responses) even when objective sleepiness returned to baseline.
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Actigraphy

Many studies treat actigraphy simply as a tool for monitoring compliance with the sleep proto-
col at night. Yet, it is sensitive enough to measure both daily and nocturnal locomotor activity
patterns reflecting altered psychomotor behavior associated with several psychiatric diseases
and disorders [59]. Actigraphic measures follow universal distributions, but the universality
may break down in disorders or conditions influencing brain functions [60-63]. Specifically,
changes in locomotor activity can be an indicator of sleep deficiency [12] or a response to
sleep deprivation treatment [13].

Relative to the whole body of literature on actigraphy in sleep research, few studies associate
accelerometry-based quantities with self-reported, behavioral, or neural measures in humans.
Noteworthy exceptions are a large cross-sectional study reporting associations between dis-
rupted circadian rhythmicity of rest-activity and, among others, mood and reaction times [64]
and a study on fatigued drivers combining actigraphy, behavioral data and EEG (power spectra
and their causal relations between frontal and parietal midline brain areas) [65]. The same
combination of actigraphy, behavioral and EEG measures used in our study proved to be a
valuable approach to recovery process monitoring.

EEG data

In terms of EEG measures, alpha band power was reported to be either positively correlated
with sleepiness (or length of wakefulness) in task EEG [66] and resting state eyes open [54] or
negatively with eyes closed [33, 67] (the last case reportedly explained by the increased amount
of microsleep [54]), which agrees with our results. The outcomes for theta power at Cz and
frontal electrodes do not replicate some established results: among the known sleep depriva-
tion hallmarks is an increase in the theta range (4-8 Hz) power in wake EEG (open eyes) [54,
68], especially the frontal theta (closed eyes) [33], positively correlated with subjective sleepi-
ness during wake task EEG [66] and with pre-existing sleep deprivation during sleep inertia
period [69], and connected, e.g., to changes in body temperature [70]. The increased theta
power, however, is only mentioned in the context of acute sleep deprivation (usually, up to 40
hours of wakefulness) [10] or a short sleep restriction (two days [71]), whose experimental
designs are hardly comparable with ours. Moreover, participants in our study had their EEG
measurements close to the time of their optimal wakeful functioning—quite the opposite to
what happens during prolonged wakefulness in the studies cited above. Not being able to repli-
cate the theta power increase might thus be a result of too small a sample size in our study or
possible interactions with the duration and acuteness of sleep restriction and time of day.

Next, the ERP results beg the question if they might be affected by habituation to the task.
The P300 amplitude—but not its latency —- has been shown to habituate after repeated presen-
tation of visual stimuli [72, 73], as the task becomes more automatic and thus attentional pro-
cesses might be reduced. After several days of practice also the P300 latency can be reduced, as
evidenced [74] in a Go/No-go paradigm for No-go stimuli. At the same time P300 amplitude
was shown to decrease and its latency to lengthen in response to sleep deprivation [75-77],
however, these studies dealt with acute sleep deprivation and auditory task only.

On the other hand, our current result is consistent with Oginska et al. [78]. In that study,
one group of subjects first went through one week sleep restriction and later, after a break,
through a week of unrestricted sleep, while the second group had the order reversed. The
reduction of P300 amplitude in the sleep restriction period with respect to unrestricted sleep
was found irrespective of the experimental group, which rules out attributing the changes
merely to habituation to repeated stimuli. Additionally, it is worth noting that the EEG resting
state as well as actigraphy results are more agnostic to study design.
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Conclusion

Our results regarding the recovery process specificity, i.e. non-uniform return of different
measures to baseline levels, could be interpreted from two perspectives—local sleep phenome-
non or adaptive brain mechanisms. The idea of a so-called local sleep, meaning that only some
brain regions might be asleep whilst other are not, has become more prominent in sleep stud-
ies [79]. Those off-periods have been initially found in animal studies, which showed that
when sleep-deprived rats were awake, there were some local neurons that resembled the sleep-
states in their activity [80]. Additionally, it has been found that such off-states are also linked
with decreased performance and tend to spread and change from local to global under sleep
deprivation and an increased need for sleep. This was associated with an increased theta band
frequency and poorer performance in rats [80]. Other studies have previously shown that such
an increase is typically seen in humans following a period of sleep deprivation, and perfor-
mance errors [81] Since then, such periods of silence have been reported in adults [82, 83] and
children [84]. The existence of such off-periods during wakefulness suggests that the previous,
existing sharp division between “asleep” versus “awake” brain should be questioned. There-
fore, the presence of the local sleep during wakefulness could account for poorer cognitive,
behavioral and motor performance in individuals following a period of sleep restriction.
Moreover, according to Hudson et al. [11]) the occurrence of local sleep may explain the link
between the vigilance decrement and monotony, i.e. persistent use of the same brain circuitry.
In our experiment, both sleep loss and monotony were key factors, so the local sleep interpre-
tation seems to be justified.

The other explanation is that the neural activation patterns learned, and possibly optimized,
during the demanding sleep conditions become consolidated. It is consistent with the sugges-
tion given by Belenky et al. (2003), that “the brain undergoes adaptive changes in response to
chronic sleep restriction, that serve to sustain a stable (albeit reduced), level of performance”
[85]. The authors further suggest that “these changes persist into the recovery period and pre-
vent a rapid return to baseline performance”. One may assume here some modifications of
sleep architecture throughout prolonged sleep restriction (i.e. compensatory increases in
slow-wave or REM sleep); other mechanisms, like changes in endocrine secretion, may also be
taken into account.

In the outlook, it might be worthwhile to disentangle the early and late recovery effects (the
first one-two days versus a week or more)—our current sample size, however, is insufficient
for robust hypothesis testing of daily measurements—and to extend the recovery period at
least for the sake of actigraphy recording.

We are also still aiming to look at the correlations between performance and various
(reported) neurophysiological quantities, especially in the light of the recently reported decline
of long-range temporal correlations in the human brain during sustained wakefulness [86, 87]
and the correlation of neural and behavioral scaling laws [88]. Another topic not explored here
is the topographic distribution of the changes in neural activity, which are known to differ for
different tasks after total sleep deprivation [71, 89].

Limitations

To assess and factor out the inter- and intra-individual variability—which are known to be con-
siderable, e.g., for alpha rhythms [52, 53] —would also involve a considerably larger, possibly a
multi-center study. As mentioned above, this exploratory study was conducted in natural condi-
tions that may induce some other problems. For example, participants’ caffeine intake was not
controlled. The subjects were instructed to refrain from caffeine consumption before visiting the
laboratory but due to the nature of the study and the extended period of sleep deprivation, they
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reported that they might not be able to meet the expectations of the study and restrain them-
selves from napping. Therefore, we made a decision that caffeine consumption was allowed in
order for the participants to finish the study according to the prescribed schedule, but the quan-
tities of caffeine drinks were not recorded. Besides, we have learned that caffeine appears to have
limited efficacy for maintaining alertness during prolonged sleep restriction. However, there
may be some costs associated with its use for recovery from sleep loss ([90]).

After all, some participants were not able to comply strictly with their reduced sleep sched-
ules—such cases were monitored and revealed by actigraphy, but resulted in drop-outs.
Because of that and the costs, the sample size is relatively small for an EEG study. There was
also no control group, where a subject would attend 21 consecutive days of EEG measurements
without any sleep restrictions. Due to the mere length and tediousness of the study one has to
take into account, e.g., that in Stroop task the return to baseline accuracy might be only partial,
because of the participants’ decrease in motivation. This as well invites questions about habitu-
ation effects, which have been, however, addressed before. Finally, there are stable, trait-like
inter-individual differences in the vulnerability to sleep deprivation [91-93], which are not
controlled in our study. On the other hand, we would like to emphasize how demanding—
owing to its extended nature, subjects’ non-compliance, their increased fidgetiness having an
EEG cap on, falling asleep in resting state with eyes closed, etc.—is acquisition of quality data
on chronic sleep restriction.

We are aware of the discrepancies between subjective assessments and objective measures
of performance and neural functioning which make problematic the descriptions of individual
vulnerability to sleep loss or monitoring the recovery processes after sleep deprivation. In this
study we observed the differences between some objective measures—performance variables
(RT) and neurophysiological indices (ERPs and power spectrum). Which one should be the
criterion of the normal functioning? In our opinion, the recovery process is complete only
when all the measures return to the baseline levels.

Prolonged periods of sleep restriction seem to be common in contemporary ‘regular day
workers’, including students. Although the saying “Sleep is for the weak” is no more the man-
tra of workaholics and ambitious individuals, we all treat restricted sleep as a norm. Some
studies, as the one reported above, convince us that neurobehavioural consequences of chronic
partial sleep deprivation cannot be overcome easily and last much longer than one expects.

Supporting information

S1 File.
(PDF)

Author Contributions

Conceptualization: Jeremi K. Ochab, Jerzy Szwed, Dante R. Chialvo, Aleksandra Domagalik,
Magdalena Fafrowicz, Halszka Ogifiska, Ewa Gudowska-Nowak, Tadeusz Marek, Maciej A.
Nowak.

Data curation: Jeremi K. Ochab, Jerzy Szwed, Aleksandra Domagalik, Halszka Oginska.
Formal analysis: Jeremi K. Ochab, Jerzy Szwed, Katarzyna Oles, Anna Beres.
Methodology: Jeremi K. Ochab, Jerzy Szwed, Dante R. Chialvo, Ewa Gudowska-Nowak.
Software: Jeremi K. Ochab, Katarzyna Ole$, Anna Beres.

Supervision: Jerzy Szwed.

PLOS ONE | https://doi.org/10.1371/journal.pone.0255771 September 1, 2021 21/26


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0255771.s001
https://doi.org/10.1371/journal.pone.0255771

PLOS ONE

Observing changes in human functioning during induced sleep deficiency and recovery periods

Visualization: Katarzyna Oles.

Writing - original draft: Jeremi K. Ochab, Jerzy Szwed, Katarzyna Ole$, Anna Beres.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

Akerstedt T, Ghilotti F, Grotta A, Zhao H, Adami HO, Trolle-Lagerros Y, et al. Sleep duration and mortal-
ity—Does weekend sleep matter? Journal of Sleep Research. 2019; 28(1).

Van Dongen HPA, Maislin G, Mullington JM, Dinges DF. The Cumulative Cost of Additional Wakeful-
ness: Dose-Response Effects on Neurobehavioral Functions and Sleep Physiology From Chronic
Sleep Restriction and Total Sleep Deprivation. Sleep. 2003; 26(2):117—-126. https://doi.org/10.1093/
sleep/26.2.117 PMID: 12683469

Lyznicki J, Doege T, Davis R, Williams M, for the Council on Scientific Affairs and American Medical
Association. Sleepiness, driving, and motor vehicle crashes. JAMA. 1998; 279(23):1908-1913. https://
doi.org/10.1001/jama.279.23.1908 PMID: 9634264

Goel N, Rao H, Durmer JS, Dinges DF. Neurocognitive consequences of sleep deprivation. In: Semi-
nars in neurology. vol. 29. NIH Public Access; 2009. p. 320.

Barger LK, Ayas NT, Cade BE, Cronin JW, Rosner B, Speizer FE, et al. Impact of Extended-Duration
Shifts on Medical Errors, Adverse Events, and Attentional Failures. PLOS Medicine. 2006; 3(12):1-9.
https://doi.org/10.1371/journal.pmed.0030487 PMID: 17194188

Altevogt BM, Colten HR, et al. Sleep disorders and sleep deprivation: an unmet public health problem.
National Academies Press; 2006.

Krause AJ, Simon EB, Mander BA, Greer SM, Saletin JM, Goldstein-Piekarski AN, et al. The sleep-
deprived human brain. Nature Reviews Neuroscience. 2017; 18(7):404—418. https://doi.org/10.1038/
nrn.2017.55 PMID: 28515433

Farahani FV, Fafrowicz M, Karwowski W, Douglas PK, Domagalik A, Beldzik E, et al. Effects of Chronic
Sleep Restriction on the Brain Functional Network, as Revealed by Graph Theory. Frontiers in Neuro-
science. 2019; 13. https://doi.org/10.3389/fnins.2019.01087 PMID: 31680823

Ma N, Dinges DF, Basner M, Rao H. How acute total sleep loss affects the attending brain: a meta-anal-
ysis of neuroimaging studies. Sleep. 2015; 38(2):233-240. https://doi.org/10.5665/sleep.4404 PMID:
25409102

Lowe CJ, Safati A, Hall PA. The neurocognitive consequences of sleep restriction: A meta-analytic
review. Neuroscience & Biobehavioral Reviews. 2017; 80:586—604. https://doi.org/10.1016/j.
neubiorev.2017.07.010 PMID: 28757454

Hudson AN, Van Dongen HPA, Honn KA. Sleep deprivation, vigilant attention, and brain function: a
review. Neuropsychopharmacology. 2020; 45(1):21-30. https://doi.org/10.1038/s41386-019-0432-6
PMID: 31176308

Ochab JK, Tyburczyk J, Beldzik E, Chialvo DR, Domagalik A, Fafrowicz M, et al. Scale-Free Fluctua-
tions in Behavioral Performance: Delineating Changes in Spontaneous Behavior of Humans with
Induced Sleep Deficiency. PLOS ONE. 2014; 9(9):1-12. https://doi.org/10.1371/journal.pone.0107542
PMID: 25222128

Foo JC, Sirignano L, Trautmann N, Kim J, Witt SH, Streit F, et al. Association of Locomotor Activity Dur-
ing Sleep Deprivation Treatment With Response. Frontiers in Psychiatry. 2020; 11:688. https://doi.org/
10.3389/fpsyt.2020.00688 PMID: 32792995

Alhola P, Polo-Kantola P. Sleep deprivation: Impact on cognitive performance. Neuropsychiatric dis-
ease and treatment. 2007;. PMID: 19300585

McCauley P, Kalachev LV, Smith AD, Belenky G, Dinges DF, Van Dongen HPA. A new mathematical
model for the homeostatic effects of sleep loss on neurobehavioral performance. Journal of Theoretical
Biology. 2009; 256(2):227-239. https://doi.org/10.1016/j.jtbi.2008.09.012 PMID: 18938181

Basner M, Rao H, Goel N, Dinges DF. Sleep deprivation and neurobehavioral dynamics. Current
Opinion in Neurobiology. 2013; 23(5):854—863. https://doi.org/10.1016/j.conb.2013.02.008 PMID:
23523374

Belenky G, Wesensten NJ, Thorne DR, Thomas ML, Sing HC, Redmond DP, et al. Patterns of perfor-
mance degradation and restoration during sleep restriction and subsequent recovery: A sleep dose-
response study. Journal of sleep research. 2003; 12(1):1-12. https://doi.org/10.1046/j.1365-2869.
2003.00337.x PMID: 12603781

Lamond N, Jay SM, Dorrian J, Ferguson SA, Jones C, Dawson D. The dynamics of neurobehavioural
recovery following sleep loss. Journal of Sleep Research. 2007; 16(1):33—41. https://doi.org/10.1111/].
1365-2869.2007.00574.x PMID: 17309761

PLOS ONE | https://doi.org/10.1371/journal.pone.0255771 September 1, 2021 22/26


https://doi.org/10.1093/sleep/26.2.117
https://doi.org/10.1093/sleep/26.2.117
http://www.ncbi.nlm.nih.gov/pubmed/12683469
https://doi.org/10.1001/jama.279.23.1908
https://doi.org/10.1001/jama.279.23.1908
http://www.ncbi.nlm.nih.gov/pubmed/9634264
https://doi.org/10.1371/journal.pmed.0030487
http://www.ncbi.nlm.nih.gov/pubmed/17194188
https://doi.org/10.1038/nrn.2017.55
https://doi.org/10.1038/nrn.2017.55
http://www.ncbi.nlm.nih.gov/pubmed/28515433
https://doi.org/10.3389/fnins.2019.01087
http://www.ncbi.nlm.nih.gov/pubmed/31680823
https://doi.org/10.5665/sleep.4404
http://www.ncbi.nlm.nih.gov/pubmed/25409102
https://doi.org/10.1016/j.neubiorev.2017.07.010
https://doi.org/10.1016/j.neubiorev.2017.07.010
http://www.ncbi.nlm.nih.gov/pubmed/28757454
https://doi.org/10.1038/s41386-019-0432-6
http://www.ncbi.nlm.nih.gov/pubmed/31176308
https://doi.org/10.1371/journal.pone.0107542
http://www.ncbi.nlm.nih.gov/pubmed/25222128
https://doi.org/10.3389/fpsyt.2020.00688
https://doi.org/10.3389/fpsyt.2020.00688
http://www.ncbi.nlm.nih.gov/pubmed/32792995
http://www.ncbi.nlm.nih.gov/pubmed/19300585
https://doi.org/10.1016/j.jtbi.2008.09.012
http://www.ncbi.nlm.nih.gov/pubmed/18938181
https://doi.org/10.1016/j.conb.2013.02.008
http://www.ncbi.nlm.nih.gov/pubmed/23523374
https://doi.org/10.1046/j.1365-2869.2003.00337.x
https://doi.org/10.1046/j.1365-2869.2003.00337.x
http://www.ncbi.nlm.nih.gov/pubmed/12603781
https://doi.org/10.1111/j.1365-2869.2007.00574.x
https://doi.org/10.1111/j.1365-2869.2007.00574.x
http://www.ncbi.nlm.nih.gov/pubmed/17309761
https://doi.org/10.1371/journal.pone.0255771

PLOS ONE

Observing changes in human functioning during induced sleep deficiency and recovery periods

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Pejovic S, Basta M, Vgontzas AN, Kritikou |, Shaffer ML, Tsaoussoglou M, et al. Effects of recovery
sleep after one work week of mild sleep restriction on interleukin-6 and cortisol secretion and daytime
sleepiness and performance. American Journal of Physiology-Endocrinology and Metabolism. 2013;
305(7):E890-E896. https://doi.org/10.1152/ajpendo.00301.2013 PMID: 23941878

Bougard C, Gomez-Merino D, Rabat A, Arnal P, Van Beers P, Guillard M, et al. Daytime microsleeps
during 7 days of sleep restriction followed by 13 days of sleep recovery in healthy young adults. Con-
sciousness and cognition. 2018; 61:1-12. https://doi.org/10.1016/j.concog.2018.03.008 PMID:
29631192

Axelsson J, Kecklund G, Akerstedt T, Donofrio P, Lekander M, Ingre M. Sleepiness and Performance in
Response to Repeated Sleep Restriction and Subsequent Recovery during Semi-Laboratory Condi-
tions. Chronobiology International. 2008; 25(2-3):297-308. https://doi.org/10.1080/
07420520802107031 PMID: 18533328

Banks S, Van Dongen HPA, Maislin G, Dinges DF. Neurobehavioral Dynamics Following Chronic
Sleep Restriction: Dose-Response Effects of One Night for Recovery. Sleep. 2010; 33(8):1013-1026.
https://doi.org/10.1093/sleep/33.8.1013 PMID: 20815182

Rupp TL, Wesensten NJ, Bliese PD, Balkin TJ. Banking sleep: realization of benefits during subsequent
sleep restriction and recovery. Sleep. 2009; 32(3):311-321. https://doi.org/10.1093/sleep/32.3.311
PMID: 19294951

Curcio G, Casagrande M, Bertini M. Sleepiness: evaluating and quantifying methods. International
Journal of Psychophysiology. 2001; 41(3):251-263. https://doi.org/10.1016/S0167-8760(01)00138-6
PMID: 11448507

Whitney P, Hinson JM. Measurement of cognition in studies of sleep deprivation. Progress in brain
research. 2010; 185:37—48. hitps://doi.org/10.1016/B978-0-444-53702-7.00003-8 PMID: 21075232

Lim J, Dinges DF. A meta-analysis of the impact of short-term sleep deprivation on cognitive variables.
Psychological bulletin. 2010; 136(3):375. https://doi.org/10.1037/a0018883 PMID: 20438143

Javaheripour N, Shahdipour N, Noori K, Zarei M, Camilleri JA, Laird AR, et al. Functional brain alter-
ations in acute sleep deprivation: An activation likelihood estimation meta-analysis. Sleep medicine
reviews. 2019; 46:64—73. https://doi.org/10.1016/j.smrv.2019.03.008 PMID: 31063939

Reynolds AC, Banks S. Total sleep deprivation, chronic sleep restriction and sleep disruption. Progress
in brain research. 2010; 185:91-103. https://doi.org/10.1016/B978-0-444-53702-7.00006-3 PMID:
21075235

Zhang J, Lau EYY, Hsiao JH. Sleep deprivation compromises resting-state emotional regulatory pro-
cesses: An EEG study. Journal of Sleep Research. 2019; 28(3):e12671. https://doi.org/10.1111/jsr.
12671 PMID: 29493041

Gibbings A, Ray L, Berberian N, Nguyen T, Zandi AS, Owen A, et al. EEG and behavioural correlates of
mild sleep deprivation and vigilance. Clinical Neurophysiology. 2021; 132(1):45-55. https://doi.org/10.
1016/j.clinph.2020.10.010 PMID: 33248433

Stojanoski B, Benoit A, Van Den Berg N, Ray LB, Owen AM, Shahidi Zandi A, et al. Sustained vigilance
is negatively affected by mild and acute sleep loss reflected by reduced capacity for decision making,
motor preparation, and execution. Sleep. 2019; 42(1):zsy200. https://doi.org/10.1093/sleep/zsy200
PMID: 30346590

Perrier J, Jongen S, Vuurman E, Bocca M, Ramaekers J, Vermeeren A. Driving performance and EEG
fluctuations during on-the-road driving following sleep deprivation. Biological psychology. 2016; 121:1—
11. https://doi.org/10.1016/j.biopsycho.2016.09.010 PMID: 27697552

Strijkstra AM, Beersma DGM, Drayer B, Halbesma N, Daan S. Subjective sleepiness correlates nega-
tively with global alpha (8—12 Hz) and positively with central frontal theta (4—8 Hz) frequencies in the
human resting awake electroencephalogram. Neurosci Lett. 2003; 340(1):17-20. https://doi.org/10.
1016/S0304-3940(03)00033-8 PMID: 12648748

Sandberg D, Anund A, Fors C, Kecklund G, Karlsson JG, Wahde M, et al. The characteristics of sleepi-
ness during real driving at night—a study of driving performance, physiology and subjective experience.
Sleep. 2011; 34(10):1317-1325. https://doi.org/10.5665/SLEEP.1270 PMID: 21966063

Lal SK, Craig A. Driver fatigue: electroencephalography and psychological assessment. Psychophysiol-
ogy. 2002; 39(8):313-321. https://doi.org/10.1017/S0048577201393095 PMID: 12212650

Buysse DJ, Reynolds CF, Monk TH, Berman SR, Kupfer DJ. The Pittsburgh sleep quality index: A new
instrument for psychiatric practice and research. Psychiatry Research. 1989; 28(2):193—213. https:/
doi.org/10.1016/0165-1781(89)90047-4 PMID: 2748771

Johns MW. A New Method for Measuring Daytime Sleepiness: The Epworth Sleepiness Scale. Sleep.
1991; 14(6):540-545. https://doi.org/10.1093/sleep/14.6.540 PMID: 1798888

PLOS ONE | https://doi.org/10.1371/journal.pone.0255771 September 1, 2021 23/26


https://doi.org/10.1152/ajpendo.00301.2013
http://www.ncbi.nlm.nih.gov/pubmed/23941878
https://doi.org/10.1016/j.concog.2018.03.008
http://www.ncbi.nlm.nih.gov/pubmed/29631192
https://doi.org/10.1080/07420520802107031
https://doi.org/10.1080/07420520802107031
http://www.ncbi.nlm.nih.gov/pubmed/18533328
https://doi.org/10.1093/sleep/33.8.1013
http://www.ncbi.nlm.nih.gov/pubmed/20815182
https://doi.org/10.1093/sleep/32.3.311
http://www.ncbi.nlm.nih.gov/pubmed/19294951
https://doi.org/10.1016/S0167-8760(01)00138-6
http://www.ncbi.nlm.nih.gov/pubmed/11448507
https://doi.org/10.1016/B978-0-444-53702-7.00003-8
http://www.ncbi.nlm.nih.gov/pubmed/21075232
https://doi.org/10.1037/a0018883
http://www.ncbi.nlm.nih.gov/pubmed/20438143
https://doi.org/10.1016/j.smrv.2019.03.008
http://www.ncbi.nlm.nih.gov/pubmed/31063939
https://doi.org/10.1016/B978-0-444-53702-7.00006-3
http://www.ncbi.nlm.nih.gov/pubmed/21075235
https://doi.org/10.1111/jsr.12671
https://doi.org/10.1111/jsr.12671
http://www.ncbi.nlm.nih.gov/pubmed/29493041
https://doi.org/10.1016/j.clinph.2020.10.010
https://doi.org/10.1016/j.clinph.2020.10.010
http://www.ncbi.nlm.nih.gov/pubmed/33248433
https://doi.org/10.1093/sleep/zsy200
http://www.ncbi.nlm.nih.gov/pubmed/30346590
https://doi.org/10.1016/j.biopsycho.2016.09.010
http://www.ncbi.nlm.nih.gov/pubmed/27697552
https://doi.org/10.1016/S0304-3940(03)00033-8
https://doi.org/10.1016/S0304-3940(03)00033-8
http://www.ncbi.nlm.nih.gov/pubmed/12648748
https://doi.org/10.5665/SLEEP.1270
http://www.ncbi.nlm.nih.gov/pubmed/21966063
https://doi.org/10.1017/S0048577201393095
http://www.ncbi.nlm.nih.gov/pubmed/12212650
https://doi.org/10.1016/0165-1781(89)90047-4
https://doi.org/10.1016/0165-1781(89)90047-4
http://www.ncbi.nlm.nih.gov/pubmed/2748771
https://doi.org/10.1093/sleep/14.6.540
http://www.ncbi.nlm.nih.gov/pubmed/1798888
https://doi.org/10.1371/journal.pone.0255771

PLOS ONE

Observing changes in human functioning during induced sleep deficiency and recovery periods

38.

39.

40.

41.

42,

43.

44,
45.

46.

47.

48.

49.

50.

51.

52,

53.

54.

55.

56.

57.

58.

59.

Oginska H. Can you feel the rhythm? A short questionnaire to describe two dimensions of chronotype.
Personality and Individual Differences. 2011; 50(7):1039—1043. https://doi.org/10.1016/j.paid.2011.
01.020

Akerstedt T, Gillberg M. Subjective and objective sleepiness in the active individual. International Jour-
nal of Neuroscience. 1990; 52(1-2):29-37. https://doi.org/10.3109/00207459008994241 PMID:
2265922

Watson D, Clark LA, Tellegen A. Development and validation of brief measures of positive and negative
affect: the PANAS scales. Journal of personality and social psychology. 1988; 54(6):1063. https://doi.
org/10.1037/0022-3514.54.6.1063 PMID: 3397865

Beres AM, Domagalik A, Ochab JK, Oles$ K, Oginska H, Fafrowicz M, et al. The effects of a 10-day par-
tial sleep deprivation and the following recovery on cognitive functioning—a behavioural and EEG
study. bioRxiv. 2019;.

Gudowska-Nowak E, Ochab JK, Ole$ K, Beldzik E, Chialvo DR, Domagalik A, et al. Seeking a finger-
print: analysis of point processes in actigraphy recording. Journal of Statistical Mechanics: Theory and
Experiment. 2016; 2016(5):054034. https://doi.org/10.1088/1742-5468/2016/05/054034

Coffey WT, Kalmykov YP, Waldron JT. The Langevin Equation with Applications to Stochastic Prob-
lems in Physics, Chemistry and Electrical Engineering. World Scientific; 2004.

Lothar S. Applied statistics: a handbook of techniques, 2nd ed. Springer-Verlag, New York; 1984.

Andrade JM, Estévez-Pérez MG. Statistical comparison of the slopes of two regression lines: A tutorial.
Analytica Chimica Acta. 2014; 838:1—-12. https://doi.org/10.1016/j.aca.2014.04.057 PMID: 25064237

Kruskal WH, Wallis WA. Use of ranks in one-criterion variance analysis. Journal of the American statisti-
cal Association. 1952; 47(260):583—-621. https://doi.org/10.1080/01621459.1952.10483441

Conover WJ, Iman RL. On multiple-comparisons procedures. NM, USA: Los Alamos Scientific Lab.
1979; p. 1-17.

Pohlert T. PMCMRplus: calculate pairwise multiple comparisons of mean rank sums extended, Version
1.4.1. R package version. 2018; 1(0).

Delorme A, Makeig S. EEGLAB: an open source toolbox for analysis of single-trial EEG dynamics
including independent component analysis. Journal of neuroscience methods. 2004; 134(1):9-21.
https://doi.org/10.1016/j.jneumeth.2003.10.009 PMID: 15102499

Lopez-Calderon J, Luck SJ. ERPLAB: an open-source toolbox for the analysis of event-related poten-
tials. Frontiers in human neuroscience. 2014; 8:213. https://doi.org/10.3389/fnhum.2014.00213 PMID:
24782741

Maltez J, Hyllienmark L, Nikulin VV, Brismar T. Time course and variability of power in different fre-
quency bands of EEG during resting conditions. Neurophysiologie Clinique/Clinical Neurophysiology.
2004; 34(5):195-202. https://doi.org/10.1016/j.neucli.2004.09.003 PMID: 15639128

Haegens S, Cousijn H, Wallis G, Harrison PJ, Nobre AC. Inter- and intra-individual variability in alpha
peak frequency. Neurolmage. 2014; 92:46—055. https://doi.org/10.1016/j.neuroimage.2014.01.049
PMID: 24508648

Parameshwaran D, Thiagarajan TC. Modernization, wealth and the emergence of strong alpha oscilla-
tions in the human EEG. bioRxiv. 2019;.

Cajochen C, Brunner DP, Krauchi K, Graw P, Wirz-Justice A. Power Density in Theta/Alpha Frequen-
cies of the Waking EEG Progressively Increases During Sustained Wakefulness. Sleep. 1995; 18
(10):890-894. https://doi.org/10.1093/sleep/18.10.890 PMID: 8746397

Heathcote A, Popiel SJ, Mewhort D. Analysis of response time distributions: An example using the
Stroop task. Psychological Bulletin. 1991; 109(2):340. https://doi.org/10.1037/0033-2909.109.2.340

Philip P, Sagaspe P, Prague M, Tassi P, Capelli A, Bioulac B, et al. Acute Versus Chronic Partial Sleep
Deprivation in Middle-Aged People: Differential Effect on Performance and Sleepiness. Sleep. 2012; 35
(7):997—-1002. https://doi.org/10.5665/sleep.1968 PMID: 22754046

Harma M. Ageing, physical fithess and shiftwork tolerance. Applied Ergonomics. 1996; 27(1):25-29.
https://doi.org/10.1016/0003-6870(95)00046-1 PMID: 15676308

Duffy JF, Willson HJ, Wang W, Czeisler CA. Healthy Older Adults Better Tolerate Sleep Deprivation
Than Young Adults: INCREASED TOLERANCE OF SLEEP DEPRIVATION WITH AGE. Journal of the
American Geriatrics Society. 2009; 57(7):1245-1251. https://doi.org/10.1111/j.1532-5415.2009.023083.
x PMID: 19460089

Pan W, Song Y, Kwak S, Yoshida S, Yamamoto Y. Quantitative Evaluation of the Use of Actigraphy for
Neurological and Psychiatric Disorders. Behavioural Neurology. 2014; 2014:897282. https://doi.org/10.
1155/2014/897282 PMID: 25214709

PLOS ONE | https://doi.org/10.1371/journal.pone.0255771 September 1, 2021 24/26


https://doi.org/10.1016/j.paid.2011.01.020
https://doi.org/10.1016/j.paid.2011.01.020
https://doi.org/10.3109/00207459008994241
http://www.ncbi.nlm.nih.gov/pubmed/2265922
https://doi.org/10.1037/0022-3514.54.6.1063
https://doi.org/10.1037/0022-3514.54.6.1063
http://www.ncbi.nlm.nih.gov/pubmed/3397865
https://doi.org/10.1088/1742-5468/2016/05/054034
https://doi.org/10.1016/j.aca.2014.04.057
http://www.ncbi.nlm.nih.gov/pubmed/25064237
https://doi.org/10.1080/01621459.1952.10483441
https://doi.org/10.1016/j.jneumeth.2003.10.009
http://www.ncbi.nlm.nih.gov/pubmed/15102499
https://doi.org/10.3389/fnhum.2014.00213
http://www.ncbi.nlm.nih.gov/pubmed/24782741
https://doi.org/10.1016/j.neucli.2004.09.003
http://www.ncbi.nlm.nih.gov/pubmed/15639128
https://doi.org/10.1016/j.neuroimage.2014.01.049
http://www.ncbi.nlm.nih.gov/pubmed/24508648
https://doi.org/10.1093/sleep/18.10.890
http://www.ncbi.nlm.nih.gov/pubmed/8746397
https://doi.org/10.1037/0033-2909.109.2.340
https://doi.org/10.5665/sleep.1968
http://www.ncbi.nlm.nih.gov/pubmed/22754046
https://doi.org/10.1016/0003-6870(95)00046-1
http://www.ncbi.nlm.nih.gov/pubmed/15676308
https://doi.org/10.1111/j.1532-5415.2009.02303.x
https://doi.org/10.1111/j.1532-5415.2009.02303.x
http://www.ncbi.nlm.nih.gov/pubmed/19460089
https://doi.org/10.1155/2014/897282
https://doi.org/10.1155/2014/897282
http://www.ncbi.nlm.nih.gov/pubmed/25214709
https://doi.org/10.1371/journal.pone.0255771

PLOS ONE

Observing changes in human functioning during induced sleep deficiency and recovery periods

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Nakamura T, Kiyono K, Yoshiuchi K, Nakahara R, Struzik Z, Yamamoto Y. Universal scaling law in
human behavioral organization. Phys Rev Lett. 2007; 99:138103. https://doi.org/10.1103/PhysRevLett.
99.138103 PMID: 17930642

Nakamura T, Takumi T, Takano A, Aoyagi N, Yoshiuchi K, Struzik Z, et al. Of Mice and Men—Univer-
sality and Breakdown of Behavioral Organization. PloS ONE. 2008; 3(4):e2050. https://doi.org/10.
1371/journal.pone.0002050 PMID: 18446212

Chialvo D, Torrado AMG, Gudowska-Nowak E, Ochab JK, Montoya P, Nowak MA, et al. How we move
is universal: scaling in the average shape of human activity. Papers in physics. 2015; 7:070017. https:/
doi.org/10.4279/pip.070017

Ochab JK, Gerc K, Fafrowicz M, Gudowska-Nowak E, Marek T, Nowak MA, et al. Classifying attention
deficit hyperactivity disorder in children with non-linearities in actigraphy. arXiv:190203530 [nlin, phys-
ics:physics, g-bio]. 2019;.

Lyall LM, Wyse CA, Graham N, Ferguson A, Lyall DM, Cullen B, et al. Association of disrupted circadian
rhythmicity with mood disorders, subjective wellbeing, and cognitive function: a cross-sectional study of
91 105 participants from the UK Biobank. The Lancet Psychiatry. 2018; 5(6):507—-514. https://doi.org/
10.1016/S2215-0366(18)30139-1 PMID: 29776774

Fonseca A, Kerick S, King JT, Lin CT, Jung TP. Brain Network Changes in Fatigued Drivers: A Longitu-
dinal Study in a Real-World Environment Based on the Effective Connectivity Analysis and Actigraphy
Data. Frontiers in Human Neuroscience. 2018; 12. https://doi.org/10.3389/fnhum.2018.00418 PMID:
30483080

Torsvall L, AAkerstedt T. Sleepiness on the job: continuously measured EEG changes in train drivers.
Electroencephalogr Clin Neurophysiol. 1987; 66(6):502—511. https://doi.org/10.1016/0013-4694(87)
90096-4 PMID: 2438115

Naitoh P, Pasnau RO, Kollar EJ. Psychophysiological changes after prolonged deprivation of sleep.
Biological Psychiatry. 1971; 4(3):309-320.

Finelli LA, Baumann H, Borbély AA, Achermann P. Dual electroencephalogram markers of human
sleep homeostasis: Correlation between theta activity in waking and slow-wave activity in sleep.
Neuroscience. 2000; 101(3):523-529. https://doi.org/10.1016/S0306-4522(00)00409-7 PMID:
11113301

Tassi P, Bonnefond A, Engasser O, Hoeft A, Eschenlauer R, Muzet A. EEG spectral power and cogni-
tive performance during sleep inertia: The effect of normal sleep duration and partial sleep deprivation.
Physiology & Behavior. 2006; 87(1):177—184. https://doi.org/10.1016/j.physbeh.2005.09.017 PMID:
16303153

Aeschbach D, Matthews JR, Postolache TT, Jackson MA, Giesen HA, Wehr TA. Two circadian rhythms
in the human electroencephalogram during wakefulness. Am J Physiol Integr Comp Physiol. 1999; 277
(6):R1771-R1779. https://doi.org/10.1152/ajpregu.1999.277.6.R1771 PMID: 10600925

Cote KA, Milner CE, Smith BA, Aubin AJ, Greason TA, Cuthbert BP, et al. CNS arousal and neurobeha-
vioral performance in a short-term sleep restriction paradigm. Journal of Sleep Research. 2009; 18
(3):291-308. https://doi.org/10.1111/j.1365-2869.2008.00733.x PMID: 19552702

Ravden D, Polich J. Habituation of P300 from visual stimuli. International Journal of Psychophysiology.
1998; 30(3):359-365. https://doi.org/10.1016/S0167-8760(98)00039-7 PMID: 9834892

Ravden D, Polich J. On P300 measurement stability: habituation, intra-trial block variation, and ultradian
rhythms. Biological psychology. 1999; 51(1):59-76. https://doi.org/10.1016/S0301-0511(99)00015-0
PMID: 10579421

Jodo E, Inoue K. Effects of practice on the P300 in a Go/NoGo task. Electroencephalography and Clinical
Neurophysiology. 1990; 76(3):249-257. https://doi.org/10.1016/0013-4694(90)90019-G PMID: 1697256

Morris A, So Y, Lee K, Lash A, Becker C. The P300 event-related potential. The effects of sleep depriva-
tion. Journal of occupational medicine: official publication of the Industrial Medical Association. 1992; 34
(12):1143—1152. PMID: 1464782

Lee HJ, Kim L, Kim YK, Suh KY, Han J, Park MK, et al. Auditory event-related potentials and psycholog-
ical changes during sleep deprivation. Neuropsychobiology. 2004; 50(1):1-5. https://doi.org/10.1159/
000077933 PMID: 15179012

Zukerman G, Goldstein A, Babkoff H. The Effect of 2440 Hours of Sleep Deprivation on the P300
Response to Auditory Target Stimuli. Aviation, Space, and Environmental Medicine. 2007; 78(5):B216—
B223. PMID: 17547322

Oginska H, Beldzik E, Domagalik A, Fafrowicz M, Marek T. Chronic partial sleep deprivation affects
event-related potentials evoked by a saccadic task. Journal of Sleep Research. 2014; 23(s1):177-178.

PLOS ONE | https://doi.org/10.1371/journal.pone.0255771 September 1, 2021 25/26


https://doi.org/10.1103/PhysRevLett.99.138103
https://doi.org/10.1103/PhysRevLett.99.138103
http://www.ncbi.nlm.nih.gov/pubmed/17930642
https://doi.org/10.1371/journal.pone.0002050
https://doi.org/10.1371/journal.pone.0002050
http://www.ncbi.nlm.nih.gov/pubmed/18446212
https://doi.org/10.4279/pip.070017
https://doi.org/10.4279/pip.070017
https://doi.org/10.1016/S2215-0366(18)30139-1
https://doi.org/10.1016/S2215-0366(18)30139-1
http://www.ncbi.nlm.nih.gov/pubmed/29776774
https://doi.org/10.3389/fnhum.2018.00418
http://www.ncbi.nlm.nih.gov/pubmed/30483080
https://doi.org/10.1016/0013-4694(87)90096-4
https://doi.org/10.1016/0013-4694(87)90096-4
http://www.ncbi.nlm.nih.gov/pubmed/2438115
https://doi.org/10.1016/S0306-4522(00)00409-7
http://www.ncbi.nlm.nih.gov/pubmed/11113301
https://doi.org/10.1016/j.physbeh.2005.09.017
http://www.ncbi.nlm.nih.gov/pubmed/16303153
https://doi.org/10.1152/ajpregu.1999.277.6.R1771
http://www.ncbi.nlm.nih.gov/pubmed/10600925
https://doi.org/10.1111/j.1365-2869.2008.00733.x
http://www.ncbi.nlm.nih.gov/pubmed/19552702
https://doi.org/10.1016/S0167-8760(98)00039-7
http://www.ncbi.nlm.nih.gov/pubmed/9834892
https://doi.org/10.1016/S0301-0511(99)00015-0
http://www.ncbi.nlm.nih.gov/pubmed/10579421
https://doi.org/10.1016/0013-4694(90)90019-G
http://www.ncbi.nlm.nih.gov/pubmed/1697256
http://www.ncbi.nlm.nih.gov/pubmed/1464782
https://doi.org/10.1159/000077933
https://doi.org/10.1159/000077933
http://www.ncbi.nlm.nih.gov/pubmed/15179012
http://www.ncbi.nlm.nih.gov/pubmed/17547322
https://doi.org/10.1371/journal.pone.0255771

PLOS ONE

Observing changes in human functioning during induced sleep deficiency and recovery periods

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92,

93.

D’Ambrosio S, Castelnovo A, Guglielmi O, Nobili L, Sarasso S, Garbarino S. Sleepiness as a Local Phe-
nomenon. Frontiers in Neuroscience. 2019; 13:1086. https://doi.org/10.3389/fnins.2019.01086 PMID:
31680822

Vyazovskiy VV, Olcese U, Hanlon EC, Nir Y, Cirelli C, Tononi G. Local sleep in awake rats. Nature.
2011; 472(7344):443-447 . https://doi.org/10.1038/nature 10009 PMID: 21525926

Bernardi G, Siclari F, Yu X, Zennig C, Bellesi M, Ricciardi E, et al. Neural and Behavioral Correlates of
Extended Training during Sleep Deprivation in Humans: Evidence for Local, Task-Specific Effects.
Journal of Neuroscience. 2015; 35(11):4487—-4500. https://doi.org/10.1523/JNEUROSCI.4567-14.2015
PMID: 25788668

Nobili L, Ferrara M, Moroni F, De Gennaro L, Russo GL, Campus C, et al. Dissociated wake-like and
sleep-like electro-cortical activity during sleep. Neurolmage. 2011; 58(2):612—619. https://doi.org/10.
1016/j.neuroimage.2011.06.032 PMID: 21718789

Nobili L, De Gennaro L, Proserpio P, Moroni F, Sarasso S, Pigorini A, et al. Chapter 13—Local aspects
of sleep: Observations from intracerebral recordings in humans. In: Kalsbeek A, Merrow M, Roenne-
berg T, Foster RG, editors. The Neurobiology of Circadian Timing. vol. 199 of Progress in Brain
Research. Elsevier; 2012. p. 219—232. Available from: http://www.sciencedirect.com/science/article/
pii/B9780444594273000137.

Fattinger S, Kurth S, Ringli M, Jenni OG, Huber R. Theta waves in children’s waking electroencephalo-
gram resemble local aspects of sleep during wakefulness. Scientific Reports. 2017; 7(1):11187. https:/
doi.org/10.1038/s41598-017-11577-3 PMID: 28894254

Belenky G, Wesensten NJ, Thorne DR, Thomas ML, Sing HC, Redmond DP, et al. Patterns of perfor-
mance degradation and restoration during sleep restriction and subsequent recovery: A sleep dose-
response study. Journal of sleep research. 2003; 12(1):1-12. https://doi.org/10.1046/j.1365-2869.
2003.00337.x PMID: 12603781

Meisel C, Olbrich E, Shriki O, Achermann P. Fading signatures of critical brain dynamics during sus-
tained wakefulness in humans. Journal of Neuroscience. 2013; 33(44):17363—-17372. https://doi.org/
10.1523/JNEUROSCI.1516-13.2013 PMID: 24174669

Meisel C, Bailey K, Achermann P, Plenz D. Decline of long-range temporal correlations in the human
brain during sustained wakefulness. Scientific Reports. 2017; 7(1):11825. https://doi.org/10.1038/
s41598-017-12140-w PMID: 28928479

Palva JM, Zhigalov A, Hirvonen J, Korhonen O, Linkenkaer-Hansen K, Palva S. Neuronal long-range
temporal correlations and avalanche dynamics are correlated with behavioral scaling laws. Proc Natl
Acad Sci U S A. 2013; 110(9):3585-90. https://doi.org/10.1073/pnas.1216855110 PMID: 23401536

Hung CS, Sarasso S, Ferrarelli F, Riedner B, Ghilardi MF, Cirelli C, et al. Local Experience-Dependent
Changes in the Wake EEG after Prolonged Wakefulness. Sleep. 2013; 36(1):59-72. https://doi.org/10.
5665/sleep.2302 PMID: 23288972

Doty TJ, So CJ, Bergman EM, Trach SK, Ratcliffe RH, Yarnell AM, et al. Limited efficacy of caffeine and
recovery costs during and following 5 days of chronic sleep restriction. Sleep. 2017; 40(12):zsx171.
https://doi.org/10.1093/sleep/zsx171 PMID: 29029309

Van Dongen HPA, Belenky G. Individual Differences in Vulnerability to Sleep Loss in the Work Environ-
ment. Industrial Health. 2009; 47(5):518-526. https://doi.org/10.2486/indhealth.47.518 PMID:
19834261

Rupp TL, Wesensten NJ, Balkin TJ. Trait-Like Vulnerability to Total and Partial Sleep Loss. Sleep.
2012; 35(8):1163-1172. https://doi.org/10.5665/sleep.2010 PMID: 22851812

Dennis LE, Wohl RJ, Selame LA, Goel N. Healthy adults display long-term trait-like neurobehavioral
resilience and vulnerability to sleep loss. Scientific reports. 2017; 7(1):14889. https://doi.org/10.1038/
s41598-017-14006-7 PMID: 29097703

PLOS ONE | https://doi.org/10.1371/journal.pone.0255771 September 1, 2021 26/26


https://doi.org/10.3389/fnins.2019.01086
http://www.ncbi.nlm.nih.gov/pubmed/31680822
https://doi.org/10.1038/nature10009
http://www.ncbi.nlm.nih.gov/pubmed/21525926
https://doi.org/10.1523/JNEUROSCI.4567-14.2015
http://www.ncbi.nlm.nih.gov/pubmed/25788668
https://doi.org/10.1016/j.neuroimage.2011.06.032
https://doi.org/10.1016/j.neuroimage.2011.06.032
http://www.ncbi.nlm.nih.gov/pubmed/21718789
http://www.sciencedirect.com/science/article/pii/B9780444594273000137
http://www.sciencedirect.com/science/article/pii/B9780444594273000137
https://doi.org/10.1038/s41598-017-11577-3
https://doi.org/10.1038/s41598-017-11577-3
http://www.ncbi.nlm.nih.gov/pubmed/28894254
https://doi.org/10.1046/j.1365-2869.2003.00337.x
https://doi.org/10.1046/j.1365-2869.2003.00337.x
http://www.ncbi.nlm.nih.gov/pubmed/12603781
https://doi.org/10.1523/JNEUROSCI.1516-13.2013
https://doi.org/10.1523/JNEUROSCI.1516-13.2013
http://www.ncbi.nlm.nih.gov/pubmed/24174669
https://doi.org/10.1038/s41598-017-12140-w
https://doi.org/10.1038/s41598-017-12140-w
http://www.ncbi.nlm.nih.gov/pubmed/28928479
https://doi.org/10.1073/pnas.1216855110
http://www.ncbi.nlm.nih.gov/pubmed/23401536
https://doi.org/10.5665/sleep.2302
https://doi.org/10.5665/sleep.2302
http://www.ncbi.nlm.nih.gov/pubmed/23288972
https://doi.org/10.1093/sleep/zsx171
http://www.ncbi.nlm.nih.gov/pubmed/29029309
https://doi.org/10.2486/indhealth.47.518
http://www.ncbi.nlm.nih.gov/pubmed/19834261
https://doi.org/10.5665/sleep.2010
http://www.ncbi.nlm.nih.gov/pubmed/22851812
https://doi.org/10.1038/s41598-017-14006-7
https://doi.org/10.1038/s41598-017-14006-7
http://www.ncbi.nlm.nih.gov/pubmed/29097703
https://doi.org/10.1371/journal.pone.0255771

