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Abstract

Study Objectives: The amount of recovery sleep needed to fully restore well-established neurobehavioral deficits from sleep loss remains
unknown, as does whether the recovery pattern differs across measures after total sleep deprivation (TSD) and chronic sleep

restriction (SR).

Methods: In total, 83 adults received two baseline nights (10-12-hour time in bed [TIB]) followed by five 4-hour TIB SR nights or 36-hour TSD
and four recovery nights (R1-R4; 12-hour TIB). Neurobehavioral tests were completed every 2 hours during wakefulness and a Maintenance of
Wakefulness Test measured physiological sleepiness. Polysomnography was collected on B2, R1, and R4 nights.

Results: TSD and SR produced significant deficits in cognitive performance, increases in self-reported sleepiness and fatigue, decreases in
vigor, and increases in physiological sleepiness. Neurobehavioral recovery from SR occurred after R1 and was maintained for all measures
except Psychomotor Vigilance Test (PVT) lapses and response speed, which failed to completely recover. Neurobehavioral recovery from TSD
occurred after R1 and was maintained for all cognitive and self-reported measures, except for vigor. After TSD and SR, R1 recovery sleep was
longer and of higher efficiency and better quality than R4 recovery sleep.

Conclusions: PVT impairments from SR failed to reverse completely; by contrast, vigor did not recover after TSD; all other deficits were
reversed after sleep loss. These results suggest that TSD and SR induce sustained, differential biological, physiological, and/or neural changes,
which remarkably are not reversed with chronic, long-duration recovery sleep. Our findings have critical implications for the population at
large and for military and health professionals.

Statement of Significance

In a large sample, we observed differential recovery profiles to key neurobehavioral responses after two commonly experienced types of
sleep loss, chronic sleep restriction (SR; five consecutive nights of 4 hours nightly sleep opportunity) and acute total sleep deprivation
(TSD; one night without sleep). After chronic SR, all neurobehavioral functions, except for behavioral attention, returned to baseline after
one recovery night. By contrast, after TSD, all neurobehavioral functions, except self-reported vigor, returned to baseline after one recovery
night. Remarkably, four consecutive long-duration recovery nights were not enough to reverse these deficits. Our results are relevant for
the general population and those in military and health professions and provide critical, novel information for predictive mathematical
models of recovery.
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Introduction

The average American receives at least 1 hour less than the
recommended number of hours of sleep needed to achieve
optimal levels of cognitive performance and wakefulness
[1, 2]. Sleep deprivation negatively affects emotion regula-
tion/recognition, pain habituation and sensitization, multi-
tasking abilities, cardiovascular and metabolic efficiency, and
higher cognitive functioning [3-14]. Sleep loss, including total
sleep deprivation (TSD) and chronic sleep restriction (SR), de-
grades behavioral attention, cognitive throughput, memory,
and physiological alertness and increases sleepiness and
fatigue [6, 15-21]. However, the number of recovery days re-
quired to return and maintain neurobehavioral functioning
across a diverse set of tasks to baseline levels after sleep loss
remains unknown, as does whether the pattern of recovery
and maintenance across multiple days differs for various
neurobehavioral measures and differs after two common
types of sleep loss, acute TSD and chronic SR.

Little is known about the neurobehavioral patterns of
recovery after acute TSD. After one night of TSD and 8- to
10-hour time-in-bed (TIB) recovery sleep, sustained attention
performance (measured using the Psychomotor Vigilance Test
[PVT] and/or Simple Reaction Time task [SRTT]) recovered to
baseline [22-25], as did self-reported sleepiness (measured
using the Karolinska Sleepiness Scale [KSS]) [23, 24]. Cognitive
throughput performance (as measured by the Digit Symbol
Substitution Task [DSST]) following 36- to 62-hour TSD and
10-hour TIB recovery sleep returned to and exceeded base-
line levels [22]. However, the time course of physiological
sleepiness was slower to return to baseline after acute TSD,
requiring 1-2 recovery nights of 8- to 9-hour TIB [23, 24].
Importantly, these studies did not examine the recovery of
DSST after multiple nights of recovery sleep to determine if
improved performance is maintained or examine other key
domains including self-reported fatigue or vigor (as measured
by the Profile of Mood States [POMS]), which show marked im-
pairment with acute TSD [21].

By contrast, the recovery of neurobehavioral functioning
after chronic SR (ranging from 5 to 14 nights of 4- to 5-hour TIB)
may be slower than that after acute TSD for some measures [15,
23, 26-28]. After five nights of 4-hour TIB, chronic SR, one night of
10-hour TIB recovery was insufficient to restore PVT lapses and
response speed or self-rated sleepiness and fatigue to baseline
levels, though DSST performance and physiological sleepiness
returned to baseline [15]. Moreover, while self-reported and/or
physiological sleepiness tests recovered after multiple recovery
sleep nights (ranging from 2 to 7 nights of 8- to 10-hour TIB), be-
havioral or sustained attention measures (PVT or SRTT) failed to
recover to baseline levels [27-30]. Notably, none of these studies
employed a longer recovery sleep opportunity (e.g. 12 hours)
across multiple nights to examine whether such an extended
recovery paradigm would be sufficient to fully restore behav-
ioral attention performance to baseline. Moreover, it remains
unknown whether DSST performance, thought to reflect cogni-
tive instability comparable to that observed for the PVT during
sleep loss [22], would show similar recovery patterns across
days to that of the PVT and, therefore, reflect similar underlying
mechanisms.

The aim of this study is to investigate recovery and main-
tenance patterns of neurobehavioral measures after acute

TSD or after chronic SR using a large sample of participants
for each type of sleep loss and a long sleep duration (12-hour
TIB) of four consecutive recovery nights. Specifically, we inves-
tigated how many nights of 12-hour recovery sleep would be
needed to restore and maintain neurobehavioral functioning
to baseline levels following sleep loss. We also sought to deter-
mine whether four nights of 12-hour recovery sleep following
sleep loss would reveal different neurobehavioral recovery
and maintenance dynamics after SR versus after acute TSD
and whether the recovery and maintenance pattern would
differ across various self-rated and objective measures (espe-
cially if recovery sleep is insufficient or if there is instability
in recovery performance). We hypothesized that one or more
nights of recovery would be enough to return and maintain
self-reported and objective measures back to baseline levels
after acute TSD. We also hypothesized that a longer recovery
sleep period of four consecutive nights of 12 hours would re-
turn and sustain both objective and self-reported measures
back to baseline levels after SR. Finally, we hypothesized that
the patterns of recovery would differ across various measures
after SR and TSD.

Methods
Participants

In total, 83 healthy adults (mean =+ standard deviation
[SD], 34.7 + 8.9 y; 36 females), between the ages of 21 and
50 years were recruited in response to study advertisements.
Participants reported habitual nightly sleep durations be-
tween 6.5 and 8.5 hours, with habitual bedtimes between
10:00 pm and 12:00 am and habitual awakenings between
06:00 am and 09:30 am; these were confirmed via wrist
actigraphy. Chronotype was determined via the Morningness—
Eveningness Composite Scale, with extreme morning and
evening types excluded [31]. Participants did not engage in
habitual napping and did not present with sleep disturbances
(i.e. no complaints of daytime sleepiness, insomnia, or other
sleep-wake disturbances) [32]. They did not have any acute or
chronic psychological and medical conditions, as determined
by questionnaires, interviews, physical exams, clinical history,
and urine and blood tests (including a fasting blood glucose
test). Participants did not take regular medications (except for
oral contraceptive use in some females) and were nonsmokers
with body mass index (BMI) between 17.3 and 30.9 kg/m? They
did not participate in transmeridian travel or shift work or
have irregular sleep-wake routines in the 60 days before the
study. Participants were monitored at home with actigraphy,
sleep-wake diaries, and time-stamped call-ins to determine
bedtimes and waketimes during the 7-14 days before the la-
boratory phase. Sleep disorders were excluded on the first
laboratory night by oximetry and polysomnography (PSG)
measurements, if applicable—in our sample, no participants
demonstrated a sleep disorder.

Participants were not allowed to use caffeine, alcohol, medi-
cations (except oral contraceptives), or tobacco for 7 days before
the study, as verified by blood and urine screenings. The protocol
was approved by the University of Pennsylvania’s Institutional
Review Board. All participants provided written informed con-
sent in accordance with the Declaration of Helsinki. They re-
ceived compensation for participation.



Procedures

Participants engaged in a 13-day laboratory study in which they
were studied continuously and received daily checks of vital
signs and symptoms by nurses (with a physician on call). All
participants experienced either SR or TSD during the protocol
followed by four nights of 12-hour recovery sleep opportunity
(10:00 pm to 10:00 am), designed to assess whether there were
complete recuperation and return of neurobehavioral variables
to baseline. Participants were randomized as a group (N = 4 per
group) to one of the two conditions after two initial nights of
baseline sleep of 10 hours (10:00 pm to 08:00 am) and 12 hours
(10:00 pm to 10:00 am) TIB, respectively, and were blinded to con-
dition assignment until after the second night of baseline sleep
(Figure 1). Participants who experienced SR (N = 41) underwent
five consecutive nights of 4-hour TIB per night (SR1-5, 04:00 am
to 08:00 am) followed by four consecutive nights of 12-hour re-
covery sleep opportunity (10:00 pm to 10:00 am). Participants
who experienced TSD (N = 42) underwent 36 hours of TSD (0 h
TIB, wakefulness from 10:00 am to 08:00 pm the following day),
followed by four consecutive nights of 12-hour recovery sleep
opportunity (10:00 pm to 10:00 am).

Participants were ambulatory and were permitted to per-
form sedentary activities, such as watching television, reading,
and playing video or board games between neurobehavioral test
bouts (completed while seated at a computer); however, they
were not allowed to exercise. Ambient temperature was main-
tained between 22 and 24°C. Laboratory light levels remained
constant at <50 lux during scheduled wakefulness and <1 lux
during scheduled sleep periods. Participants were monitored
continuously by trained staff throughout the study to ensure ad-
herence. Participants wore a wrist actigraph continuously and
on certain days wore ambulatory electroencephalography (EEG)
and electrocardiography (ECG) recording equipment for 24-hour
intervals.

Neurobehavioral measures

A precise computer-based neurobehavioral test battery was
administered every 2 hours during wakefulness on all five SR
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days and throughout TSD. The test battery contained the fol-
lowing tasks: the 10-minute PVT [33, 34], the DSST [35], the KSS
[36], and the POMS [37]. The number of lapses (reaction times
[RT] >500 ms) and the response speed (1/RT) were analyzed for
the PVT.

In addition to these test bouts, a modified Maintenance
of Wakefulness Test (MWT) [15, 17, 21, 38]—a physiological
measure of the ability to resist sleep—was administered at
baseline, after five nights of SR or after TSD, and after R1, R3,
and R4 (a single trial was conducted between 2:30 pm and 4:00
pm), using a standard recording montage. Before each trial,
the lights were dimmed to <10 lux, and participants were in-
structed, “Keep your eyes open and try not to fall asleep.” Each
trial was terminated at the first microsleep (10 s of theta ac-
tivity) determined by the C,-A, derivation or at 30 minutes if
sleep onset did not occur. MWT scores represented either the
time (minutes) to microsleep initiation or 30 minutes (if no
microsleep occurred).

Polysomnography

PSG recordings (EC3-A2, Fz-A1l, 02-A1; two electroculography
[EOG]: left outer canthus [LOC]/right outer canthus [ROC];
two submental electromyography [EMG] were collected using
digital ambulatory physiological recorders; Compumedics
Profusion PSG3 recording system [128-Hz sampling];
Compumedics Limited, Abbotsford, Victoria, Australia) on
B2, R1, and R4. All sleep stages were scored visually in con-
tinuous 30-second epochs according to Rechtschaffen and
Kales [39] by a trained scorer using commercial software
(Profusion PSG 3; Compumedics Limited). The EEGs and EOGs
were referenced with Al or A2 (Fz-A1l, C3-A2, 02-A1, LOC-A2,
and ROC-A1l). A submental EMG was analyzed bipolarly. The
sampling rate was 256 Hz. For sleep scoring, high-pass filters
were set at 0.3 Hz for EEGs and EOGs and 10 Hz for EMG. Sleep
onset latency was defined as three consecutive 30-second
epochs of any sleep stage. Recovery PSG sleep was examined
since inadequate recovery sleep could affect the recovery of
neurobehavioral measures.
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Figure 1. Experimental protocol. Participants were randomly assigned to one of two conditions: (A) SR: two nights of baseline sleep (B1 and B2, 10:00 pm to 08:00/10:00
am) followed by five nights of chronic SR (04:00 am to 08:00 am), followed by four nights of recovery sleep (R1-R4, 10:00 pm to 10:00 am) or (B) TSD: two nights of base-
line sleep (B1 and B2, 10:00 pm to 08:00/10:00 am) followed by one night of 36-hour acute TSD followed by four nights of recovery sleep (R1-R4, 10:00 pm to 10:00 am).
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Statistical analyses

Two-way mixed analysis of variances (ANOVAs) were used to
determine whether changes in cognitive performance, self-
reported measures, physiological alertness, and recovery
PSG sleep were different between individuals exposed to TSD
and SR across all time points and, separately, across only re-
covery time points following sleep loss (SPSS v26). When mixed
ANOVAs revealed a significant interaction term, repeated meas-
ures ANOVAs (RMANOVAs) were used to evaluate the time effect
in each group, while one-way ANOVAs looked at group differ-
ences at each time point. Greenhouse-Geisser corrections for
degrees of freedom were applied for all mixed and RMANOVAs to
account for sphericity assumption violations as indicated by sig-
nificant Mauchly’s tests for all mixed ANOVAs and RMANOVAs
(x*(2-14) = 21.36-525.02, p = 0.000-0.011). Bonferroni adjustment
for multiple comparisons was applied to all post hoc pairwise
comparisons. Baseline and recovery were assessed using the
average values of all test bouts during wakefulness (10:00 am
to 08:00 pm). Response to sleep loss was assessed using the
average value of data collected every 2 hours from 08:00 am to
08:00 pm during TSD and after the fifth night of SR [21, 40].

Results

In total, 83 healthy adults (mean + SD: 34.7 + 8.9 y; 36 females)
(aged 21-50 y, 72.3% African American; 43.4% female) partici-
pated in the study, with N = 41 participants randomly assigned
to five consecutive nights of SR and N = 42 participants ran-
domly assigned to one night of TSD. There were no significant
differences between conditions in age, BMI, chronotype, the per-
centage of participants who were female or African American,
or in pre-study actigraphic sleep duration (overall mean + SD:
8.00 + 0.60 h), onset, offset, or midpoint, or in baseline PSG
total sleep time (overall mean + SD: 9.55 + 1.13 h) or in baseline
PSG sleep onset latency (overall mean + SD: 19.60 + 18.08 min)
(F(1) = 0.009-1.049, p = 0.309-0.925) [21].

Cognitive performance

There was no significant interaction between condition (SR
vs. TSD) and time for PVT lapses across all study time points
(p = 0.337, Figure 2A) or across recovery only (p = 0.504). The
main effect of time demonstrated a significant difference in PVT
lapses across all study time points (p < 0.000), yet not across re-
covery (p = 0.144). There was a significant difference in mean
PVT lapses between the SR and TSD groups across all time
points (p = 0.049), as well as during recovery only (p = 0.014), with
the SR group having more lapses than the TSD group across
both. Bonferroni-adjusted pairwise comparison results for both
conditions combined for all time points and recovery only are
presented in Supplementary Table S1.

For PVT response speed, there was a significant interaction
between condition and time across all time points (p < 0.000,
Figure 2B), yet not across recovery only (p = 0.485). Response
speed was significantly higher at R1 (p = 0.048) and R3 (p = 0.020)
in the TSD group relative to the SR group (Table 1). When exam-
ined separately by condition across all time points, there was
a significant effect of time on response speed for the SR group
(F(3.05, 121.98) = 45.20, p < 0.000, partial n? = 0.530) and the TSD
group (F(2.03, 83.23) = 73.90, p < 0.000, partial n? = 0.643). In the
SR condition, response speed differed between B2 and all other
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Figure 2. Neurobehavioral performance after sleep loss and recovery. (A) Both
chronic SR and acute TSD produced performance deficits as measured by more
lapses on the 10-min PVT. (B) PVT response speed (1/RT) was impaired after both
SR and TSD. 1/RT returned to baseline after R1 and was maintained through
R1-R4 in the TSD group but did not recover to baseline after four nights of re-
covery sleep following SR. 1/RT differed between the SR and TSD groups during
R1 and R3. (C) DSST performance was impaired after TSD, but not SR, and subse-
quently exceeded baseline performance for all nights of recovery sleep for both
conditions. Data are mean + SEM. *p < 0.05; **p < 0.001; asterisks directly above
data points are significant paired t-tests using Bonferroni corrections, which
compared performance at each time point to baseline performance when the
all-time point interaction was significant; asterisks above bars are significant
one-way ANOVAs that compared differences between SR and TSD.
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Table 1. One-way ANOVA results evaluating simple main effects for condition at each time point on variables that demonstrated significant
interactions in between-group RMANOVAs

Measure Time af F P Partial n?
Ten-minute PVT 1/RT B2 1,81 0.491 0.486 0.006
Sleep Loss 1,81 0.061 0.805 0.001
R1* 1,81 4.026 0.048 0.047
R2 1,81 3.65 0.060 0.043
R3* 1,81 5.658 0.020 0.065
R4 1,81 3.530 0.064 0.042
DSST number correct B2 1,81 0.021 0.886 0.000
Sleep Loss 1,81 3.65 0.060 0.043
R1 1,81 0.231 0.632 0.003
R2 1,81 0.201 0.655 0.002
R3 1,81 0.064 0.801 0.001
R4 1,81 0.009 0.925 0.000
KSS score B2 1,81 0.35 0.556 0.004
Sleep Loss* 1,81 6.959 0.010 0.079
R1 1,81 0.171 0.681 0.002
R2 1,81 0.04 0.842 0.000
R3 1,81 0.494 0.484 0.006
R4 1,81 0.084 0.773 0.001
MWT sleep latency B2 1,81 0.979 0.325 0.012
Sleep Loss 1,81 2.226 0.140 0.027
R1* 1,81 5.678 0.020 0.066
R3* 1,81 5.521 0.021 0.064
R4* 1,81 4.008 0.049 0.047

B2, baseline day; R1-R4, recovery days one through four.
*p <0.05.

study time points (Figure 2B), as well as between SR and all re-
covery time points (all ps < 0.000). In the TSD condition, response
speed differed between B2 and Sleep Loss (p < 0.000, Figure 2B),
between TSD and all recovery time points (all p’s < 0.000), and
between R3 and R4 (p = 0.013; Supplementary Table S2). Across
recovery only, the main effect of time demonstrated a signifi-
cant difference in PVT response speed (p = 0.027), and there was
a significant difference in mean PVT response speed between
conditions (p = 0.040), with the TSD group having faster response
speed relative to the SR group. Bonferroni-adjusted pairwise
comparison results for both conditions combined for recovery
only are presented in Supplementary Table S1.

On the DSST, there was a significant interaction between
condition assignment and time across all time points (p = 0.002,
Figure 2C), yet not across recovery only (p = 0.559). DSST scores
were not significantly different between the groups at any
time point (p = 0.060-0.925, Table 1). When examined separ-
ately by condition across all time points, there was a significant
effect of time on DSST performance for the SR group (F(2.95,
117.88) = 20.85, p < 0.000, partial ? = 0.343) and for the TSD group
(F(2.66, 109.04 = 64.52, p < 0.000, partial n? = 0.611). In the SR con-
dition, DSST scores differed between B2 and all recovery time
points (Figure 2C), as well as between SR and all recovery time
points (p = 0.000-0.039). In the TSD condition, DSST scores dif-
fered between B2 and all study time points (Figure 2C), between
TSD and all recovery time points, and between R1 and all other
recovery time points (p = 0.000-0.006; Supplementary Table S2).
Across recovery only, the main effect of time demonstrated a
significant difference in DSST performance (p < 0.000), yet there
was no significant difference in mean DSST scores between
conditions (p = 0.748). Full results for two-way mixed ANOVAs
discussed in this section are presented in Table 2. Bonferroni-
adjusted pairwise comparison results for both conditions

combined for recovery only are presented in Supplementary
Table S1.

Self-reported sleepiness, fatigue, and vigor

For self-reported sleepiness on the KSS, there was a significant
interaction between condition and time across all time points
(p = 0.002, Figure 3A), yet not across recovery only (p = 0.821).
KSS scores were significantly higher in the TSD condition rela-
tive to the SR condition at Sleep Loss (p = 0.010) yet were not
significantly different at any other time point (Table 1). When
examined separately by condition across all time points, there
was a significant effect of time on KSS score for the SR group
(F(2.60, 104.12) = 37.63, p < 0.000, partial n* = 0.485) and for the
TSD group (F(1.94, 79.40) = 103.06, p < 0.000, partial n? = 0.715).
In both conditions, KSS scores differed between B2 and Sleep
Loss (Figure 3A) as well as between Sleep Loss and all recovery
time points (all ps < 0.000, Supplementary Table S2). Across re-
covery only, the main effect of time did not demonstrate a sig-
nificant difference in KSS scores (p = 0.471), and there was no
significant difference in mean KSS scores between conditions
(p = 0.658). Bonferroni-adjusted pairwise comparison results for
both conditions combined for recovery only are presented in
Supplementary Table S1.

There was no significant interaction between condition and
time for self-reported fatigue on the POMS Fatigue across all
study time points (p = 0.349, Figure 3B) or across recovery only
(p = 0.559). Across all study time points, the main effect of time
demonstrated a significant difference in POMS Fatigue scores
(p < 0.000), and there was no significant difference in mean
POMS Fatigue scores between conditions (p = 0.481). Across re-
covery only, the main effect of time did not demonstrate a sig-
nificant difference in POMS Fatigue scores (p = 0.143), and there
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Table 2. Two-way mixed ANOVA results comparing conditions across all time points and recovery only with time and between-subjects effect

test results presented for nonsignificant interaction terms

Measure TIME Test df F P Partial n?
Ten-minute PVT lapses All Interaction 1.37,110.70 1.03 0.337 0.012
Time™ 80.03 0.000 0.497
Condition* 1,81 4.00 0.049 0.047
Recovery Interaction 1.93, 156.30 0.68 0.504 0.008
Time 1.98 0.144 0.024
Condition* 1,81 6.34 0.014 0.073
Ten-minute PVT 1/RT All Interaction™ 2.83,229.17 11.80 0.000 0.127
Recovery Interaction 2.05, 166.30 0.73 0.485 0.009
Time* 3.66 0.027 0.043
Condition* 1,81 4.36 0.040 0.051
DSST number correct All Interaction* 2.98,241.32 5.30 0.002 0.061
Recovery Interaction 2.50, 202.08 0.65 0.559 0.008
Time** 10.95 0.000 0.119
Condition 1,81 0.10 0.748 0.001
KSS score All Interaction*® 2.30, 186.43 5.85 0.002 0.067
Recovery Interaction 2.15,174.42 0.22 0.821 0.003
Time 0.77 0.471 0.009
Condition 1,81 0.20 0.658 0.002
POMS Fatigue score All Interaction 1.55,125.79 1.01 0.349 0.012
Time* 59.48 0.000 0.423
Condition 1,81 0.50 0.481 0.006
Recovery Interaction 2.11,170.69 0.60 0.559 0.007
Time 1.95 0.143 0.024
Condition 1,81 0.16 0.687 0.002
POMS Vigor score All Interaction 3.65, 295.86 0.51 0.711 0.006
Time™ 31.13 0.000 0.278
Condition 1,81 0.02 0.898 0.000
Recovery Interaction 2.43,196.81 1.25 0.291 0.015
Time* 5.37 0.003 0.062
Condition 1,81 0.02 0.904 0.000
MWT sleep latency All Interaction® 3.19, 258.32 4.41 0.004 0.052
Recovery Interaction 1.51,122.42 0.16 0.789 0.002
Time 2.12 0.137 0.026
Condition* 1,81 9.31 0.003 0.103

Greenhouse-Geisser corrected values reported for all tests excluding between-subject effect (condition). Time main effect test results are reported when the inter-
action term was not significant. Refer to Figures 2—4 for mean and standard error values.

*p < 0.05; *p < 0.001.

was no significant difference in mean POMS Fatigue scores be-
tween conditions (p = 0.687). Bonferroni-adjusted pairwise com-
parison results for both conditions combined for all time points
and recovery only are presented in Supplementary Table S1.

There was no significant interaction between condition and
time for self-reported vigor on the POMS Vigor across all study
time points (p = 0.711, Figure 3C) or across recovery only (p = 0.291).
The main effect of time demonstrated a significant difference in
POMS Vigor scores across all study time points (p < 0.000) and
across recovery only (p = 0.003). There was no significant differ-
ence in mean POMS Vigor scores between conditions across all
time points (p = 0.898) or across recovery only (p = 0.904). Full re-
sults for two-way mixed ANOVAs discussed in this section are
presented in Table 2. Bonferroni-adjusted pairwise comparison
results for both conditions combined for all time points and re-
covery only are presented in Supplementary Table S1.

Physiologic alertness

Physiologic alertness was measured using the MWT. There
was a significant interaction between condition and time
across all time points (p = 0.004, Figure 4), yet not across re-
covery only (p = 0.789). MWT scores were significantly higher

in the TSD group relative to the SR group at R1 (p = 0.020), R3
(p = 0.021), and R4 (p = 0.049, Table 1). When examined separ-
ately by condition across all time points, there was a significant
effect of time on MWT performance for the SR group (F(3.19,
127.71) = 15.69, p < 0.000, partial n? = 0.282) and the TSD group
(F(2.66, 108.95) = 61.67, p < 0.000, partial n? = 0.601). In both con-
ditions, MWT performance differed between B2 and Sleep Loss
(Figure 4), as well as between Sleep Loss and all recovery time
points (all ps < 0.000, Supplementary Table S2). Across recovery
only, the main effect of time did not demonstrate a significant
difference in MWT performance (p = 0.137), yet there was a sig-
nificant difference in mean MWT scores between conditions
(p = 0.003), with the TSD group having higher scores relative to
the SR group. Full results for two-way mixed ANOVAs discussed
in this section are presented in Table 2. Bonferroni-adjusted
pairwise comparison results for both conditions combined for
recovery only are presented in Supplementary Table S1.

Recovery PSG sleep

Table 3 presents R1 and R4 PSG sleep data for the SR and TSD
groups (mean = SD). There was a significant time effect for total
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Figure 3. Self-rated sleepiness, fatigue, and vigor after sleep loss and recovery.
Both chronic SR and acute TSD produced impairments in all self-rated meas-
ures. (A) Self-reported sleepiness, as measured by the KSS, differed between the
SR and TSD groups during sleep loss, with greater sleepiness in the TSD group.
Sleepiness returned to baseline levels following one night of recovery sleep (R1)
after both SR and TSD, and levels were maintained throughout 4 days of recovery
(R1-R4). (B) POMS Fatigue scores significantly increased with both SR and TSD. (C)
POMS Vigor scores significantly decreased in both the SR and TSD groups. Data
are mean + SEM. *p < 0.05; *p < 0.001; asterisks directly above data points are sig-
nificant paired t-tests using Bonferroni corrections, which compared self-report
scores at each time point to baseline scores when the all-time point interaction
was significant; asterisks above bars are significant one-way ANOVAs that com-
pared differences between SR and TSD.
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Figure 4. Physiologic alertness after sleep loss and recovery. Both chronic SR
and acute TSD produced decreases in physiological alertness as measured by
sleep latency onset during a modified MWT. Participants in both the TSD and SR
conditions showed a return of sleep latency onset to baseline levels throughout
4 days of recovery. Sleep latency differed between the SR and TSD groups at R1,
R3, and R4 (note: data were not collected for the second night of recovery [R2]
after SR or TSD). Data are mean + SEM. *p < 0.05; *p < 0.001; asterisks directly
above data points are significant paired t-tests using Bonferroni corrections,
which compared sleep latency at each time point to baseline latency when the
all-time point interaction was significant; asterisks above bars are significant
one-way ANOVAs that compared differences between SR and TSD.

sleep time (F(1, 80) = 158.760, p < 0.000, partial n? = 0.665) and
sleep efficiency (F(1, 80) = 268.389, p < 0.000, partial n? = 0.770),
with both decreasing from R1 to R4. By contrast, there were
no significant interactions or between-subjects effects (F(1,
80) = 0.030-2.778, p = 0.099-0.864, partial n?> = 0.000-0.034).
There was a significant time effect for sleep onset latency (F(1,
80) = 78.402, p < 0.000, partial n? = 0.495): participants took longer
to fall asleep on R4 compared with R1. There was no significant
interaction or between-subjects effects (F(1, 80) = 0.318-3.002,
p = 0.087-0.575, partial n? = 0.004-0.036).

Stage 1 and stage 2 sleep duration showed significant time ef-
fects (F(1, 80) = 24.215-74.910, ps < 0.000, partial n? = 0.232-0.484),
but no significant interactions or between-subjects effects (F(1,
80) = 0.578-3.110, p = 0.082-0.449, partial n? = 0.007-0.037). Both
the SR and TSD groups spent more time in stage 1 sleep and
less time in stage 2 sleep on R4 compared with R1. Slow-wave
sleep (SWS) duration showed significant time, interaction, and
between-subjects effects (F(1, 80) = 10.599-197.769, p = 0.000-
0.002, partial ? = 0.116-0.709): SWS was higher during recovery
in the TSD condition and also showed a sharper decline from R1
to R4. Neither a significant time nor interaction effect was found
for rapid-eye movement (REM) onset latency (F(1, 80) = 0.617-
2.745, p = 0.101-0.415, partial n? = 0.008-0.033). There was, how-
ever, a significant between-subjects effect whereby the TSD
group had a longer average REM onset latency than the SR group
in R1 and R4 (F(1, 80) = 8.928, p = 0.004, partial n? = 0.100). REM
sleep duration showed a significant time effect with the amount
of time spent in REM decreasing from R1 to R4 (F(1, 80) = 127.531,
p < 0.000, partial 0> = 0.615), but no significant interaction or
between-subjects effects (F(1, 80) = 0.214-0.537, p = 0.466-0.645,
partial n? = 0.003-0.007). Finally, there was a significant time
effect for number of awakenings, total wake time, and wake
after sleep onset (WASO) (F(1, 80) = 4.410-261.289, p = 0.000-
0.039, partial n?* = 0.052-0.766), with participants having more
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Table 3. Mean + SD recovery PSG sleep measures after SR or TSD

Recovery night 1

Recovery night 4

PSG sleep measure After SR

After TSD

After SR After TSD

Total sleep time (min) 626.13 + 59.20

Sleep efficiency (%) 87.07 + 8.03

Sleep onset latency (min) 12.00 + 11.99
Stage 1 sleep time (min) 37.76 £ 19.16
Stage 2 sleep time (min) 327.21 + 52.00
SWS time (min) 95.52 + 49.06
REM onset latency 52.03 + 26.26
REM sleep time (min) 163.24 + 35.55
No. of awakenings 27.17 £15.73
Total wake time (min) 91.53 + 58.37
WASO (min) 77.63 + 57.05

619.33 + 107.25

500.50 £ 91.75 499.41 + 84.60

89.21 +7.88 71.07 +12.15 69.59 + 11.40
8.62 +5.92 35.20 + 23.82 43.11 £ 37.75
28.51 +21.17 43.38 + 21.61 38.94 + 23.42
304.30 + 56.48 264.06 + 56.06 251.35 + 54.83
143.38 £ 56.10 72.62 + 39.20 90.16 + 42.09
74.57 + 34.06 61.00 + 27.21 71.54 + 31.30
157.68 + 32.25 119.16 + 35.80 118.96 + 26.88
20.86 + 8.61 28.13 + 15.68 24.12 + 10.82
77.17 + 57.09 205.76 + 89.29 217.76 + 80.89
67.08 + 57.69 168.83 + 90.25 173.93 + 81.12

awakenings, more total time awake, and more WASO on R4 than
R1, but no significant interactions or between-subjects effects
(F(1, 80) = 0.007-3.672, p = 0.052-0.933, partial n? = 0.000-0.044).

Discussion

For the first time, this study presents compelling evidence of
residual and differential neurobehavioral deficits following
chronic SR and acute TSD that were not restored after mul-
tiple, consecutive 12-hour TIB recovery nights. Following SR, al-
though self-reported deficits and physiological sleepiness were
reversed, PVT impairments after SR failed to be restored after
four nights of recovery. Conversely, recovery after TSD for cog-
nitive performance, physiological and self-rated sleepiness,
and self-reported fatigue occurred rapidly, but perceptions of
decreased vigor lingered after four recovery nights. These re-
sults indicate that both SR and TSD produce chronic and sus-
tained biological, physiological, and/or neural changes reflected
in neurobehavioral measures; 12-hour TIB recovery across four
consecutive nights is, notably, not enough to reverse these
alterations.

We observed that SR and TSD had differential effects on the
recovery of sustained attention. PVT response speed was signifi-
cantly slower in the SR group compared with the TSD group at R1
and R3. During the recovery period, TSD participants’ response
speed returned to baseline, while the response speed of the SR
group remained significantly slower than baseline. Similarly, al-
though post hoc analyses for PVT lapses were not conducted in
the formal analysis presented in the results, the SR group also
had significantly more lapses than the TSD group during R1-R3.
Recovery-only analyses found a significant difference between
SR and TSD for both average PVT lapses and response speed
across R1-R4, supporting the fact that the SR group had a worse
recovery phase. These findings agree with other studies that
found decreased behavioral or sustained attention performance
during SR, which subsequently never returned to baseline levels
following recovery [15, 27-30, 41]. The findings are also in line
with studies that found that behavioral attention performance
following TSD returned to baseline levels after one night of re-
covery sleep [22-25].

The failure of PVT performance to return to baseline in the
SR group was accompanied by significantly shorter MWT sleep
latency in the SR group relative to the TSD group during R1, R3,
and R4. The significant interaction for MWT sleep latency across

all time points and the significant difference between SR and
TSD groups for recovery-only analyses support that although
both groups recovered to baseline, the TSD group had signifi-
cantly better recovery of physiological alertness. Our MWT re-
sults agree with other studies that found latencies decreased
with SR and returned to baseline after recovery [15, 27, 29, 30].
However, our TSD recovery results contrast with previous results
in which Lamond et al. [23] found that two 9-hour TIB recovery
opportunities were needed for complete restoration of physio-
logical alertness, while a single night of 12-hour TIB restored
physiological alertness in our study. These varying recovery
timelines may be due to differing TIB recovery opportunities
(9-hour TIB vs. 12-hour TIB) and indicate a longer initial recovery
episode should be employed for rapid restoration of physio-
logical alertness. Importantly, the significantly faster and more
stable recovery by the TSD group, compared with the SR group,
in both the PVT and MWT suggests that the mechanisms in-
volved in behavioral attention and physiological alertness re-
covery may be linked.

When POMS Fatigue and Vigor were examined across all time
points with the TSD and SR groups combined, there was a sig-
nificant difference between baseline and all recovery days for
POMS Vigor, but not POMS Fatigue. Since the two measures did
not have a significant interaction across all time points or re-
covery only, we did not formally present post hoc analyses; how-
ever, exploratory post hoc analyses showed that POMS Fatigue
returned to baseline in both the TSD and SR groups at R1 and
remained stable throughout the recovery period. Conversely, in
exploratory analyses of self-reported vigor in the SR group, we
detected a return to baseline levels throughout three recovery
nights and a significant decrease on the fourth night of re-
covery. The resurgence of decreased vigor after an initial return
to baseline may be attributed to lingering instability of vigor
caused by sleep loss, as has been shown for other measures [5,
22]. Moreover, individuals may have initially reported increased
vigor due to comparing their perceptions to those during sleep
loss. However, as recovery progressed, individuals may have
altered their perception comparison anchor to baseline and
thus reported decreased vigor. For the first time, we found that
the TSD group had decreased vigor, compared with baseline,
throughout all 4 days of recovery. Further exploration is neces-
sary to support the idea that full recovery consists of multiple
components requiring different timelines and mechanisms.

There were no significant differences in recovery of sleepi-
ness and cognitive throughput between the TSD and SR groups,



yet the SR group reported being significantly less sleepy relative
to the TSD group during the sleep loss period. Similar to past
studies [27-29, 41], but unlike the Banks et al. [15] study, sleepi-
ness returned to baseline after one night of recovery in both
sleep loss conditions. Our DSST results extend those of Banks
et al. [15], by showing deficits in DSST performance from sleep
loss and no lingering effects following recovery and a sustained
improvement for DSST from baseline throughout recovery. DSST
performance remained above baseline for all four recovery days
after both sleep loss conditions, indicating any possible learning
effects had plateaued following the first night of recovery.

Interestingly, the recovery of DSST differed from that of
behavioral attention, likely due in part to a learning effect.
However, PVT performance recovery also differed from the re-
covery of self-reported vigor, which showed greater variability
during recovery than the PVT. The recovery differences be-
tween PVT performance, an objective measure, and in POMS
Vigor scores, a self-report measure, reflect the relationships
seen during sleep loss, where individuals have consistent per-
formance on objective measures and on self-report measures,
but an individual’s response to an objective measure may not
reflect their response to a subjective measure [21, 40]. Our re-
covery data suggest that this relationship continues throughout
recovery, whereby the mechanisms of perceived vigor recovery
are different from behavioral attention recovery. Further explor-
ation is needed to understand how the recovery of perceived
sleepiness and fatigue differs from perceived vigor.

In our study, recovery sleep architecture at R1 and R4 was
similar to that of previous studies [23, 24, 27, 29, 30, 42-44]. After
both TSD and SR, the profiles of recovery sleep revealed higher
efficiency and better-quality sleep during R1 relative to R4 [24, 42].
At R4, participants in both groups were sleeping a little over 8
hours; as such, insufficient recovery sleep does not account for
the failure of PVT performance to return to baseline after SR or
for the failure of self-rated vigor to recover after TSD. Participants
in the TSD condition had more SWS during recovery and showed
a sharper decline from R1 to R4; they also had a longer overall
REM onset latency compared with those in the SR condition. The
increased SWS during R1 may have facilitated the recovery of be-
havioral attention and physiological alertness in the TSD group
and impaired the recovery of their perceived vigor.

Another possible mechanism underlying incomplete be-
havioral attention recovery might be cerebral A, adenosine re-
ceptor (A,AR) availability, which increases with severe TSD and
decreases with recovery [45]. The relationship between SR and
A AR availability in the human brain is an important question
that needs to be explicitly examined [46]; it is possible that PVT
measures may not have returned to baseline in the SR condition
due to an incomplete decline in A AR availability in the brain
areas, such as the thalamus, striatum, or insula with recovery
[45]. Since the SR group cumulatively lost slightly more sleep
than the TSD group, and A AR availability increases as a function
of time awake [47], this might have differentially affected PVT
performance; however, additional studies are needed to expli-
citly examine this possibility. Future studies also should extend
12-hour TIB recovery beyond four nights to determine whether
such decrements in vigor and behavioral or sustained attention
measures remain and explore their underlying mechanisms.

Besides neurobehavioral measures, various biological,
physiological, and neural indices are impacted by TSD or SR
[44, 45, 48-53]. These measures, including A AR availability
resting metabolic rate, caloric intake, heart rate variability, and
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microsaccades, returned to baseline following one to five re-
covery nights [45, 49, 50, 52, 53]. Similar to our findings that some
neurobehavioral measures take longer to recover after TSD or
SR, the timing of caloric intake variables [51] and metabolomic
markers [48] recovery after TSD and/or SR also differ. Since re-
covery following SR and/or TSD is highly varied across measures,
this underscores the need to employ longer recovery periods for
a global return to homeostasis.

There are a few limitations to the current study. All partici-
pants were healthy, thus makingit difficult to generalize our find-
ings to individuals with sleep or mood disorders or with medical
conditions. Similarly, our participants were between the ages
of 21 and 50. Adolescents, middle-aged, and older individuals
may show different recovery responses, particularly since these
periods are often characterized by numerous neurobehavioral
changes and differences in response to sleep loss. Additionally,
our study did not employ a control group, thus the stability of
performance without sleep loss in this highly controlled study
environment remains unknown. Our findings are also limited
in generalizability to the neurobehavioral tests we employed.
It is possible that other measures of neurobehavioral perform-
ance linked to real-world situations, such as driving or operating
heavy machinery, may not show the same recovery profiles fol-
lowing TSD or SR.

Although these data were collected in a laboratory setting,
our results have implications for the general population and for
military, health care workers, truck drivers, and personnel in
other applied settings where sleep loss is common and recovery
opportunities are often limited. For the first time, we show evi-
dence of residual and differential neurobehavioral deficits fol-
lowing chronic SR and acute TSD, two common types of sleep
loss, after multiple, consecutive 12-hour recovery nights. Further
studies are needed to determine why sustained performance
fails to recover completely after SR, while self-rated vigor fails
to recover completely after TSD. Investigation into the biological,
physiological, and neural mechanisms underlying apparent har-
boring of neurobehavioral vulnerability to further sleep loss are
also needed.

Supplementary Material

Supplementary material is available at SLEEP online.
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