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Purpose: The effects of sleep restriction on subjective alertness, motivation, and effort vary 
among individuals and may explain interindividual differences in attention during sleep 
restriction. We investigated whether individuals with a greater decrease in subjective alert-
ness or motivation, or a greater increase in subjective effort (versus other participants), 
demonstrated poorer attention when sleep restricted.
Participants and Methods: Fifteen healthy men (M±SD, 22.3±2.8 years) completed 
a study with three nights of 10-hour time in bed (baseline), five nights of 5-hour time in 
bed (sleep restriction), and two nights of 10-hour time in bed (recovery). Participants 
completed a 10-minute psychomotor vigilance task (PVT) of sustained attention and rated 
alertness, motivation, and effort every two hours during wake (range: 3–9 administrations on 
a given day). Analyses examined performance across the study (first two days excluded) 
moderated by per-participant change in subjective alertness, motivation, or effort from 
baseline to sleep restriction. For significant interactions, we investigated the effect of 
study day2 (day*day) on the outcome at low (mean−1 SD) and high (mean+1 SD) levels 
of the moderator (N = 15, all analyses).
Results: False starts increased across sleep restriction in participants who reported lower 
(mean−1 SD) but not preserved (mean+1 SD) motivation during sleep restriction. Lapses 
increased across sleep restriction regardless of change in subjective motivation, with a more 
pronounced increase in participants who reported lower versus preserved motivation. Lapses 
increased across sleep restriction in participants who reported higher (mean+1 SD) but not 
preserved (mean−1 SD) effort during sleep restriction. Change in subjective alertness did not 
moderate the effects of sleep restriction on attention.
Conclusion: Vigilance declines during sleep restriction regardless of change in subjective 
alertness or motivation, but individuals with reduced motivation exhibit poorer inhibition. 
Individuals with preserved subjective alertness still perform poorly during sleep restriction, 
while those reporting additional effort demonstrate impaired vigilance.
Keywords: sleep restriction, attention, interindividual differences, alertness, motivation, 
effort

Plain Language Summary
Sleep loss can impair performance. However, not all individuals demonstrate performance 
impairment when sleep deprived. The negative effects of short sleep on performance may be 
less severe if individuals feel alert and motivated, or if they apply more effort to compensate. 
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We examined whether a person’s reported alertness, motivation, 
or effort modified the effects of sleep loss on performance.

We found that individuals who reported lower motivation 
during five days of short sleep (sleep restriction) responded 
prematurely more often on a performance task versus when 
they had full sleep, demonstrating problems with inhibition. 
However, individuals who reported the same motivation when 
they were sleep restricted as when well-rested showed no change 
in inhibition. Both those who reported reduced and preserved 
motivation demonstrated more instances of slower speed during 
sleep restriction, and the slowest speeds were observed in those 
with reduced motivation. Furthermore, individuals who reported 
applying more effort when they were sleep restricted responded 
more slowly during sleep restriction, whereas those who reported 
no change in effort demonstrated maintained speed. Crucially, no 
matter how alert someone reported feeling, sleep restriction 
impaired performance.

These findings suggest that individuals are more likely to 
demonstrate poor inhibition if they feel less motivated when 
sleep restricted. Additionally, individuals who report no change 
in alertness or who report applying greater effort during sleep 
restriction still demonstrate problems with attention. It is impor-
tant to understand these effects because poor inhibition may lead 
to impulsive decisions, and problems with attention may worsen 
performance in day-to-day life.

Introduction
Adequate sleep is essential for optimal health and 
wellbeing.1–3 The American Academy of Sleep Medicine 
and the Sleep Research Society recommend adults sleep 
seven or more hours per night.4 However, about 35% of 
American adults report obtaining fewer than seven hours 
of sleep on an average night.5 Lack of sufficient sleep is 
associated with impaired performance, resulting in conse-
quences ranging from reductions in workplace 
productivity6 to increased risk for motor vehicle 
accidents.7,8 Therefore, millions of American adults may 
be susceptible to the negative consequences of impaired 
performance associated with insufficient sleep.

Experimental studies corroborate the negative impact 
of insufficient sleep on cognitive performance.9–16 

Several days of experimentally induced short sleep (3 to 
5 hours per night) result in reduced vigilance, or the 
ability to sustain attention to relevant stimuli.17 

Vigilance decrements may manifest as slower reaction 
time (RT) and more lapses of attention on the psychomo-
tor vigilance task (PVT), an objective measure of 
alertness.18 Sleep-restricted individuals exhibit slower 
RT and more lapses (RTs ≥500 ms) on the PVT,9–16 

with lapses rising as soon as after the first night of 
insufficient sleep.12 False starts (responses before 
a stimulus appears or RTs <100 ms, as minimum human 
RT tends to be at least 100 ms19) are errors of commission 
that suggest lack of inhibitory control20 and increased 
impulsivity.21 False starts also increase during sleep 
loss.22,23

There is wide phenotypic variability in the vulnerabil-
ity to slower RT following sleep loss, with some indivi-
duals exhibiting less performance impairment compared to 
others.24,25 Changes in subjective sleepiness and PVT 
lapses demonstrate progressively increasing standard 
deviations over time during sleep loss.24,26 

Interindividual phenotypic vulnerability to sleep loss pre-
dicts 58–68% of overall variance in lapses on the 
PVT.15,25,27 False starts during total sleep deprivation 
also demonstrate large phenotypic variability28 and 
a progressively increasing standard error of the mean.26 

Therefore, while false starts and lapses are more numerous 
following sleep loss, there is often greater variability 
between individuals after sleep loss compared to full rest.

Such interindividual differences may be explained, in 
part, by differences in the effects of sleep loss on subjec-
tive alertness. Those more vulnerable to performance 
decrements during sleep restriction report lower alertness 
compared to others exhibiting less impairment.29,30 Given 
that individuals reporting lower alertness demonstrate 
slower RT31–33 and more false starts on the PVT,33 

changes in subjective alertness may be an important mar-
ker of interindividual differences in fatigue and perfor-
mance impairment during the accumulation of 
wakefulness that occurs across chronic sleep restriction.

Subjective motivation, which demonstrates a positive 
relationship with subjective alertness,34 may also explain 
interindividual differences in performance after sleep 
loss.35 For example, intrinsic motivation is associated 
with greater inhibitory control on a Go/No-Go task.36 

Studies that have manipulated extrinsic motivation have 
demonstrated subsequent changes in performance. 
Introduction of monetary incentives results in greater sub-
jective motivation and greater accuracy on sustained 
attention37 and target detection38 tasks, and participants 
had faster RT on a task that produced greater subjective 
motivation versus a less motivating RT task.39 Individuals 
with less of a decrease in subjective motivation during 
sleep loss may therefore demonstrate fewer performance 
deficits compared to others reporting a greater reduction in 
motivation.
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Unlike subjective alertness and motivation, subjective 
effort may be a poor indicator of interindividual differ-
ences in performance after sleep loss. While subjective 
alertness and motivation and PVT performance decrease 
on average across sleep loss, subjective effort concurrently 
increases.40–42 Participants who experience reduced alert-
ness and motivation when sleep deprived may feel as 
though they are exerting greater effort to compensate for 
limitations in capacity to perform.43 However, subjective 
effort is not correlated with performance during total sleep 
deprivation,40,44 which may indicate that participants who 
report exerting increased effort would still perform poorly 
after sleep loss. To our knowledge, no study has examined 
whether interindividual differences in the changes in sub-
jective alertness, motivation, and effort during sleep 
restriction explain performance on the PVT, a behavioral 
assay with high sensitivity to sleep loss.9,15

The current study examined whether changes in sub-
jective alertness, motivation, and effort during sleep 
restriction would moderate interindividual associations 
between sleep restriction and performance on the PVT. 
We hypothesized significant interactions between changes 
in both subjective alertness and motivation with sleep 
restriction on PVT outcomes (false starts, lapses, and 
response speed). Specifically, participants reporting greater 
reductions in subjective alertness and motivation during 
sleep restriction (compared to sleep-restricted participants 
with relatively preserved alertness and motivation) would 
exhibit more impaired performance during sleep restriction 
(more false starts and lapses and slower response speed). 
In contrast, those with more preserved levels of subjective 
alertness and motivation during sleep restriction would 
demonstrate less performance impairment. Finally, based 
on research reporting no association between subjective 
effort and performance after sleep loss,40,44 we hypothe-
sized that those reporting more effort during sleep restric-
tion would not perform any better than sleep-restricted 
participants reporting preserved subjective effort.

Materials and Methods
Participants
We recruited males between the ages of 20 and 35. 
Females were excluded due to the effects of the female 
menstrual cycle on circadian rhythms,45 and those over 35 
were excluded due to potential age-related changes in 
sleep, including decreased deep sleep and poorer sleep 
quality with advancing age.46

Procedure
Recruitment
The study protocol was approved by the Institutional 
Review Board of The Pennsylvania State University, and 
all procedures conformed to the principles established by 
the Declaration of Helsinki. All participants provided writ-
ten informed consent for both screening and in-lab proce-
dures and were compensated for participation in the study.

Participants were recruited through posted flyers, 
advertisements, and research websites. Interested indivi-
duals completed a secure online pre-screening question-
naire (Qualtrics, Seattle, WA) and eligible individuals 
were contacted by study staff.

Screening
If an individual met the inclusion criteria as determined by 
the pre-screening, they were invited to in-person screening 
visits to further verify eligibility, confirm identity, age, and 
gender through government-issued identification, complete 
questionnaires, and receive an actigraphy device. 
A Clinical Research Center clinician reviewed partici-
pants’ medical histories and conducted physical exams. 
A clinical psychologist evaluated psychiatric and psycho-
logical suitability via structured clinical interview.

Individuals were excluded for tobacco or drug use 
(confirmed by urine toxicology), excessive alcohol con-
sumption, prescription medication use, chronic medical 
disorders, hearing or vision impairment, neurological or 
sleep disorders, night or shift work within the previous 
three years, travel across >2 time zones within the pre-
vious 3 months (verified through comprehensive history 
and physical exam, questionnaire, and/or interview with 
clinical psychologist; see below). Other exclusion criteria 
were waist circumference >102 cm, body mass index 
(BMI) ≤18 kg/m2, seated systolic blood pressure >130 
mmHg or diastolic blood pressure >85 mmHg, HbA1c 
≥5.7%, HDL cholesterol <40 mg/dl, LDL cholesterol 
≥145 mg/dl, fasting plasma triglycerides ≥150 mg/dl, or 
fasting glucose >100 mg/dl, verified by physical exam and 
laboratory tests.

Presence of sleep disorder was assessed both at the 
initial pre-screening survey through the question “Do you 
have any problems with your sleep?” and through the 
Sleep Disorders Questionnaire (SDQ)47 at a screening 
visit. Any indication of a sleep problem (ie, “yes” on pre- 
screening survey or “usually/always” experiencing a sleep 
problem on the SDQ) was grounds for exclusion (no 
participants who answered the SDQ in the current study 
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were excluded for having a sleep problem). During 
a screening visit, participants completed questionnaires to 
assess habitual sleep patterns and sleep timing, including 
the Morningness-Eveningness Questionnaire (MEQ),48 

and were provided a wrist-worn accelerometer with off- 
wrist detection (Actiwatch Spectrum; Philips-Respironics, 
Murrysville, PA) to wear for a week to assess habitual 
sleep patterns. The participant was instructed to continue 
to wear the wrist-worn accelerometer during the pre-study 
monitoring period and during the in-lab study.

Psychological illness was assessed initially by the pre- 
screening questionnaire, which asked if the potential par-
ticipant had any current medical illness or problem or was 
currently taking any medications. During screening, poten-
tial participants answered whether they were ever under 
the care of a psychiatrist, psychologist, or counselor, and 
completed a questionnaire assessing mood (eg, depression 
and anxiety symptoms). During the structured in-person 
mental health interview, the clinical psychologist assessed 
whether the participant was psychologically fit for the 
study by both reviewing the completed questionnaires 
and asking questions regarding the participant’s psycholo-
gical and social wellbeing, history of violence, mood, 
substance use, problems with concentration, or psychotic 
symptoms. The psychologist asked probing questions 
about how the participant would handle the potential stress 
they may experience in the study, including the lack of 
sleep, the loss of autonomy, the lack of in-person contact 
with friends and family, the frequent cognitive testing, and 
the potential boredom experienced in the lab. The clinical 
psychologist was also available should the study team 
have concerns about a participant’s mental state during 
the study. Only participants who passed all screening 
visits, including the psychologist’s interview, were invited 
to participate in the 11-day in-lab study.

Study Protocol
Pre-study sleep monitoring was conducted to ensure all 
participants were sleep replete prior to entry to the in-lab 
portion. Participants were instructed to spend 10 hours in 
bed from 22:00 to 08:00 (±1 hour) for at least one week 
prior to the in-lab stay, verified by actigraphy, time- 
stamped call-ins at bedtime and wake time, and sleep/ 
wake logs. The sleep schedule during the monitoring per-
iod was imposed to allow the participants to become 
accustomed to the in-lab sleep schedule during the base-
line nights of the in-lab stay, where time in bed was also 
from 22:00 to 08:00. The ± 1 hour cushion was added to 

accommodate differences in habitual sleep timing. During 
this period, participants were instructed to discontinue 
alcoholic beverages, caffeine, and over-the-counter 
medications.

The in-lab study took place across 10 nights (11 days). 
Participants were admitted to the Clinical Research Center 
at approximately 11:00 on admission day to a private, 
windowless room under constant (artificial) light levels 
(<100 lux in the angle of gaze during wake; complete 
dark at 0 lux during scheduled sleep) and temperature 
conditions (20°-22°C). Participants remained in the room 
until approximately 16:00 on the last in-lab day. The 
private room contained a single bed, a desk for adminis-
tration of cognitive batteries, and a bathroom with 
a shower. Participants were not permitted to nap, sit, or 
recline in bed during scheduled wake times and were 
monitored by research assistants to confirm adherence. 
Light-emitting personal devices such as mobile phones 
and laptop computers were removed 2 hours before sched-
uled bedtime and were returned at least 2 hours after 
scheduled wake time to limit exposure to the alerting 
effects of blue light near the sleep episode.49

The protocol consisted of admission day, three baseline 
nights (the first baseline night was the habituation night) 
with 10 hours time in bed (TIB), five sleep restriction 
nights with 5 hours TIB, and then two recovery nights 
with 10 hours TIB. In both baseline and recovery condi-
tions, bedtime was 22:00 and wake time was 08:00. 
During sleep restriction, bedtime was 00:30 and wake 
time was 05:30.

Approximately every two hours during wake time 
(except when other scheduled study procedures were 
occurring), participants completed the validated Joggle® 

Research cognitive battery,50 which lasted about 22 min-
utes, and a survey immediately afterward. See Figure 1 for 
a depiction of the 11-day study protocol and schedule of 
cognitive batteries and surveys.

During the study, participants were permitted to engage 
in activities of their choice within their private room, 
provided no study procedures were scheduled at that 
time. Typical activities included reading, completing puz-
zles, light stretching, and browsing the internet. 
Participants did not interact in person with individuals 
other than research assistants and staff at the Clinical 
Research Center, but were able to remain in contact with 
friends and family remotely via telephone calls and 
messaging.
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Participants consumed three meals per day (breakfast 
at 09:05, lunch at 12:05, and dinner at 18:05). Meals did 
not contain caffeine or alcohol (see Ness et al51 for further 
details).

Measures
Actigraphy
Actigraphy data were downloaded with Philips Actiware 
software (versions 6.0.4. and 6.0.9.). At least two indepen-
dent scorers (blinded to each other) determined “day” cut- 
point times, validity of days, and set sleep intervals using 
a previously validated algorithm,52 without using informa-
tion from the sleep/wake log. First, scorers reviewed 
recordings for participant compliance, ensuring the device 
was worn daily, except for permitted periods of removal 
when the watch could be damaged, such as during contact 
sports. The scorers adjudicated each recording for inter- 
rater agreement by verifying number of valid days, cut 
point, number of sleep intervals, and differences greater 
than 15 minutes in duration and wake after sleep onset for 
each sleep interval. Specifically, trained scorers deter-
mined sleep intervals using a decrease in activity levels 
and the aid of light levels for sleep onset and sleep 
offset,53 and a nighttime sleep interval was split into two 
intervals (main sleep and nap) if there was an awakening 

≥1 hour during this interval. A sleep actigraphy day was 
determined invalid and no sleep interval was set if there 
were ≥4 total hours of off-wrist time, except the first and 
last day (device should have been worn at least 2 hours 
before sleep onset on the first day), constant false activity 
due to battery failure, data unable to be recovered, or an 
off-wrist period of ≥60 minutes within 10 minutes of the 
scored beginning or end of the main sleep period for 
that day. Measures of interest calculated by actigraphy 
included sleep onset, sleep midpoint, sleep offset, total 
sleep time (TST), and sleep maintenance efficiency for 
the main nighttime sleep interval.

Polysomnography
In-lab sleep was measured using both wrist actigraphy and 
through polysomnography (PSG; Lifelines TrackIt, Mk3, 
Lifelines, Ltd., St. Louis, MO; Polysmith, Neurotronics, 
Inc./Nihon Kohden, Irvine, CA). Electroencephalographic 
(EEG) electrode placement consistent with American 
Academy of Sleep Medicine (AASM) 
recommendations54,55 was used. Ground was between Cz 
and Pz and exploratory electrodes were placed at F3, F4, 
C3, C4, O1, and O2, referenced to the contralateral mas-
toid. Electrooculography (O1 and O2), electromyography 
(chin EMG at either the recommended mentalis and 2 
bilateral sub-mentalis sites or at the alternative 2 bilateral 
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Figure 1 Depiction of 11-day (10-night) in-lab study protocol. Black bars represent time in bed (TIB) in dark conditions; white bars represent wake. Baseline (BL) consisted 
of three 10-hour TIB periods from 22:00 to 08:00. Following BL, participants were restricted to 5 hours of TIB for 5 nights from 00:30 to 05:30 (SR), followed by two 10- 
hour TIB recovery (REC) nights from 22:00 to 08:00. All sleep periods were centered at 03:00 to minimize circadian misalignment (white dotted line). Approximately every 
two hours during wake, participants completed the 20-minute cognitive battery (gray dots), including the 10-minute PVT, followed immediately by self-report of alertness, 
motivation, and effort.
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masseter sites), and electrocardiography (2 EKG leads) 
were also included in the monitoring setup. EEG data 
were sampled at 200 Hz, band-pass filtered at 35–0.3 Hz, 
viewed at a 7 uV/mm sensitivity, and staged in 30-second 
epochs by a registered polysomnographic technologist 
according to AASM standards.54,55 Impedances were 
maintained below 10 kΩ. Measures of interest included 
TST, sleep maintenance efficiency, and minutes 
and percent of TST of the following: non-rapid eye move-
ment stage 1 (N1), non-rapid eye movement stage 2 (N2), 
non-rapid eye movement stage 3 (N3), and rapid eye 
movement (REM).

Per participant, nine nights were considered for inclu-
sion in analyses (two baseline nights as the first night was 
excluded, five sleep restriction nights, and two recovery 
nights), for a total of 135 (9*15 participants) considered 
nights. Almost all study nights had either no missing data 
or were entire recording failures (due to monitor discon-
nection that recorded non-biologic artifact like 60 Hz, or 
recording error non-biologic artifacts like calibration sig-
nal throughout). Nights that were entire recording failures 
(n = 14 out of all nights considered) were excluded. Some 
recorded nights (n = 38 out of all nights considered) had 
some amount of missing data (ie, recorded nonbiologic 
artifact like 60 Hz, not including movement-type biologic 
artifacts) between 0% and 100% (range: 0.1–29.6%) that 
was substantial enough in percentage of the sleep oppor-
tunity to risk distortion of calculated sleep metrics. On the 
occasion where these missing data comprised ≥5% (with 
each night rounded to the nearest percentage point) of 
a recorded sleep opportunity interval (lights-off to lights- 
on, recorded by study staff), we elected to exclude the 
night (n = 3) from analyses. In total, n = 17 out of 135 
nights considered were excluded from current analyses.

Psychomotor Vigilance Task (PVT)
Performance was assessed with the PVT.56 The partici-
pants completed each PVT seated at the same desk on 
a touchscreen tablet, angled at approximately 120° and 
32 cm from the desk edge. All eight Joggle® tasks were 
administered in sequence, with a 10-minute PVT (modi-
fied from the 3-minute task included with the standard 
Joggle® battery) administered last. During the PVT, the 
participant fixated on an empty red square centered on 
a black screen and was instructed to tap the screen as 
quickly as possible when a counter appeared (counting 
RT displayed on the screen in ms), while avoiding tapping 
prematurely. Upon tapping, the counter stopped, 

displaying the achieved RT in ms. Participants were 
informed when they tapped the screen before the counter 
appeared; the red square turned yellow and the words 
“false start” appeared immediately underneath. Random 
interstimulus intervals ranged from 2 to 10 seconds. 
Participants were continuously monitored to ensure adher-
ence and to document test validity. Though participants 
were encouraged to respond as quickly and accurately as 
possible, no external incentives (eg, monetary compensa-
tion) were provided based on performance. Following the 
10-minute task, the participant was presented with a graph 
of their performance compared to previous administrations 
(part of the standard Joggle® Research battery administra-
tion), with scores ranging from 0 (worst performance) to 
1000 (best performance). A PVT was deemed invalid and 
removed from analyses with listwise deletion in the rare 
event of an external distraction (eg, room door opened) or 
technical error (eg, program crashed).

Metrics examined from the PVT were false starts, lapses, 
and response speed. Responses that occurred when 
a participant tapped the screen either before the counter 
appeared or RTs <100 ms were considered false starts. RTs 
≥500 ms were deemed lapses.9–16 The sums of false starts 
and lapses per 10-minute PVT were computed separately. 
Response speed is more sensitive to the effects of sleep loss 
than raw RT22 and was calculated as 1/mean RT (per 10- 
minute PVT) in seconds. Similar to previous literature,22,23,57 

we categorized lapses as “valid” RTs and included them in 
our measure of response speed, but not false starts.

Other tasks administered before the PVT included in 
the Joggle® Research cognitive battery50 (not analyzed 
here) were, in order, the Motor Praxis Test of sensorimotor 
speed58 (averaging 0.5 minutes), the Visual Object 
Learning Task59 (averaging 1.7 minutes) and Fractal 2--
Back60 of visual working memory (averaging 1.9 min-
utes), the Abstract Matching61 task of abstraction and 
flexibility (averaging 2.4 minutes), the Line Orientation 
Task62 of visuospatial orientation processing (averaging 
2.1 minutes), the Digit Symbol Substitution Task63 of 
processing speed and visual tracking (averaging 1.6 min-
utes), and the Balloon Analog Risk Task64 of risk-related 
decision making (averaging 2.3 minutes).

Report of Alertness, Motivation, and Effort
Subjective alertness, motivation, and effort were assessed 
immediately following the cognitive battery through 
a series of self-administered surveys on a secure website 
(Research Electronic Data Capture, REDCap,65 versions 
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6.10.11 through 8.1.16). Subjective alertness and motiva-
tion levels were assessed through visual analog scales. 
Participants indicated on a slider scale (values hidden) 
their level of alertness from “sleepy” (0) to “alert” (100), 
and motivation from “motivated” (0) to “unmotivated” 
(100). The motivation response was reverse-scored such 
that 0 indicated “unmotivated,” and 100 indicated “moti-
vated.” Subjective effort was assessed with the 
Performance Evaluation and Effort Scale (PEERS).66 

Participants were presented with the prompt, “The effort 
I had to expend to achieve [my] level of performance 
[during the Joggle test] was … ” and chose from the 
following options: “Very little effort” (1); “A moderate 
amount of effort” (2); “Quite a lot of effort” (3); or “An 
extreme amount of effort” (4).

Changes in Subjective Alertness, Motivation, and 
Effort
The difference in subjective alertness, motivation, or effort 
levels between the last day of baseline and the mean across 
all five days of sleep restriction was used to characterize 
changes induced by sleep restriction for each of the three 
measures separately (see Equation 1). We used the mean 
across sleep restriction rather than the final sleep 
restriction day because it was unknown whether the impact 
of sleep restriction on the subjective measures would be 
maximal at the end of sleep restriction (in particular, for 
subjective motivation and effort). First, the mean level 
across all administrations on the last baseline day (suc-
ceeding the third baseline night; first two days excluded) 
was computed (one baseline mean value for each measure) 
per participant. Mean levels were computed per day of 
sleep restriction (five daily means total for each of the 
three measures) and the mean of those five values was 
the sleep restriction mean per participant. Change in sub-
jective alertness, motivation, or effort was computed as 
sleep restriction mean – baseline mean, per participant, 
and captured between-participant variation in the change 
in subjective alertness, motivation, or effort from baseline 
to sleep restriction.

Change
from
BL to SR

¼

Mean SR1ð Þ þMean SR2ð Þ

þMean SR3ð Þ þMean SR4ð Þ

þMean SR5ð Þ

5
� Mean BLð Þ

Equation 1. Calculation of change in subjective alertness, 
motivation, or effort from baseline (BL) to sleep restriction 
(SR) per participant. Note: BL above includes the last 

baseline day (succeeding the third baseline night) only, 
with the first two baseline days excluded.

Statistical Analyses
Analyses were conducted in SAS 9.4 (SAS Institute Inc., 
Cary, NC). To examine potential practice improvement 
across baseline, we analyzed the trajectory of performance 
for each cognitive outcome across the three baseline days 
in linear mixed models. Performance significantly 
improved across baseline on false starts; specifically, 
false starts were significantly fewer on the second (p = 
.015) and third (p = .027) baseline day compared to the 
first baseline day (see Table S1 for descriptives and com-
parisons of performance across baseline days). Therefore, 
participants’ performance on false starts, a key metric of 
interest, was optimal on the last day of baseline compared 
to the previous two days. Due to practice effects across 
multiple administrations of the cognitive tasks50 poten-
tially obscuring the impact of sleep restriction on perfor-
mance, we used the last baseline day (following 10-hour 
TIB sleep period 3) as the reference point for analyses of 
subjective measures and PVT outcomes.

Unless mentioned otherwise, all analyses were mixed 
models with a random intercept for participants, maximum 
likelihood estimation, and spatial power covariance struc-
ture, SP(POW), which takes into account that repeated 
measurements of a singular variable (subjective or cogni-
tive measures) may not always be evenly spaced.67 

Outliers (>|3| standard deviations, SDs, from mean) were 
removed from all analyses. All outcomes had skew < |3| 
and kurtosis < |10|. Alpha < .05 (two-sided) was deemed 
statistically significant.

Analyses of Sleep Measures
The changes in sleep onset, midpoint, offset, TST, and 
sleep maintenance efficiency among habitual, pre-study, 
and in-lab baseline conditions as measured with actigraphy 
were analyzed with mixed models with a fixed effect of 
condition (night 1 of baseline, the habituation night, was 
excluded due to the first night effect).68 A significant effect 
of condition was followed with analyses of each pairwise 
comparison (pre-study to habitual, baseline to pre-study, 
and baseline to habitual), corrected with Tukey’s Honestly 
Significant Difference (HSD) test. Similarly, the changes 
in TST, sleep maintenance efficiency, and minutes 
and percent of TST spent in N1, N2, N3, and REM 
among the in-lab baseline, sleep restriction, and recovery 
conditions as measured with PSG were analyzed.
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Change in Subjective Alertness, Motivation, and 
Effort Across Study
The changes in subjective alertness, motivation, and effort 
across the days of the study were analyzed. For each 
measure, the best fitting out of three models was selected 
as the final model, determined by change in −2 log like-
lihood (−2LL). As −2LL follows a chi-square distribution, 
the subsequent model was selected as a better fit if the 
difference between the −2LL of adjacent models exceeded 
the critical chi-square value. The first model included 
study day (the last baseline day, five sleep restriction 
days, and two recovery days) as a linear predictor of 
subjective alertness, motivation, or effort; the second 
model examined the potential (polynomial) quadratic tra-
jectory of day2 across days (added term day*day); and the 
third model added time of day of self-report of alertness, 
motivation, and effort. Similar to previous sleep restriction 
literature,9,12,15 we chose to model these measures as 
a function of day or day2 rather than condition because 
the effects of sleep restriction on performance may accu-
mulate over several days. Though the predictor in these 
analyses was day or day2, each data point (ie, each survey 
administration) was included in the analyses, rather than 
the mean across each day. Supplementary analyses (also 
linear mixed models) examined the effect of time into 
sleep restriction (in hours, beginning at 05:30 on the day 
succeeding the first sleep restriction night) on the self- 
report and cognitive measures. Any significant trajectory 
for day or day2 was followed with an analysis comparing 
levels of subjective alertness, motivation, or effort reported 
during each sleep restriction (5) or recovery (2) day to the 
baseline reference day. To determine whether the three 
subjective measures varied within individuals across the 
protocol, we additionally examined the intraclass correla-
tion coefficients (ICCs) for each: random effect variance/ 
total variance.69

Associations Among Subjective Alertness, 
Motivation, and Effort
Linear mixed model analyses were conducted with sub-
jective alertness predicting subjective motivation, subjec-
tive alertness predicting subjective effort, and subjective 
motivation predicting subjective effort, collapsed across 
the entire study. The within-person association between 
the predictor and the outcome was disaggregated by per-
son-mean centering the variable used as the predictor 
(subjective alertness or motivation) across all time points 
and all days (ie, value at given time point minus person’s 

overall mean).70 The person-mean centered predictor 
represented the person’s individual deviation from their 
own mean. The between-person association was repre-
sented by each participant’s mean across all time points 
and all days. For each analysis, the best fitting out of two 
models was selected as the final model. The first model 
included the person-mean centered predictor and the per-
son mean of the predictor, and the second model added 
time of day of self-report of alertness, motivation, and 
effort.

We additionally assessed between-person Pearson’s 
bivariate correlations among the changes in subjective 
alertness, motivation, and effort from baseline to sleep 
restriction (eg, whether participants with a greater change 
in subjective alertness from baseline to sleep restriction 
also demonstrated a greater change in subjective 
motivation).

Interactions Between Change in Subjective Alertness, 
Motivation, or Effort and Sleep Restriction on 
Attentional Performance
We examined whether the change in subjective alertness, 
motivation, or effort from baseline to sleep restriction 
moderated PVT performance across the study. For each 
PVT outcome (false starts, lapses, and response speed), the 
best fitting out of three models was selected as the final 
model. The first model included day, change, and their 
interaction (day*change); the second model added the 
quadratic trajectory (added terms day*day 
and day*day*change), and the third model added time 
of day of PVT administration. Similar to the subjective 
measures, each cognitive task administration was included 
in the analyses, rather than the mean across each day.

For significant interactions, as each moderator was con-
tinuous, we investigated the effect of day or day2 on the PVT 
outcome at low (1 SD below the mean) and high (1 SD above 
the mean) levels of the moderator. To obtain these effects, 
the moderator was centered at 1 SD below and at 1 SD above 
the mean. The analyses were re-run with the SD-centered 
moderator,71 again with all 15 participants in the model. The 
effect of day or day2 at 1 SD below or above the mean of the 
moderator is represented by the effect in a model with the 
moderator centered at 1 SD below or above the mean. For 
example, if an interaction between day or day2 and change in 
subjective alertness was significant, the same analysis was 
conducted twice more: once with change in subjective alert-
ness centered at 1 SD below the mean, and once with change 
in subjective alertness centered at 1 SD above the mean. The 
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effect of day or day2 in each re-run analysis indicated the 
effect at 1 SD below or above the mean of change in sub-
jective alertness. If the interaction was not significant, the 
analysis was re-run with the moderator centered around its 
mean, with the effect of day or day2 indicating the effect at 
the mean of the moderator. If the effect of day or day2 was 
significant in any analysis, subsequent analyses compared 
performance on each sleep restriction and recovery day to 
the baseline reference day.

Results
Demographic Information
The final sample to complete the 11-day in-lab protocol 
consisted of 15 healthy males, (mean ± SD) age = 22.3 ± 
2.8 years, BMI = 24.7 ± 3.0 kg/m2, with an ethnoracial 
composition of 60% White/Caucasian (n = 9), 20% Black/ 
African American (n = 3), and 20% Asian (n = 3). Though 
17 participants were invited to participate in the study, two 
individuals discontinued participation during the in-lab 
study and were not included in analyses, leaving N = 15. 
The average MEQ score for participants was 52.07 (SD = 
8.92), with a range of 36 (moderate evening) to 69 (mod-
erate morning). Therefore, none of the participants had an 
extreme morning or evening preference.

Sleep During Habitual, Pre-Study, and 
Baseline Conditions (Actigraphy)
All measures examined from actigraphy (sleep onset, 
midpoint, offset, TST, and maintenance efficiency) dif-
fered significantly among habitual, pre-study, and base-
line (first night, the habituation night, was excluded) 
conditions (all p < .001; see Table 1). Sleep timing 
(onset, midpoint, and offset) became significantly ear-
lier from both habitual to pre-study (onset and 

midpoint: p < .001; offset: p = .012) and from pre- 
study to baseline conditions (onset and midpoint: p < 
.001; offset: p = .007). Additionally, TST increased 
from habitual to pre-study by 0.84 hours (p < .001), 
but not from pre-study to baseline (p = .160). Sleep 
maintenance efficiency decreased by 1.37% (ie, from 
88.39% to 87.02%) from habitual to pre-study (p = 
.020), potentially due to the increased TIB, but signifi-
cantly increased by 2.92% (ie, from 87.02% to 
89.94%) from pre-study to baseline (p = .001) and 
was not significantly different between habitual and 
baseline (p = .119). Therefore, the imposed 10-hour 
pre-study TIB successfully adapted participants to the 
baseline in-lab sleep schedule and aided sleep repletion 
prior to entry into the in-lab study. Sleep maintenance 
efficiency initially decreased during the pre-study sleep 
monitoring, but rebounded to habitual levels during the 
baseline condition.

Sleep During in-Lab Baseline, Sleep 
Restriction, and Recovery Conditions 
(PSG)
As measured with PSG, we confirmed that a significant dif-
ference in TST among conditions was accomplished by the 
sleep restriction protocol design (p < .001). In pairwise com-
parisons, TST was shorter during sleep restriction compared to 
baseline (p < .001) and longer during recovery compared to 
both baseline (p = .003) and sleep restriction (p < .001). Sleep 
maintenance efficiency, N1 minutes and percent of TST, N2 
minutes and percent of TST, N3 percent of TST (but not 
minutes), and REM minutes and percent of TST also signifi-
cantly differed among conditions (all p < .001 for overall 
condition effect; see Table S2 for pairwise comparisons).

Table 1 Sleep Timing, Total Sleep Time, and Sleep Quality Among Habitual, Pre-Study Monitoring, and in-Lab Baseline Nights, 
Measured with Actigraphy (N = 15)

Mean (SEM) by Condition F 

(2,270)
Pairwise Comparisons: Differencea (SEM) Significant 

Differences
H P BL P vs H BL vs P BL vs H

Onsetb 1:13 (0:16) 23:50 (0:17) 22:25 (0:21) 62.77*** −1.39*** (0.18) −1.42*** (0.29) −2.81*** (0.28) H > P > BL

Midpointb 5:19 (0:15) 4:21 (0:16) 3:11 (0:19) 44.49*** −0.96*** (0.16) −1.15*** (0.25) −2.11*** (0.24) H > P > BL

Offsetb 9:24 (0:15) 8:52 (0:16) 7:59 (0:21) 13.88*** −0.53* (0.18) −0.89** (0.29) −1.42*** (0.28) H > P > BL

TST (hrs) 8.20 (0.12) 9.04 (0.15) 9.57 (0.26) 17.94*** 0.84*** (0.18) 0.53 (0.29) 1.37*** (0.28) H < P, BL

SME (%) 88.39 (1.20) 87.02 (1.22) 89.94 (1.35) 7.65*** −1.38* (0.51) 2.93** (0.81) 1.55 (0.78) H, BL > P

Notes: The mean number of habitual (H) nights was 9.6 (range: 3–12); the mean number of pre-study (P) nights was 6.6 (range: 5–7). The in-lab baseline (BL) condition was 
always 3 nights, but the first night was excluded from actigraphy analyses. ap was corrected with Tukey’s Honestly Significant Difference (HSD) test. bVariable was centered 
around midnight in analyses (0:00). *p < .05, **p < .01, ***p < .001, two-tailed. 
Abbreviations: BL, baseline nights 2–3 during in-lab study period; H, habitual nights; P, pre-study monitoring nights; SME, sleep maintenance efficiency; TST, total sleep time.
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Trajectories of Subjective Alertness, 
Motivation, and Effort
Subjective alertness (Figure 2A), motivation (Figure 2B), 
and effort (Figure 2C) changed significantly across the 
study (ie, baseline reference day, five sleep restriction 
days, and two recovery days) in mixed models with day2 

(the quadratic trajectory for study day) as the predictor 
(b [95% CI, confidence interval]: alertness, 1.95 [1.60, 
2.30]; motivation, 0.93 [0.65, 1.20]; effort, −0.02 [−0.03, 
−0.01]; all p < .001). On average, participants reported 
lower alertness on each day of sleep restriction compared 
to baseline (ie, the last baseline day, succeeding the third 
sleep period; all p < .001). Subjective motivation was 
lower on days 2 through 5 of sleep restriction compared 
to baseline (p < .001 to p = .003). Participants reported 
higher effort on days 3 (p < .001) and 4 (p = .007) of sleep 
restriction compared to baseline. Neither subjective alert-
ness, motivation, nor effort were significantly different 
during either recovery day compared to baseline. 
Additionally, none of the measures significantly changed 
across the three baseline days (see Table S1). The ICCs 
were as follows: alertness, 0.19 (poor reliability); motiva-
tion, 0.62 (moderate reliability); effort, 0.35 (poor relia-
bility). Therefore, all three measures varied within 
individuals across the study.

Associations Among Subjective Alertness, 
Motivation, and Effort
Subjective alertness positively predicted subjective moti-
vation both within (0.34 [0.29, 0.39], p < .001; Figure 3A) 
and between (1.21 [0.46, 1.97], p = .002) persons across 
the study in mixed models. When participants reported 
being more alert than usual, they also reported being 
more motivated than usual, and participants who generally 
reported being more alert, compared to others who were 
generally less alert, also reported being more motivated. 
Subjective alertness also negatively predicted subjective 
effort within persons (−0.008 [−0.010, −0.006], p < .001; 
Figure 3B); when participants reported being less alert 
than usual, they also reported applying more effort. 
Subjective alertness did not predict subjective effort 
between persons (p = .112), and subjective motivation 
did not predict subjective effort within (p = .069) or 
between (p = .084) persons. The changes in subjective 
alertness, motivation, and effort from baseline to sleep 
restriction per participant are displayed in Figure 4. 
There were no significant between-person correlations 

among any of the three measures (change in alertness 
and in motivation, r = −0.24, p = .384; change in alertness 
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Figure 2 Subjective alertness, motivation, and effort across study. Mean subjective 
alertness (panel A), motivation (panel B), and effort (panel C) are displayed across 
the in-lab study. The range for subjective alertness and motivation was 0 (low) to 
100 (high); the range for subjective effort was 1 (low) to 4 (high). Significance levels 
for comparisons in subjective alertness, motivation, or effort to the baseline 
reference point (day succeeding third baseline night; BL) during sleep restriction 
(SR) or recovery (REC) day are denoted as follows: **p < .01, ***p < .001, two- 
tailed. Subjective alertness and motivation models included time of day of self- 
report. Error bars depict standard error of the mean (SEM). Values are estimated 
marginal means from linear mixed models.
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and in effort, r = −0.26, p = .341; change in motivation and 
in effort, r = 0.01, p = .985). Therefore, changes in sub-
jective alertness, motivation, and effort were independent 
constructs.

Interactions Between Change in 
Subjective Alertness, Motivation, or 
Effort and Sleep Restriction on 
Attentional Performance
See Table 2 for interactions between change from baseline 
to sleep restriction in subjective alertness, motivation, or 
effort and day2 on PVT performance. For significant inter-
actions, the effect of day2 on each PVT outcome is shown 
at low (1 SD below mean) and high (1 SD above mean) 
levels of the moderator; for non-significant interactions, 

the effect at the mean of the moderator is shown (N = 15 in 
all analyses; see Statistical Analyses). Comparisons of 
performance on each sleep restriction and recovery day 
to the baseline reference day are shown in Table S3. 
Results of analyses examining the effect of time into 
sleep restriction (in hours) on subjective and cognitive 
measures are in Table S4. Out of all PVT administrations, 
4.9% were deemed invalid and removed from all analyses.

Change in Subjective Alertness from Baseline to 
Sleep Restriction
There were no interactions between change in subjective 
alertness from baseline to sleep restriction and day2 on any 
PVT outcome (false starts: p = .624; lapses: p = .375; 
response speed: p = .563). At the mean level of change 
in subjective alertness, false starts (p = .004), lapses (p < 
.001), and response speed (p < .001) changed significantly 
across the study in quadratic trajectories. Compared to 
baseline, false starts were higher on days 2 through 5 of 
sleep restriction (p = .008 to p = .039). Lapses were higher 
from day 2 of sleep restriction through the first 
recovery day (p < .001 to p = .015). Response speed was 
slower from day 1 of sleep restriction through the first 
recovery day (p < .001 to p = .024).

Change in Subjective Motivation from Baseline to 
Sleep Restriction
There were significant interactions between the change in 
subjective motivation from baseline to sleep restriction 
and day2 on false starts (p < .001) and lapses (p = .016). 
In those reporting a greater decrease in motivation from 
baseline to sleep restriction (ie, at 1 SD below the mean of 
change in motivation) versus those with comparatively 
preserved subjective motivation (ie, at 1 SD above the 
mean of change in motivation), false starts changed sig-
nificantly across the study in a quadratic trajectory (p < 
.001) but did not change in those with more preserved 
subjective motivation (p = .665; Figure 5A). In those 
reporting a greater decrease in motivation, false starts 
were higher on days 2 through 5 of sleep restriction (p < 
.001 to p = .027) compared to baseline. Lapses changed 
significantly across the study in both those reporting a 
greater decrease in motivation (p < .001) and in those 
with more preserved subjective motivation (p = .020; 
Figure 5B) in quadratic trajectories. In those reporting 
a greater decrease in motivation, lapses were higher on 
days 2 through 5 of sleep restriction (p < .001 to p = .006) 
compared to baseline. In those reporting more preserved 
motivation, lapses were higher only on day 3 of sleep 
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Figure 3 Within-person associations of subjective alertness with motivation and 
effort. Subjective motivation (panel A) and effort (panel B) were predicted within 
persons from subjective alertness during the in-lab study (last baseline day, five sleep 
restriction days, and two recovery days). The range for subjective alertness and 
motivation was 0 (low) to 100 (high); the range for subjective effort was 1 (low) to 
4 (high). The model predicting subjective motivation from alertness included time 
of day of self-report of motivation. Shaded areas indicate the 95% confidence 
interval of the predicted line.
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restriction (p = .010). There was no interaction between 
change in subjective motivation and day2 on response 
speed (p = .663), which changed significantly across the 
study in a quadratic trajectory at the mean level of change 

in subjective motivation (p < .001). At the mean, response 
speed was slower from day 1 of sleep restriction through 
the first recovery day (p < .001 to p = .024) compared to 
baseline.

Change in Effort from Baseline to Sleep Restriction
There was a significant interaction between change in 
subjective effort from baseline to sleep restriction 
and day2 on lapses (p < .001; Figure 5C). In those report-
ing more preserved effort from baseline to sleep restriction 
(ie, at 1 SD below the mean of change in effort), lapses did 
not change across the study (p = .175). In those reporting a 
greater increase in effort (ie, at 1 SD above the mean of 
change in effort), lapses changed significantly across the 
study in a quadratic trajectory (p < .001). Lapses were 
higher on day 2 of sleep restriction through the first 
recovery day (p < .001 to p = .013) compared to baseline 
in those reporting a greater increase in effort. There was no 
interaction between change in subjective effort and day2 

on false starts (p = .713) or response speed (p = .207), 
which both changed significantly across the study at the 
mean level of change in subjective effort in quadratic 
trajectories (false starts, p = .004; response speed, p < 
.001). At the mean, false starts were higher on days 2 
through 5 of sleep restriction (p = .008 to p = .039) and 
response speed was slower from day 1 of sleep restriction 
through the first recovery day (p < .001 to p = .028) 
compared to baseline.

Discussion
The current study examined whether changes in subjective 
alertness, motivation, and effort across five nights of sleep 
restriction and two recovery nights moderated perfor-
mance on the PVT. During sleep restriction, subjective 
alertness and motivation decreased, while subjective effort 
increased; all three measures rebounded to baseline levels 
after one recovery night. Furthermore, participants with 
a greater reduction in subjective motivation made more 
false starts (a marker of impaired inhibition) and lapses (a 
marker of degraded vigilant attention) during sleep restric-
tion, while participants with relatively preserved subjec-
tive motivation demonstrated no change in false starts and 
a less pronounced increase in lapses. Those reporting more 
effort during sleep restriction demonstrated more lapses 
across sleep restriction, whereas participants with pre-
served subjective effort did not demonstrate a change in 
lapses with sleep restriction. PVT performance during 
sleep restriction was not moderated by change in 
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Figure 4 Difference in subjective alertness, motivation, and effort during sleep 
restriction (SR) versus baseline (BL). Changes in subjective alertness (panel A), 
motivation (panel B), and effort (panel C) for each individual participant are 
displayed from the baseline reference point (day succeeding third baseline night; 
BL) to the mean across all sleep restriction (SR) days (see Equation 1 for calculation 
of change in subjective alertness, motivation, or effort). A negative value indicates 
the level decreased from BL to SR; a positive value indicates the level increased; 0 
indicates the level remained the same. The range for subjective alertness and 
motivation was 0 (low) to 100 (high); the range for subjective effort was 1 (low) 
to 4 (high).
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subjective alertness. These results suggest that individuals 
with less of a decrease in subjective motivation after sleep 
restriction may be resistant to the negative effects of sleep 
restriction on inhibitory control and less susceptible to 
lapses of attention. However, individuals exerting greater 
subjective effort or with preserved subjective alertness 
during sleep restriction may still be susceptible to vigi-
lance decrements.

The findings that individuals with a greater decrease in 
subjective motivation made more false starts during sleep 
restriction, but that lapses rose both in those with lower 
subjective motivation and (to a lesser extent) in those with 
preserved subjective motivation, suggest differences 
between the underlying propensity to commit more errors 
of omission (lapses) versus errors of commission (false 
starts) during sleep loss. As sleep loss generally increases 

impulsive behavior72 (though other research suggests no 
impact; see73), those with lower levels of subjective motiva-
tion during sleep restriction may be more likely to behave 
impulsively and commit more false starts. These individuals 
could therefore have difficulty overcoming the desire to tap 
the screen prematurely during a low-arousal, monotonous 
task. Subjective motivation tends to decline after sleep loss, 
particularly for tasks of sustained attention.40 Our results 
suggest interindividual differences in changes in subjective 
motivation that may explain differences among individuals 
in the susceptibility to commit false starts during sleep 
restriction. Our findings align with previous research demon-
strating that monetary incentives failed to shorten RT on 
a sustained attention task but succeeded at improving 
accuracy.37 Similarly, greater subjective motivation on an 
anti-saccade task was associated with fewer errors but not 

Table 2 Interactions Between in-Lab Day and Changes in Subjective Alertness, Motivation, and Effort from Baseline to Sleep 
Restriction on Psychomotor Vigilance Task (PVT) Performance (N = 15)

Moderator: Change in Subjective Alertness from BL to SRa

Outcomeb Day2 *Change b [95% CI] By Change in Alertness

Level Day2 b [95% CI]

False starts <0.05 [<0.05, 0.01] Mean −0.09** [−0.16, −0.03]

Lapses <0.05 [−0.01, 0.01] Mean −0.30*** [−0.40, −0.20]

Response speed (s) <0.005 [−0.001, <0.005] Mean 0.035*** [0.028, 0.042]

Moderator: Change in Subjective Motivation from BL to SRa

Outcomeb Day2 *Change b [95% CI] By Change in Motivation

Level Day2 b [95% CI]

False starts 0.01*** [0.01, 0.02] M–1SD −0.20*** [−0.29, −0.11]

M+1SD 0.02 [−0.07, 0.11]

Lapses 0.02* [0.003, 0.03] M–1SD −0.43*** [−0.57, −0.28]

M+1SD −0.17* [−0.32, −0.03]

Response speed (s) <0.005 [−0.001, 0.001] Mean 0.035*** [0.028, 0.042]

Moderator: Change in Subjective Effort from BL to SRa

Outcomeb Day2 *Change b [95% CI] By Change in Effort

Level Day2 b [95% CI]

False starts 0.04 [−0.16, 0.23] Mean −0.10** [−0.16, −0.03]

Lapses −0.52*** [−0.82, −0.22] M–1SD −0.10 [−0.26, 0.05]

M+1SD −0.48*** [−0.62, −0.33]

Response speed (s) 0.014 [−0.008, 0.035] Mean 0.035*** [0.028, 0.042]

Notes: See Equation 1 for calculation of change in subjective alertness, motivation, or effort from the baseline reference point (the day succeeding the third baseline night; BL) through 
sleep restriction (SR) and Figure 4 for the change value per participant. For significant day2*change interactions (left), the trajectory of performance across days was examined at 1 
standard deviation (SD) below (M–1SD) and 1 SD above (M+1SD) the mean of the change in subjective alertness, motivation, or effort (right). Estimates were obtained by re-centering 
the change value at 1 SD below or above the mean (N = 15 in all analyses; refer to Statistical Analyses). For non-significant interactions, the trajectory of performance across days was 
examined at the mean of change in subjective alertness, motivation, or effort. Outcomes refer to each 10-minute task administration. All models included time of day of PVT 
administration. Values are estimated marginal means from linear mixed models. aCalculated as each participant’s mean change from baseline level of subjective alertness, motivation, or 
effort across all five days of sleep restriction (see Equation 1). bFalse starts = reaction times < 100 ms; lapses = reaction times ≥ 500 ms; response speed = 1/reaction time in seconds. 
*p < .05; **p < .01; ***p < .001, two-tailed. 
Abbreviations: b, unstandardized beta; BL, baseline; CI, confidence interval; s, seconds; SR, sleep restriction.
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Figure 5 Attentional performance across in-lab study by change in subjective motivation or effort. Depicted are the number of false starts (reaction times < 100 ms) or 
lapses (reaction times ≥ 500 ms) per 10-minute psychomotor vigilance task (PVT) administration, moderated by the change in subjective motivation or effort per participant 
from the baseline reference point (day succeeding third baseline night; BL) through sleep restriction (SR; mean across all 5 days). (A) Represents false starts by change in 
subjective motivation; (B) Represents lapses by change in subjective motivation; (C) Represents lapses by change in subjective effort. See Equation 1 for calculation of change 
values and Figure 4 for depiction of change value per participant. “Lower motivation” and “preserved effort” estimates were obtained by re-centering the moderator (change 
in subjective motivation or effort from BL to SR, for each participant) at 1 standard deviation (SD) below the mean. “Preserved motivation” and “higher effort” estimates 
were obtained by re-centering the moderator at 1 SD above the mean (N = 15 in all analyses; refer to Statistical Analyses). Significance levels for comparisons to BL in false 
starts or lapses during given SR or recovery (REC) day, separated by level of change in subjective motivation or effort, are denoted as follows: *p < .05, **p < .01, ***p < .001. 
Comparisons to BL were not completed for false starts at “Preserved motivation” level (mean of motivation change + 1 SD, panel A; closed triangles) or for lapses at 
“Preserved effort” level (mean of effort change − 1 SD, panel C; closed squares) due to a lack of significant change across study at that level of change (see Table 2). All 
models included time of day of PVT administration. Error bars depict standard error of the mean (SEM). Values are estimated marginal means from linear mixed modeling.
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a difference in RT.74 Present findings regarding false starts 
recorded on a touchscreen device may not translate to PVTs 
requiring a keypress response, as lapses and false starts are 
highly correlated on a keypress but not a touchscreen PVT, 
and false starts across the two platforms are only moderately 
correlated.75

In contrast to false starts, lapses and slower response 
speed during sleep loss reflect reduced objective beha-
vioral alertness, possibly due to “state instability,” or 
variability in attention capacity resulting in part from ris-
ing homeostatic sleep pressure.26 Individuals with pre-
served subjective motivation, then, may demonstrate 
a less pronounced decrease in vigilance after sleep restric-
tion compared to those with a greater decrease in subjec-
tive motivation. However, those with preserved subjective 
motivation still demonstrated more lapses of attention 
during sleep restriction compared to baseline, though 
they demonstrated no change in false starts. A more parsi-
monious explanation for the lack of change in false starts 
during sleep restriction in those with preserved subjective 
motivation is that participants were alerted whenever they 
registered responses before the millisecond counter 
appeared (though not for responses between 0 and 100 
ms, also categorized as false starts). In contrast, partici-
pants were not explicitly alerted when lapses occurred 
even though they were continuously informed of their 
RT. It is possible that participants with increased subjec-
tive motivation used the feedback about premature 
responses to prevent making more false starts. 
Additionally, participants were presented after the task 
with a score comparing their performance to previous 
administrations, which could be intrinsically motivating. 
In one study, participants had shorter RT and reported 
greater motivation during an RT task incorporating feed-
back (displaying mean, shortest, and longest RTs after 
each trial block) compared to one with no feedback.39 

Future research may determine whether incorporating 
feedback about long RTs can affect subsequent lapses 
after sleep loss in participants with preserved subjective 
motivation.

Individuals who are more resistant to the effects of 
sleep loss may naturally perform better and therefore 
need to apply less effort to perform well, whereas indivi-
duals more susceptible to the effects of sleep loss may 
apply more effort to compensate but are unable to over-
come the impairment. In the current study, individuals 
reporting a greater increase in effort, versus others with 
relatively preserved subjective effort, made more lapses 

during sleep restriction that persisted into the first 
recovery day, potentially reflecting a reduced capacity to 
perform optimally under conditions of sleep loss. Some 
individuals may have to apply greater effort to remain 
awake and perform optimally as homeostatic sleep pres-
sure increases, and certain individuals may have more 
accumulation of sleep pressure during sleep restriction 
due to greater sleep need. Such reduced capacity to per-
form may have physiological underpinnings, such as the 
accumulation of homeostatic sleep pressure during excess 
wake.76 Individuals who reported greater elevations in 
effort in the current study may have had incomplete dis-
sipation of sleep pressure (defined as the dissipation of 
slow-wave activity during early sleep) during the first 
night of recovery sleep, resulting in a sustained elevation 
of lapses the next day. Notably, sleep pressure demon-
strates trait-like differences among individuals.77,78 

Participants experiencing greater sensitivity to the effects 
of rising homeostatic sleep pressure79 on performance may 
have correspondingly increased their effort to compensate 
for these performance limitations, but were unsuccessful 
as evidenced by elevated lapses. Previous research demon-
strated a high correlation between false starts and lapses 
across 88 hours of total sleep deprivation, with the authors 
hypothesizing that participants attempted to compensate 
for lapses by increasing responses (a measure of objective 
effort) and, consequently, committing more false starts.26 

Based on these previous findings, it would be expected 
that individuals reporting greater effort in the current study 
would commit more false starts during sleep restriction 
versus those with preserved effort; however, false starts 
increased regardless of changes in subjective effort. 
Accordingly, objective and subjective measures of effort 
during sleep restriction may be separate constructs. Future 
research may compare objective and subjective measures 
of effort during several days of sleep restriction and their 
associations with performance.

Our findings demonstrate that interindividual differ-
ences in the changes in subjective motivation and effort 
moderate the impact of sleep restriction on attentional 
performance. We cannot, however, conclude from the cur-
rent study that reduced subjective motivation or elevated 
effort caused the poorer performance in these individuals. 
The present study did not manipulate subjective motiva-
tion or effort; thus, causation cannot be established. 
Rather, our results suggest potential trait-like differences 
among individuals in changes in subjective motivation and 
effort during sleep restriction that may distinguish 
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vulnerability to poorer attentional performance between 
persons. Given the correlation between greater subjective 
motivation and better performance,37–39 it is plausible that 
more preserved subjective motivation prevented perfor-
mance decrements in certain individuals. However, it is 
unlikely that increasing effort caused the increase in lapses 
exhibited by individuals who reported greater elevations in 
effort during sleep restriction.

Our findings corroborate the notion that subjective alert-
ness is not a suitable marker for objective performance 
deficits during sleep restriction. Regardless of changes in 
subjective alertness during sleep loss, false starts and lapses 
increased and response speed decreased during sleep restric-
tion, in line with previous research.9–15 Therefore, partici-
pants who reported more preserved alertness were just as 
likely to make false starts and lapses and exhibit slower 
response speed as their less-alert counterparts. While lapses 
increase linearly across sleep restriction,9,15 subjective alert-
ness either does not decrease across days of sleep restriction9 

or decreases at a slower rate than the increase in lapses,15 

indicating a mismatch between subjective and objective 
measures of alertness during sleep loss. Research regarding 
the relationship between subjective alertness and false starts 
during sleep restriction is more limited, but our study sug-
gests that, similar to impaired vigilance, preserved subjective 
alertness may be insufficient to maintain inhibitory control 
during sleep loss. The misalignment between subjective 
alertness and objective performance may be implicated in 
some instances of motor vehicle crashes induced by drowsy 
driving.7,8 Certain individuals, when sleep-deprived, may 
feel subjectively alert and could overestimate their ability to 
perform well in their sleep-deprived state.

The present results suggest that changes in subjective 
motivation and effort during sleep restriction can distin-
guish interindividual differences in dichotomous lapses of 
attention (≥500 ms) but not the continuous metric of 
response speed. Lapses may be due to a loss of task- 
oriented attention that occurs, in part, due to less subjec-
tive alertness and more fatigue.80 Though changes in sub-
jective motivation and effort moderated the effects of sleep 
restriction on lapses, we did not find any interaction for 
response speed, perhaps because lapses of attention are 
fundamentally distinct from RTs that fall within the “nor-
mal” range (typically defined as 100–500 ms).80

The current study had some limitations. The sample size 
was somewhat small, and future studies would benefit from 
a larger number of participants. Only young males were 
recruited, limiting the generalizability of the present study. 

Future studies should examine whether these findings are 
applicable to females and/or older adults. All participants 
experienced the same study protocol in order: baseline, 
sleep restriction, and recovery, resulting in the potential for 
order effects on cognitive performance. However, 
a substantial practice effect for the task used in the current 
study is unlikely. The PVT requires fewer than 5 administra-
tions before maximal performance on lapses and response 
speed is reached,50 and we excluded the admission day and 
the first two days of baseline from statistical analyses due to 
the improvement in false starts observed during baseline. We 
also used self-report for the measures of alertness, motiva-
tion, and effort in the current study, which may be subject to 
bias and variations in interpretation among participants, or 
may differ from more objective measures.81 For example, 
decisions requiring more effort decline after total sleep 
deprivation.82,83 Furthermore, the graph providing perfor-
mance feedback displayed after each Joggle® task adminis-
tration may have served as a motivating factor for 
performance. Lastly, we assessed these subjective measures 
after PVT administration; it is possible that subjective alert-
ness, motivation, and effort were affected by the 10-minute 
low-arousal task, particularly during sleep restriction.

Conclusion
The findings from the current study bear implications for 
situations where unimpaired vigilance is vital for optimal 
functioning in the real world. Performance on the PVT is 
analogous to performance while operating motor vehicles84 

and engaging in certain athletic activities.85 Our findings indi-
cate that even among individuals with more preserved sub-
jective motivation, lapses (analogous to braking too late)86 are 
more prevalent during sleep restriction. The present study also 
suggests that those with less motivation to perform during 
sleep loss will be more likely to demonstrate poor inhibitory 
control, which may lead to more impulsive decision making.87 

Furthermore, our results suggest that those who have pre-
served subjective alertness or report greater effort during 
sleep restriction still demonstrate attention deficits, which 
impair daily functioning.1 Millions of adults therefore may 
be susceptible to impaired performance resulting from insuffi-
cient sleep, particularly those experiencing reduced subjective 
motivation and/or elevated effort after sleep loss.
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