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Acute sleep loss increases CNS health biomarkers and
compromises the ability to stay awake in a sex-and
weight-specific manner
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Night shift work impairs vigilance performance, reduces the ability to stay awake, and compromises brain health. To investigate if
the magnitude of these adverse night shift work effects differs between sexes and weight groups, 47 men and women with either
normal weight or obesity participated in one night of sleep and one night of total sleep loss. During the night of sleep loss,
participants’ subjective sleepiness, vigilance performance, and ability to stay awake during 2-min quiet wake with eyes closed were
repeatedly assessed. In addition, blood was collected in the morning after sleep loss and sleep to measure central nervous system
(CNS) health biomarkers. Our analysis showed that women were sleepier during the night of sleep loss (P < 0.05) and spent more
time in microsleep during quiet wake testing (P < 0.05). Finally, higher blood levels of neurofilament light chain, a biomarker of
axonal damage, were found among women in the morning after sleep loss (P < 0.002). Compared with normal-weight subjects,
those with obesity were more prone to fall asleep during quiet wake (P < 0.05) and exhibited higher blood levels of the CNS health
biomarker pTau181 following sleep loss (P= 0.001). Finally, no differences in vigilance performance were noted between the sex
and weight groups. Our findings suggest that the ability to stay awake during and the CNS health biomarker response to night shift
work may differ between sexes and weight groups. Follow-up studies must confirm our findings under more long-term night shift
work conditions.
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INTRODUCTION
Night shift work can impair job-related cognitive performance [1].
For example, a study among gas workers found that occupational
performance errors peaked between 02:00 and 04:00 [2]. A
separate study demonstrated that single-vehicle truck accidents
reached their maximum between 01:00 and 07:00 [3]. Finally,
emergency braking incidents caused by errors of response
omission may be most prevalent between 03:00 and 06:00 [4].
In line with these observations, a study with 11 participants
demonstrated that short periods of mock night shift work
weakened performance on a wide range of cognitive tasks,
including inhibitory control, sustained attention, diminished
learning, and impaired visuospatial processing [5].
Besides the adverse effects on job-related cognitive perfor-

mance, night shift work can have serious health complications
[6], including adverse effects on central nervous system (CNS)
health. For example, among 8059 nurses, those working night
shifts for at least six years had a 50% higher dementia incidence
than those engaged in night shifts for less than one year [7].
Similar findings were obtained in two cohorts from the Swedish

Twin Registry in that night work was associated with 12% higher
hazards to develop dementia than day work [8]. However, even
short periods of night work may compromise brain health. For
example, healthy young men without pre-existing neurological
disorders showed increased blood levels of CNS health biomar-
kers after one night of wakefulness [9, 10]. For example, the
evening-to-morning ratio for t-tau, a protein that is implicated in
the development and progression of several brain disorders [11],
was about 15% higher after one night of total sleep loss
compared to sleep [9].
There are profound sex differences in the incidence and severity

of neurodegenerative diseases, such as Alzheimer’s disease [12]. A
meta-analysis including large population studies from multiple
continents indicates that women are at greater risk of developing
Alzheimer’s disease [13]. Obesity has emerged as an additional risk
factor for developing dementia. For example, using data from the
English Longitudinal Study of Ageing, people with obesity had a
34% elevated risk of dementia incidence compared to their
normal-weight counterparts. Similar findings were found for
people with central obesity [14].
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Despite their association with brain health, it is unclear whether
the female sex or having obesity alters the adverse brain health
response to acute night shift work. Additionally, it has not been
extensively researched whether sleepiness, the ability to stay
awake, and vigilance performance—all highly relevant for
occupational performance—differ by sex and weight status in a
night shift setting. Thus, the present study measured CNS health
biomarkers and cognitive performance during one night of in-
laboratory sleep loss (mimicking a sedentary night shift setting) in
men and women with either normal weight or obesity.

MATERIALS AND METHODS
Participants
Participants who reported no history of physical, psychiatric, or sleep-
related diseases during the screening sessions were eligible for inclusion in
the present study. All included participants had a habitual sleep duration
of seven to nine hours between 22:00 and 08:00 during weekdays, did not
habitually nap during the daytime, did not suffer from excessive daytime
sleepiness (measured by the Epworth Sleepiness Scale [15]), did not report
difficulties falling and staying asleep, did not report heavy snoring or other
sleep-related breathing disturbances, did not report sleep movement
disorders, did not report parasomnias, had no employment involving night
or rotating shifts, and did not travel across time zones in the three weeks
before nor during the study period. In addition, participants reported no
use of regular medications. However, women included in the study took
hormonal contraceptives to account for the potential confounding of the
menstrual cycle. According to these criteria, 47 non-smoking adults (age
20–33 years; 21 women) were included. Men and women were
characterized based on their biological sex (assessed via questionnaires).
Obesity was defined as having a waist circumference >102 cm for men and
>88 cm for women [16]. Normal weight was present when participants’
waist circumference was <94 cm for men and <80 cm for women [16]. As
summarized in Table 1, men and women did not significantly differ in age,
body mass index (BMI), waist circumference, and chronotype score
(assessed by the Morningness Eveningness Questionnaire (MEQ); [17]).
The weight groups were comparable for age and MEQ scores but not BMI
and waist circumference.
Subjects provided written informed consent before the study and were

compensated for participation. The study was conducted according to the
Declaration of Helsinki, and the Ethical Committee of Uppsala approved
the experimental procedures (DNR2017/560). The experiment described
herein is part of a more extensive study investigating the possible health
consequences of sleep loss.

Procedure
The study design and procedures are summarized in Fig. 1. Subjects
participated in two counter-balanced experimental conditions separated
by at least one week: one night of sleep vs. one night of total sleep loss.
Experimental sessions of female participants took place outside their
menstruation phase. In addition, within the week before the first
experimental session, all subjects underwent an adaptation night to
overcome the first-night effect [18]. In the week before each experimental

condition, subjects also filled out sleep diaries specifying bed and rise
times to ensure adherence to a regular sleep schedule. All experiments
were performed between March 2018 and November 2020.
On experimental nights, subjects were served a standardized dinner

upon arrival at the laboratory at 19:00. Participants could sleep between
23:00 and 07:00 (lights off period) in the sleep condition. Electroencepha-
lography (EEG), electrooculography (EOG), and electromyography (EMG)
were recorded by SOMNO HD following standard criteria (10–20 system
[19]; SOMNOmedics GmbH, Randersacker, Germany). EOG recordings were
collected from electrodes placed on the left upper and right lower outer
canthi of the eyes. Sleep scoring was performed according to the American
Academy of Sleep Medicine criteria [20]. In total, subjects slept 7 h and
12min in the sleep condition. No significant difference in total sleep
duration between participants who started with the sleep condition and
those who had their sleep condition about one week later after the wake
condition were found (mean ± SD: 435 ± 35min vs. 432 ± 26min; P= 0.769
as derived from an independent Student’s t-test). The SOMNO HD pulse
oximeter was also used to estimate the number of desaturation events
(Oxygen Desaturation Index; ODI) per hour during sleep (defined as a
decrease in blood oxygen saturation greater than 3% from baseline [21]).
At 07:15 in the morning after sleep, subjects were administered a
psychomotor vigilance test (PVT) and Karolinska Sleepiness Scale (KSS) at
~07:15, i.e., about 15min upon awakening, to avoid sleep inertia effects.
During the night of sleep loss, participants could spend their time with

sedentary activities, e.g., watching movies and reading books, but had to
stay in the laboratory rooms with the experimenter under normal light
conditions (~500 lux). However, no food intake, including caffeinated
beverages, was allowed. Participants took part in a test battery at 23:00,
01:00, 03:00, 05:00, and 07:00. This battery included the KSS, PVT, and a
wake maintenance task. In addition, at 07:15, subjects were again
administered the KSS. Blood was drawn at 07:30 via venipuncture in both
experimental conditions to compare possible differences in CNS health
biomarkers.

KSS
The KSS [22] is a nine-point ordinal scale that measures subjective
sleepiness as follows: “extremely alert”—one point, “alert”—three points,
“neither alert nor sleepy”—five points, “sleepy—but no difficulty staying
awake”—seven points, and “extremely sleepy—fighting sleep”—nine
points.

PVT
The PVT is a visual reaction time test to assess objective vigilance [23]. We
used a three min version as validated for and sensitive to sleep deprivation
[24]. The task was administered using the Psychology Experiment Building
Language (Versions 0.14 & 2.1; [25]). Participants were instructed to focus
their attention on a fixation cross and press the spacebar on a computer
keyboard as quickly as possible upon the appearance of the stimulus (a red
dot, 400msec presentation time). Stimulus onset asynchrony varied between
two and twelve sec. No performance feedback was provided. Trials with
reaction times <100msec were counted as false starts, and trials with
reaction times ≥500msec were defined as lapses. False starts and lapses
were removed before calculating the mean reaction time. Outcome variables
derived from the PVT were mean reaction time and the number of lapses.

Table 1. Cohort characteristics.

Characteristics Subgroups P

M F NW OB M vs. F NW vs. OB

Participants, n 26 21 26 21 – –

Male/Female, n – – 15/11 11/10 – –

Age, years (mean ± SD) 25.1 ± 2.8 24.7 ± 2.9 24.8 ± 2.5 25.1 ± 3.2 0.63 0.73

BMI, kg/m2 (mean ± SD) 28.0 ± 6.7 27.2 ± 5.9 22.6 ± 2.0 33.9 ± 3.3 0.67 <0.001

Waist circumference, cm (mean ± SD) 95 ± 17 88 ± 17 78 ± 8 108 ± 9 0.19 <0.001

NW/OB, n 15/11 11/10 – – – –

MEQ score (mean ± SD) 52.9 ± 7.9 51.3 ± 9.3 53.4 ± 9.5 50.7 ± 6.3 0.55 0.30

P < 0.05 was considered significant.
BMI body mass index, F female subgroup, M male subgroup, MEQ morningness eveningness questionnaire, n number, NW normal-weight subgroup, OB obese
subgroup.
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Wake maintenance task
To measure the ability of participants to stay awake during the night of the
sleep loss condition, we administered a wake maintenance task, which
adopted the setting of the Karolinska Drowsiness Test [22]. Briefly, after five
min of quiet sitting with open eyes, participants closed their eyes for two
min with their heads on a chin rest. The general instruction was to stay
awake quietly but not to fall asleep.
Following the acquisition, 120 sec of EEG data from eyes closed trials

were visually inspected in 30-sec epochs for the occurrence of sleep and
microsleep events. Microsleep events were defined as a period of at least
three sec during which occipital alpha wave activity (8–13 Hz) subsided,
and theta activity replaced the background alpha [26]. If the microsleep
episode exceeded 15 sec, it was scored as sleep according to standard
guidelines [20]. The following variables derived from the wake main-
tenance task were used for the analysis: (a) the total duration of microsleep
episodes; and (b) the total duration of sleep episodes.

CNS health biomarkers
Blood from 40 participants (25 men; 15 women; 25 subjects with normal
weight; 15 subjects with obesity) was successfully collected into PSTII
tubes (BD Sweden, Stockholm), in the morning via venipuncture.
Following centrifugation (1300 rcf, 10 min, 4 °C), and aliquoting of the
supernatant, samples were stored at −80 °C until analysis. Tau protein
phosphorylated at amino acid 181 and 231, respectively, were measured
using in-house Single molecule array (Simoa) assays as previously
described [27, 28]. Aβ40 and Aβ42, glial fibrillary acidic protein (GFAP),
and neurofilament light chain (NfL) concentrations were measured using
the Quanterix Neurology 4-Plex E Advantage Kit (Quanterix, Billerica,
Massachusetts). All measurements were performed in one round of
experiments on the Single molecule array (Simoa) ND-X Analyser
(Quanterix, Billerica, Massachusetts). Intra-assay coefficients of variation
were below 8% (majority below 5%).

Statistical analysis
Data were analyzed using IBM SPSS Statistics 26 (SPSS Inc. Chicago, IL,
USA). The normal distribution of variables was assessed by visual
inspection and the Shapiro–Wilk test. Skewed data were log-transformed
to approach normality and improve model fit. Baseline differences (i.e., at
23:00) between sexes and weight groups were analyzed using indepen-
dent t-tests. Potential differences in the ratings, vigilance, and blood
biomarkers between the sleep and sleep loss conditions in the whole
sample were examined with paired t-tests.
To account for baseline differences in the PVT between sex and weight

groups, the individual mean reaction time at 01:00, 03:00, 05:00, and 07:00
was expressed as a percentage of the mean reaction time at 23:00 (defined

as the baseline). As most participants had zero events at 23:00 for lapses
during the PVT and microsleep and sleep episodes on the wake
maintenance task, we calculated absolute differences to the baseline for
each participant. The CNS health biomarkers exhibited large inter-
individual variance. Thus, we divided blood levels measured in the
morning after sleep loss by those measured after sleep. Given that the KSS
scale has an ordinal structure, this variable was not baseline-adjusted.
To investigate whether sleepiness, vigilance, and the ability to stay

awake vary by sex and weight status during the night of the sleep loss
condition, we ran generalized linear mixed models (GLMM), including the
within-subjects factor TIME (01:00, 03:00, 05:00, and 07:00) and the
between-subjects factors SEX and WEIGHT as fixed factors. As skewed
data were log-transformed, we used a normal probability distribution
with an identity link function in all GLMM models. In the case of blood
biomarkers, we applied generalized linear models (GLM), using SEX and
WEIGHT as fixed between-subjects factors. The time in bed (TIB) in the
night preceding the experimental wake condition (mean ± SD: men,
484 min ± 71min; women, 523 min ± 51min; with normal weight,
485 min ± 60min; and with obesity: 520 min ± 70 min) was included as a
covariate in all GLMM and GLM analyses. We included this covariate to
reduce the impact of day-to-day variability in sleep schedules between
participants on our study outcomes. Interactions between the between-
subject factors SEX and WEIGHT were not modeled. Post-hoc testing was
performed using pairwise t-tests with LSD adjustment for multiple
comparisons. Correlation analyses were performed using Spearman’s rho
tests as the data was not normally distributed. Unless otherwise specified,
data are reported as estimated marginal means [95%–CI]. P < 0.05 was
considered significant.

RESULTS
KSS
During the night of sleep loss, subjective sleepiness increased by
2.6 points between 23:00 and 07:00 (P < 0.001 for TIME). As
summarized in Fig. 2, KSS scores were, on average, 1.3 points
higher in women than men (7.4 [7.0, 7.8] vs. 6.1 [5.8, 6.4], P < 0.001
for SEX). However, the SEX*TIME interaction did not reach
significance (P= 0.963). Furthermore, whereas both weight groups
showed an apparent increase in sleepiness during sleep loss
(Fig. 2), no main or interaction effects were found (P= 0.685 for
WEIGHT; P= 0.841 for WEIGHT*TIME). When comparing sleep loss
with sleep, at 07:15, subjects felt sleepier in the morning after
sleep loss than after sleep (7.5 [7.0, 8.0] vs. 3.3 [2.8, 3.9], P < 0.001,
paired t-test).

Fig. 1 Experimental scheme. Order of experimental conditions. BD blood drawing, EEG electroencephalography, KSS Karolinska Sleepiness
Scale, PVT Psychomotor vigilance task.
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PVT
The reaction time increased significantly throughout the night of
the sleep loss (e.g., +6% longer at 07:00 compared to 23:00,
P= 0.016 for TIME). However, the increase in reaction time did
not differ between sexes (men vs. women: +3.7% [1.9%, 5.6%] vs.
+4.1% [1.6%, 6.5%] from baseline, P= 0.838 for SEX; Fig. 3).
Likewise, the reaction time did not differ between participants
with normal weight and obesity (+4.0% [2.1%, 5.9%] vs. +3.8%
[1.5%, 6.2%] from baseline, P= 0.896 for WEIGHT; Fig. 3). Lastly,
no significant interactions of SEX and WEIGHT with TIME were
found (P ≥ 0.381).
As shown in Fig. 3, the number of lapses did not differ by TIME

(P= 0.303), SEX (men vs. women: +0.7% [0.1%, 1.4%] vs. +0.9%
[0.1%, 1.8%] from baseline, P= 0.679), and WEIGHT (normal
weight vs. obese; 1.0% [0.4%, 1.7%] vs. 0.7% [−0.1%, −1.5%]
from baseline, P= 0.469; P ≥ 0.802 for all interactions with TIME).
Finally, in line with previous findings [24], the reaction time

and the number of lapses were significantly higher in the
morning following sleep loss than after sleep (reaction time:
340 ms [325 ms, 354 ms] vs. 312 ms [300 ms, 323 ms]; and the
number of lapses: 3.1 [1.5, 4.7] vs. 1.6 [0.5, 2.6], P ≤ 0.014, paired
t-tests).

Wake maintenance task
As shown by the wake maintenance task testing the ability to
stay awake during 2-min of quiet wake with closed eyes, the
duration of microsleep and sleep episodes increased throughout
the sleep loss condition (+7.7 s microsleep duration at 07:00
compared to 23:00, P= 0.01; +45.5 sec sleep duration at 07:00
compared to 23:00, P < 0.001). Furthermore, as shown in Fig. 4, a
main effect of SEX was found (P= 0.001) in that women spent
more time in microsleep than men (+8.1 s [1.3 s, 5.6 s] vs. +2.9 s
[1.2 s, 4.6 s] from baseline). In contrast, no sex differences in
sleep duration were observed (+23.5 sec [13.3 s, 33.8 s] from
baseline for women vs. +23.5 s [16.6 s, 30.4 s] from baseline for
men, P= 0.994 for SEX).
Compared with normal-weight subjects, those with obesity

struggled more with staying awake during the wake maintenance
task, as indicated by the difference in the total sleep duration
between the weight groups (normal-weight vs. obese group:
+16.6 sec [9.3 s, 23.8 s] vs. +30.4 s [20.9 s, 40.0 s] from baseline,
P= 0.015; Fig. 4). In contrast, no WEIGHT effects on the total
duration of microsleep were found (normal-weight vs. obese
group: +5.5 s [3.7 s, 7.3 s] vs. +5.5 s [3.1 s, 7.8 s] from baseline,
P= 0.996; Fig. 4). Overall, none of the modeled interactions
reached significance (P ≥ 0.166).

CNS health biomarkers
Ratios and raw data for each CNS health biomarker can be found
in Supplemental Tables S1, S2. Blood concentrations of pTau181
were about 25% higher after sleep loss than after sleep
(P= 0.003). In contrast, blood levels of pTau231, NfL, Aβ40,
Aβ42, and GFAP did not differ between the sleep and sleep loss
conditions (P ≥ 0.054).
When using individual ratios for each CNS health biomarker, we

found that the increase in pTau181 following sleep loss was more
pronounced for participants with obesity than those with normal
weight (1.58 [1.34, 1.83] vs. 1.09 [0.91, 1.27] fold change from
sleep, P= 0.001 for WEIGHT; Fig. 5). Finally, relative blood levels of
NfL measured in the morning after sleep loss were higher among
women than men (1.16 [1.04, 1.28] vs. 0.92 [0.83, 1.01] fold change
from sleep, P= 0.002 for SEX; Fig. 5).
To account for possible carrying-over effects after one night of

acute sleep loss on CNS health biomarkers measured about one
week later in the sleep condition, we re-ran the analysis using the
order of the experimental conditions (i.e., first wake, then sleep, or
vice versa) as a possible confounder. However, the results
remained the same (data not shown).

Correlational analysis
Using correlational analysis, we found no association between the
cumulative duration of microsleep episodes during the wake
condition and the sleep loss-to-sleep ratio for NfL in women
(Spearman’s rho=−0.469, P= 0.124). Additionally, variance in the
sleep loss-to-sleep ratio for NfL among women was not
significantly explained by the cumulative KSS score measured
during the wake condition (Spearman’s rho=−0.208, P= 0.408).
Among those with obesity, the cumulative time asleep during

the wake maintenance task was not significantly associated with
the sleep loss-to-sleep ratio for pTau181 (Spearman’s rho=
−0.408, P= 0.212). Although the ODI was generally higher
among participants with obesity (vs. normal-weight subjects,
mean ± SD: 4.8 ± 5.2 vs. 1.4 ± 1.5, P= 0.02 as derived from an
independent Student’s t-test), no significant association between
the sleep loss-to-sleep ratio for pTau181 and the ODI was found
(Spearman’s rho= 0.278, P= 0.117).

DISCUSSION
The present study investigated if changes in subjective sleepiness,
the ability to stay awake, vigilance performance, and CNS health
blood biomarkers during one night of sleep loss differ between
sex and weight groups. During the night of in-laboratory sleep

Fig. 2 Subjective sleepiness during the sleep loss night. Values are shown as estimated marginal means [95%-CI] as derived from
generalized linear mixed models. Baseline (i.e., at 23:00) Karolinska Sleepiness Scale (KSS) scores (mean ± SD): men, 4.8 ± 1.9; women: 5.7 ± 1.5;
with normal weight: 5.1 ± 1.6; and with obesity: 5.4 ± 1.9. P < 0.05 was considered significant.
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loss, women reported greater sleepiness and struggled more with
staying awake, as indicated by a more extended time spent in
microsleep during quiet wake testing. Finally, women had higher
blood levels of NfL, a biomarker of axonal damage [28], after sleep
loss relative to sleep. When focusing on the weight status of the
included participants, we found that those with obesity were more
prone to fall asleep than normal-weight subjects during the night
of sleep loss. In addition, they exhibited higher levels of pTau181
following sleep loss relative to sleep. This biomarker rises in
diseases hallmarked by neurodegeneration and predicts brain
atrophy in aging [29].
In recent years, increasing evidence suggests that night shift

work can lead to long-term cognitive impairment. For example, a
French study reported lower global cognitive test scores for
people with more than ten years of shift work history [30].
Furthermore, a Swedish study revealed that current and recent
former shift workers (defined as shift work during the past five
years) performed worse on an executive cognitive function task
[31]. These epidemiological observations have been corroborated
by experimental findings [32, 33]. A meta-analysis found that a
lack of sleep, ranging from 24 to 48 h, significantly reduced
performance in multiple cognitive domains, including reaction

time and attentional lapses [33]. Interestingly, the effects of sleep
loss on cognitive functions may differ between men and women.
For example, a study involving 34 participants (18 women) found
that the circadian nadir in cognitive performance coinciding with
the night was more pronounced for women [34]. However, the
study did not observe sex differences in subjective sleepiness
during the sleep loss night [34]. In the present study, we found
that women felt sleepier but showed no difference in cognitive
performance (here measured by the PVT) compared to men. One
explanation for the discrepancy in results could be that we only
included women taking contraceptive medication. In contrast, half
of the women in the previous study were not on contraceptives
[34]. As shown by a separate experiment, the vulnerability to
attentional failure due to nocturnal wakefulness can vary
considerably across the menstrual cycle [35].
The association between night shift work and excessive weight

is well established. For example, a meta-analysis found a 1.2-fold
greater risk of overweight or obesity among night shift than
daytime workers, especially for developing abdominal obesity
[36]. However, even though obesity is negatively associated with
different domains of cognitive functioning [37, 38], it is unknown
whether obesity impairs a person’s ability to stay awake and be

Fig. 3 Performance on the psychomotor vigilance task. Values are shown as estimated marginal means [95%-CI] as derived from generalized
linear mixed models. Baseline (i.e., at 23:00) reaction time (mean ± SD): men, 314 ± 43; women: 330 ± 45; with normal weight: 323 ± 50; and
with obesity: 318 ± 35. Number of lapses at baseline (mean ± SD): men, 1.6 ± 3.3; women: 1.8 ± 4.3; with normal weight: 2.5 ± 4.8; and with
obesity: 0.6 ± 0.9. P < 0.05 was considered significant.
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alert throughout one night of wakefulness. As suggested by our
study, participants with obesity showed a similar rise in sleepiness
and drop in vigilance as normal-weight subjects across the sleep
loss night. However, participants with obesity struggled more to
stay awake than those with normal weight during the wake
maintenance task. The observation that the risk to fall asleep
during quiet wake was more pronounced among those with
obesity indicates that nocturnal wake periods with a lack of
cognitive demand may be more challenging for people with
obesity.
Women are at significantly greater risk of developing Alzhei-

mer’s disease [12]. Furthermore, obesity appears to be associated
with faster brain aging [39]. Thus, we examined whether changes
in CNS health blood biomarkers following one night of sleep loss
differed between sex and weight groups. Our analysis showed
that women exhibited higher blood levels of NfL after sleep loss
relative to sleep, whereas no such difference occurred in men.
Furthermore, as indicated by greater sleepiness and higher
abundance of microsleep episodes, the sleep pressure during
the mock night shift was greater among women than men.
Noteworthy, until mid-life, women report longer ideal sleep
duration than men [40], suggesting that forced wakefulness may
represent a more significant burden for the female brain, with
possible negative implications for brain health. However, no

correlations were found between the relative increase in NfL after
sleep loss and the cumulative KSS score. Likewise, the total
duration of microsleeps occurring during the night of forced
wakefulness did not predict variance in the relative increase in NfL
among women.
We found that the night shift session was more stressful for the

brain of participants with obesity, as indicated by a more
pronounced relative increase in pTau181 after sleep loss. Those
with obesity also struggled more with staying awake, as they were
more prone to fall asleep during the wake maintenance task;
however, the relative increase in pTau181 after sleep loss did not
correlate with this sleep measure. There are several potential
explanations for why participants with obesity may have
experienced more sleep pressure during the wake condition.
First, increased sleep pressure may be due to less restorative sleep,
e.g., caused by sleep-disordered breathing [41]. While we did not
measure sleep-disordered breathing on the nights preceding the
experimental wake condition, we found a greater ODI in those
with obesity on the experimental sleep night. Thus, participants
with obesity may have started the night shift session with greater
sleep debt, thereby imposing a more significant burden on CNS
health. However, no correlation between the ODI and the relative
increase in pTau181 was seen among the group with obesity.
Another explanation for increased sleep pressure due to forced

Fig. 4 Duration of microsleep and sleep episodes during the wake maintenance task. Values are shown as estimated marginal means [95%-
CI] as derived from generalized linear mixed models. Total duration of microsleep at baseline (i.e., at 23:00; mean ± SD): men, 0.7 s ± 2.3 s;
women: 0.3 s ± 1.4 s s; with normal weight: 0.8 s ± 2.5 s; and with obesity: 0.2 s ± 0.7 s. Total duration of sleep episodes at baseline (mean ± SD):
men, 8.8 s ± 25.7 s; women: 11.1 s ± 28.7 s; with normal weight: 4.8 s ± 18.7 s; and with obesity: 16.3 s ± 34.0 s. P < 0.05 was considered
significant.
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wakefulness could be low-grade inflammation associated with
obesity. Excessive adiposity is characterized by increased secretion
of pro-inflammatory cytokines from the adipose tissue, including
tumor necrosis factor-alpha. This cytokine increases sleep pressure
in humans [42, 43].
One possible mechanism for the observed rise in pTau181 and

NfL due to sleep loss could be reduced activity of the glymphatic
system, a waste clearance system in the brain that is highly active
during nighttime sleep [44]. Notwithstanding the underlying
mechanism, based on our findings, future studies should
investigate whether more extended periods of night shift work
are associated with a more significant CNS burden among women
and those with obesity.
A significant strength of our study is that the in-laboratory

experimental procedure reduced bias due to external factors (e.g.,
consumption of caffeinated beverages during the night or
differences in the ambient light conditions). However, only young
adults who had no previous experience with regular night shift
work, and only women on hormonal contraceptives, were
included in our study. Furthermore, it is unclear whether natural
inter- and intraindividual variations in sex hormones (including
testosterone) alter the effects of night shift work on brain health
and cognitive performance in men and women. Thus, future
studies are needed to unravel the possible consequences of night
shift work on brain health and cognitive performance in more
diverse cohorts. Another limitation is that CNS health biomarkers
were only measured once in the morning after each experimental
session. It remains to be investigated whether blood concentra-
tions of pTau231, NfL, Aβ40, Aβ42, and GFAP may rise in response
to acute sleep loss at other times of the day.
In the wake condition, participants did not eat and were mainly

sedentary. Hence, it is unclear whether the adverse effects of night
shift work on the herein investigated outcomes are affected by
factors such as eating during a night shift, naps before and during
the night shift, and the level of physical and cognitive occupa-
tional demand. Finally, factors like light exposure before and
during the night may affect how alertness, cognitive performance,
and brain health are affected by night shift work. For example,
continuous blue light exposure during nocturnal driving has been
shown to be promising in mitigating sleepiness at the wheel [45].

CONCLUSIONS
Our findings suggest that women and people with obesity may
struggle more with unintentionally falling asleep during a night of

sleep loss. In addition, the rise of the CNS health biomarkers NfL in
women and pTau181 in participants with obesity suggests that
these groups may be more susceptible to the adverse effects of
night shift work on brain health. However, whether longer periods
of night shift work lead to irreversible neurodegeneration remains
unclear.
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