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Background: Although the deterioration of subjective and objective alertness during pro-
longed wakefulness has been investigated rigorously, whether perceived sleepiness and
fatigue are consistent with actual decrements in behavioral performance in the time course
is still disputed. The present study examined the dissociation between decrements of
subjective alertness and performance deficits during prolonged wakefulness of one night
and explored the relationship between body temperature and the impairments of subjective
and objective alertness.

Participants and Methods: Thirty-eight participants (27 females; age: 21.76 + 2.37 years
old) underwent prolonged wakefulness for one night at habitual bedtime (0:00-6:00 am).
Participants completed a 10-min PVT to assess objective alertness, fatigue, and sleepiness
ratings to assess subjective alertness every 2 hours, and body temperature was measured
every hour during scheduled wakefulness.

Results: Subjective alertness reflected a linear decline with time, but the magnitudes of
objective performance deterioration increased significantly between 4:00 and 6:00 am. The
increasing magnitudes of performance deficits were associated with the change of body
temperature between 4:00 and 6:00 am.

Conclusion: These results indicate that the perceived degree of decline in alertness is
temporally dissociated with the actual decline in objective vigilance with increased duration
of wakefulness. The dissociation of magnitudes of subjective and objective alertness decre-
ments mainly occurs between 4:00 and 6:00 am, and the changes of performance deficits
have a relationship with body temperature.

Keywords: prolonged wakefulness, subjective ratings, objective performance, dissociation,
body temperature

Introduction

It is increasingly common that prolonged wakefulness for study, working, and even
entertainment happens in modern society. These working and lifestyle demands
frequently require individuals to sacrifice their regular sleep schedules, resulting in
sleep loss and circadian misalignment. Prolonged wakefulness across the night is
associated with increases in subjective fatigue and sleepiness and a broad range of
decrements in objective performance, including longer response time and more
lapses in cognitive performance, particularly for alertness and sustained attention. '
Measures of sleepiness and fatigue can be assessed using subjective ratings like the
Stanford Sleepiness Scale (SSS) and Karolinska sleepiness scale (KSS).> Various
behavioral tests have been developed to objectively assess the degree of cognitive
performance deterioration related to prolonged wakefulness.®’
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Multiple studies have analyzed the temporal variations
of decrements of subjective evaluations and objective per-
formance during prolonged wakefulness periods.* '
Subjective ratings and objective performance deteriorate
significantly when wakefulness is extended into the usual
bedtime, and the most severe deterioration emerges in the
early morning hours.'®!" Despite continued wakefulness,
both subjective ratings and objective performance were
improved after the early morning. Because the circadian
process represents a nearly 24 h oscillation, promoting
wakefulness across the habitual daytime.®'> However,
other studies have revealed that decrements of subjective
ratings and objective performance are not quantitatively
correlated."*'> The actual decline in objective vigilance
maybe not consistent with individuals’ perceived degrees
of fatigue and sleepiness during sleep loss.

Subjective and objective alertness involve different
brain oscillations. Decrements in subjective ratings are
related to a decreased EEG activity in the high alpha
range. However, the impairments of objective performance
are related to an increase in EEG delta activity and reac-
tion time is also highly correlated to EEG gamma.'®'®!
Although the relationship between subjective and objec-
tive alertness has been examined, it is not clear whether
prolonged wakefulness affected subjective alertness and
objective performance to different extents.

Prolonged wakefulness across the night also influences
the physiological statuses controlled by the peripheral
nervous system, including body temperature, heart rate,
and blood pressure.'® Sleep restriction potentially affects
the circadian rhythms of body temperature, resulting in
dysfunctional control of body temperature.'” Mean body
temperature significantly decreases during the sleep
restriction condition compared to the natural sleep
condition.’*** When sleep deprivation lasts for more
than one night, heart rate decreases due to increased
vagal activity, whereas shorter periods of sleep deprivation
do not seem to affect heart rate.” 2* Previous studies have
reported that blood pressure is elevated following acute
total sleep deprivation and partial sleep restriction.”>*
The peripheral nervous system is controlled by a neural
system named the central autonomic network (CAN).
Within the CAN, the integrated activity of respiratory,
cardiovascular, and thermoregulatory regulation, together
with behavioral responses, operates to maintain homeos-
tasis of the human body.'®?” The hypothalamus modulates
the timing of sleep and wakefulness, as well as waking
behavior, such as sleepiness and cognitive performance.”®

The physiological activity changes with wake and sleep
states; in turn, the physiological activity also modulates
the wake-sleep state.”” The alternations of physiological
functions are associated with the changes in neurobeha-
vioral performance. An increased body temperature is
correlated with improved performance and alertness.?
Objective performance deterioration may be partly attrib-
uted to disruption of body temperature rhythms.>* Heart
rate variability can be used to estimate sleepiness-related
decrements in psychomotor vigilance during total sleep
deprivation.'® The changes in physiological functions due
to circadian misalignment may correlate with the dete-
rioration in subjective ratings and objective performance
during prolonged wakefulness periods.

The present study aimed to examine the effects of
prolonged wakefulness overnight on the objective perfor-
mance on PVT and subjective ratings of fatigue and slee-
piness and whether the magnitudes of increase in
subjective ratings temporally correspond with the decrease
in objective performance. This research also analyzed the
potential relationship of body temperature variations with
the changes in subjective alertness decrements and perfor-
mance deficits during prolonged wakefulness. We have
hypothesized that both subjective and objective alertness
deteriorated continuously with time on task during pro-
longed wakefulness periods. However, the rate of change
in subjective alertness was temporally inconsistent with
the rate of wvariation in performance impairments.
Previous research has established a positive relationship
between daily rhythms of body temperature and cognitive
performance in humans.”** ! According to previous stu-
dies, we hypothesized that the changes in performance
deficits were associated with the variation in body tem-
perature during periods of prolonged wakefulness.

Participants and Methods
Participants

Forty-two healthy volunteers completed this study, which
was conducted in the Center for Sleep Research at the
South China Normal University. Four participants were
excluded as outliers with an absolute value of standardized
residuals greater than 3.>? Therefore, the final sample
consisted of thirty-eight participants (Maee = 21.76 =+
2.37 years old, 27 females) with normal body mass index
(20.86 + 1.75 kg/m?) and normal or corrected-to-normal
vision. All study procedures were approved by the Ethical
Committee of the South China Normal University and
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were conducted in accordance with the Declaration of
Helsinki. All participants provided written informed con-
sent and were financially compensated for their time.
Their demographic information, sleep and health his-
tory were assessed by a structural screening questionnaire.
They were all nonsmokers and had no past or present
major physical, psychiatric, and sleep-related disorders.
Participants were ineligible if they had a history of shift
work or traveling across time zones within two months
before starting the study. Three days before the study,
participants were asked to avoid alcohol, caffeine, or med-
ications. Participants were also required to maintain
a stable daily sleep-wake schedule (habitual 6.5-8 hours’
sleep duration and awake times between 6:00 am and 9:00
am) within two weeks before the study, verified by sleep
diaries and actigraphy (Actiwatch Spectrum, Philips).

Materials and Methods

Experimental Procedures

Participants attended the sleep laboratory at 19:00 and were
kept awake at habitual bedtime (0:00-6:00 am) in the lab.
This period was monitored by researchers to ensure partici-
pants’ wakefulness. All the tests began at 0:00 am.
Participants completed a 10-min psychomotor vigilance
task (PVT)® to assess objective alertness and a series of
subjective tests including fatigue and sleepiness ratings dur-
ing scheduled wakefulness every 2 hours. Physiological
tests, including body temperature, systolic pressure, diastolic
pressure, and heart rate were measured every hour. All the
subjective ratings and physiological measurements were
conducted before the PVT, avoiding the interference from
fatigue effects induced by PVT (Figure 1).

Psychomotor Vigilance Test

Psychomotor vigilance test (PVT) is sensitive to sleep
loss, which is a simple reaction time task and requires
individuals to respond to stimuli that occur at random
intervals as quickly as possible.>*** PVT is highly reliable
and be virtually unaffected by learning.® We applied the
standard 10-min PVT protocol (adapted version of Dinges

and Powell, 1985) with random visual stimuli varied ran-
domly from 2-10 s.*> The number of trials varied from 70
to 90, depending on the participants’ reaction speed.
Participants were instructed to monitor a red rectangular
box on the computer screen and press a response button as
soon as a yellow stimulus appeared on the screen, after
which they would be able to view their reaction time.
Button presses when the red rectangular box is not dis-
played on the screen are counted as false starts or errors of
commission, which participants are instructed to avoid
(Figure 2).

The mean 1/RT and the number of lapses were chosen as
the primary PVT indices, which maximize sleep loss
sensitivity.>*® Responses were assessed as valid if RT was
>100 ms. Lapses were counted when RT was >500 ms. If
there was a 30 s period without response, stopped timing and
counted as a lapse with 30 s response time. For calculating
mean 1/RT, each RT (ms) was divided by 1000 and then
reciprocally transformed. 1/RT emphasizes slowing in the
optimum and intermediate response domain, and it substan-
tially decreases the contribution of long lapses.°

Subjective and Physiological Test

Fatigue was assessed by a 9-point Likert scale ranging
from “1” = not at all fatigue to “9” = extremely fatigue.
Participants rated their sleepiness by completing the
Karolinska Sleepiness Scale (KSS).> The KSS is a 1-item
visual analogue scale, scored using a 9-point response
range, from 1 (extreme alertness), to 5 (neither alertness
nor sleepiness), to 9 (extreme sleepiness). Body tempera-
ture was measured by an electronic oral thermometer
(Omron Healthcare Co, Ltd., Kyoto, Japan). Systolic pres-
sure, diastolic pressure, and heart rate were measured by
an automatic sphygmomanometer (Omron Healthcare Co,
Ltd., Kyoto, Japan), and the experimenter measured the
blood pressure after the training.

Statistical Analysis
The normality of data was tested using the Shapiro—Wilk
test. Comparisons of differences of subjective (fatigue

* Physiological tests

A Subjective tests

® Psychomotor vigilance task, PVT

* * * * * * *
[ . L] .\
| ' | ' | ' | ' | ' |
22:00 00:00 02:00 04:00 06:00 08:00

Clock time (h)

Figure | Protocol for PVT performance, physiological and subjective tests. During habitual bedtime, participants kept awake for 6 hours (shown in shadow). Participants
completed a 10-min PVT (indicated by circles,@) and subjective ratings (indicated by triangles, A ) every two hours. The physiological tests were conducted within each hour

(indicated by asterisks,*).
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Figure 2 Psychomotor vigilance test (PVT) task.

and sleepiness), objective (number of lapses and mean 1/
RT), and physiological (temperature, systolic pressure,
diastolic pressure, and heart rate) outcome metrics
among prolonged wakefulness time (0:00, 2:00, 4:00,
and 6:00 am) were carried out using Repeated
Measurement ANOVA for normal-distributed data and
Friedman tests for non-normal-distributed data. Then, to
explore the variation trends of subjective ratings, objec-
tive performance, and physiological indexes, the present
study calculated the relative changes in the adjacent time
(2:00 minus 0:00, 4:00 minus 2:00, and 6:00 minus 0:00
am) in these variables. The magnitudes of the relative
changes in the adjacent time marked as Asubjective
(Afatigue and Asleepiness), Aobjective (Anumber of
lapses and Amean 1/RT), and Aphysiological (Atempera-
ture, Asystolic pressure, Adiastolic pressure, and Aheart
rate) outcome metrics, which were also contrasted by
Repeated Measures ANOVA for normal-distributed data
and Friedman tests for non-normal-distributed data.
Finally, we conducted Pearson correlation analysis for
normal-distributed data and Spearman correlation analy-
sis for non-normal-distributed data among the Asubjec-
tive, Aobjective, and Aphysiological outcome metrics to
explore the relationship among the relative changes of
subjective, objective, and physiological status across the
period of prolonged wakefulness. We computed respec-
tively the correlation for each point of time (0:00, 2:00,
4:00, and 6:00 am). Analyses were performed using
SPSS23.0. The statistical significance level was set at
p < 0.05 (two-tailed) for all tests. For post-hoc analysis,

Response

Feedback

the Bonferroni test was applied for p-value adjustments
of multiple comparisons, and corrected p-values are
reported.

Results

Assessment of the Absolute Changes

The time courses of the subjective, objective, and phy-
siological outcome metrics from 0:00 to 6:00 am are
shown in Figure 3. Differences of objective, subjective
indexes and body temperature among 0:00, 2:00, 4:00,
and 6:00 were significant (Table 1). The Friedman tests
revealed a significantly increasing number of lapses
49.822, p < 0.001)
a significantly decreasing response speed (Figure 3B; y°
@)= 72.474, p < 0.001) over time. Post hoc tests showed
that the number of lapses was more at 6:00 than 4:00 (p =
0.006, Bonferroni corrected), as well as the mean
response speed was slower at 6:00 than 4:00 (p < 0.001,
Bonferroni corrected). There was a significant increase in
sleepiness (Figure 3C; X2(3) = 179917, p < 0.001) and
fatigue (Figure 3D; X2(3) = 74.146, p < 0.001) from mid-
night to early morning. Post hoc tests showed that parti-

(Figure 3A; ;(2(3) = and

cipants were sleepier and more fatigue at 2:00 than 0:00
(sleepiness, p = 0.023, Bonferroni corrected; fatigue, p =
0.040, Bonferroni corrected), as well as at 6:00 than 4:00
(sleepiness, p = 0.013, Bonferroni corrected; fatigue, p =
0.010, Bonferroni corrected). A similar reduction of
result was observed for body temperature (Figure 3E; F
a1y = 12.559, p < 0.001). Post hoc tests showed that
body temperature was lower at 2:00 than 0:00 (p < 0.001,
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Figure 3 The time courses of the subjective, objective, and physiological outcome metrics from 0:00 to 6:00 am. (A) Number of lapses, (B) Mean |/RT, (C) Sleepiness, (D)
Fatigue, (E) Body temperature. Asterisks indicate significant differences, *p < 0.05. In each plot, the mean + SEM is shown.

Bonferroni corrected). There was no significant differ-

ence in systolic pressure, diastolic pressure, and heart
rate among 0:00, 2:00, 4:00 and 6:00 am (Table SI,
systolic pressure, p = 0.217; diastolic pressure, p =
0.053; heart rate, p = 0.605).

Assessment of the Relative Changes in
Adjacent Time
To assess all outcome metrics’ variation trends, we con-
ducted the Friedman tests on APVT, Asubjective, and Aphy-

siological

indices

(Table 2). There were significant

Table | Results of Absolute Values of Objective, Subjective, and Physiological Outcome Metrics Over the Course of Time (0:00, 2:00,

4:00, and 6:00 Am)

Outcome Metrics 0:00 2:00 4:00 6:00 Y2 P
PVT Number of lapses 5.18+£7.91 7.08+7.24 11.76x12.59 20.16+13.85 49.822%** <0.001
Mean I/RT (ms ") 2.90+0.35 2.74+0.43 2.56+0.58 1.84+0.80 72474+ <0.001
Subjective Sleepiness 5.71%1.16 6.53+1.29 7.03+1.30 8.08+1.02 79.91 7+ <0.001
Fatigue 3.71£1.20 4.55+1.48 5.16%1.55 6.24+1.73 74.146% <0.001
Physiological Temperature (°C) 36.48+0.33 36.3240.34 36.29+0.38 36.23+0.35 12.559%#* <0.001

Notes: ***p < 0.001. Values are shown as mean%SD. The test statistic of number of lapses, mean |/RT, sleepiness, and fatigue is %%, and the test statistic of temperature is F

Table 2 Results of Relative Values of Aobjective, Asubjective, and Aphysiological Outcome Metrics Over Time

Outcome Metric 2:00-0:00 4:00-2:00 6:00-4:00 ' P
PVT ANumber of lapses 1.89+6.27 4.68+9.53 8.39£11.76 11.651%* 0.003
AMean |/RT (ms™") —0.16+0.25 —0.18+0.33 —0.71£0.70 23.2| [FF* <0.001
Subjective ASleepiness 0.82+0.95 0.50+0.89 1.05+1.14 4.049 0.132
AFatigue 0.84+0.89 0.61%1.10 1.08%1.15 3.907 0.142
Physiological ATemperature (°C) —0.16+0.21 —0.04+0.25 —0.06+0.25 2.080 0.353

Notes: **p < 0.01, and ***p < 0.001. The magnitudes of the relative changes in the adjacent time marked as Asubjective (Afatigue and Asleepiness), Aobjective (Anumber of

lapses and Amean [/RT), and Aphysiological (Atemperature) outcome metrics. Values are shown as meanSD.
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differences in the magnitudes of objective performance dete-
rioration in the adjacent time (Anumber of lapses, 1’ =
11.651, p = 0.003; and Amean 1/RT, ){2(2) = 23211, p <
0.001). Post hoc tests found a significant difference of
Amean 1/RT between 4:00 minus 2:00 and 6:00 minus 4:00
(p < 0.001, Bonferroni corrected). However, the extents of
increases in sleepiness and fatigue were steady all the time
(Asleepiness, x°(2) = 4.049, p = 0.132; Afatigue, y° (2, = 3.907,
p = 0.142). There was no significant difference in Abody
temperature, Asystolic pressure, Adiastolic pressure, and
Aheart rate among 0:00, 2:00, 4:00 and 6:00 am (Abody
temperature, p = 0.353; Table S2, Asystolic pressure, p =
0.241; Adiastolic pressure, p = 0.529; Aheart rate, p = 0.418).

Correlation Analysis Among the Relative
Changes in the Adjacent Time

To explore the relationship between the changes in phy-
siological indices and the changes in objective and sub-
jective alertness, we conducted Pearson or Spearman
correlation analysis among Asubjective, Aobjective
indexes and Aphysiological indices (Table 3). Between
0:00 and 2:00 and between 2:00 and 4:00, no Aobjective
or Asubjective outcome metrics were correlated to Abody
temperature. From 4:00 to 6:00, Atemperature was signifi-
cantly associated with Anumber of lapses (Figure 4A; r =
—0.374, p = 0.021) and Amean 1/RT (Figure 4B; r = 0.372,
p = 0.021). The magnitudes of objective alertness dete-
rioration were correlated to the changes in body tempera-
ture between 4:00 and 6:00. At all the time points, A
systolic pressure, Adiastolic pressure, and Aheart rate
were not correlated to the Aobjective and Asubjective out-

come metrics (Table S3).

Discussion

The present study explored the absolute and relative
changes of subjective ratings and objective performance
respectively and analyzed the relationship between the

variations of body temperature and the impairments of
subjective and objective alertness during the period of
prolonged wakefulness. This study found the expected
dissociation between the magnitudes of the impairments
of subjective and objective alertness temporally. The rate
of PVT performance decrements was significantly
increased between 4:00 and 6:00. However, the changes
of sleepiness and fatigue were stable all the time. The
increasing rate of objective alertness decrements was asso-
ciated with the change of body temperature between 4:00
and 6:00.

Both subjective ratings and objective performance kept
decline during the period of prolonged wakefulness, and
the most severe deterioration occurred between 4:00
and 6:00 am. The temporal variations of both subjective
and objective alertness during prolonged wakefulness are
under the dual control of a homeostatic process and
a circadian rhythm. The homeostatic drive for sleep com-
petes to remain awake, resulting in a rise in sleep pressure
with increasing awake time. The circadian process repre-
sents a nearly 24 h oscillation, promoting sleepiness across
the habitual bedtime (0:00 — 6:00 am).*'**” During
extended wakefulness across the night, the interaction of
the dual processes leads to time-on-task decrements in
subjective ratings and objective performance.

Although subjective alertness has a similar temporal
pattern of alterations to objective alertness, perceived slee-
piness and fatigue are inconsistent with actual decrements
in behavior performance when wakefulness is extended
into the biological night. Reaction speed in a vigilance
task suffered significant decrements between 4:00 and
6:00, but participants had not perceived the increasing
magnitudes of the objective alertness deterioration. It indi-
cates that significant decrements of objective performance
on vigilance tasks do not temporally correspond with high
levels of sleepiness and fatigue between 4:00 and 6:00.
Individuals tend to underestimate the level of cognitive

Table 3 Correlation Analysis Results: Association of Atemperature with APVT and Asubjective Outcome Metrics

PVT Subjective
ANumber of Lapses AMean |/RT ASleepiness AFatigue
r p r P r p r [
ATemperature 0:00-2:00 0.236 0.154 —0.062 0.713 0.159 0.340 —0.061 0.714
2:00-4:00 —0.048 0.773 -0.016 0.924 0.044 0.792 -0.168 0.313
4:00-6:00 —0.374* 0.021 0.372% 0.021 -0.174 0.297 -0.289 0.078

Notes: *p < 0.05. The magnitudes of the relative changes in the adjacent time marked as Asubjective (Afatigue and Asleepiness), Aobjective (Anumber of lapses and Amean

I/RT), and Aphysiological (Atemperature) outcome metrics.
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Figure 4 The correlations of the changes of subjective ratings/objective performance with the changes of body temperature during the period of prolonged wakefulness. (A)
ANumber of lapses between 4:00 and 6:00, (B) AMean I/RT between 4:00 and 6:00.

impairment during the period of extended wakefulness.*®
The previous study also found the impact of sleep restric-
tion was greater on neurobehavioral performance than that
on subjective alertness, especially during the biological
night.*® There was no relationship between the magnitudes
of the subjective and objective alertness impairments dur-
ing 27 hours of continuous wakefulness."* Similarly,
a recent forced desynchrony study revealed the disassocia-
tion between subjective alertness and objective perfor-
mance, and this dissociation may be detrimental to safety
during work or daily activities.** Here, we further found

that the dissociation of the magnitudes of subjective and
objective alertness deteriorations mainly occurs around the
minimum of the body temperature rhythm.

Body temperature has been reported to be an under-
lying mechanism regulating objective performance. Well-
documented studies have indicated that a decreased body
temperature is correlated with deteriorated performance
and alertness.”?%' Consistent with previous research, we
found that the changes in body temperature were asso-
ciated with the rate of decrements in objective alertness
between 4:00 and 6:00. The more body temperature
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decreased, the more deficits of cognitive performance suf-
fered between 4:00 and 6:00. The previous forced desyn-
chrony studies indicated that neurobehavioral function
decreased with the increasing hours awake and was
worst during the biological night near the minimum of
the body temperature rhythm.*'* Under natural condi-
tions with awake time at 7:00 am and bedtime at 11:00
pm, body temperature falls to reach the trough of 36.5°C at
4:00 am.**** In the present study, objective performance
suffered significant decrements when body temperature
reaches a minimum between 4:00 and 6:00. The circadian
rhythm of body temperature paralleled the circadian
rthythm of performance.*? The daily cycle in body tem-
perature and behavior performance, such as vigilance,
cognition, and sleep-wakefulness cycle, is driven by the
circadian pacemaker located in the suprachiasmatic
nucleus (SCN) of the hypothalamus.*®*® The SCN is
essential for maintaining circadian rhythm and synchroniz-
ing brain oscillators and physiological status.**° The
circadian rhythm of body temperature has been recognized
as a reliable phase marker of the circadian system.’’ The
correlation between objective performance and body tem-
perature can be partly attributable to the regulation of the
SCN. Body temperature as a key external indicator of the
endogenous circadian rhythm in humans may predict cog-
nitive performance.*’

Extended wakefulness is a common phenomenon in mod-
ern society. Numerous people are used to staying up late at
night or working on the night shift. Lack of sleep is a major
contributor to work-related and traffic incidents. As observed
in this study, subjective and objective alertness showed high
vulnerability with an increased duration of wakefulness. It
had better not stay up late at night to reduce the chance of
accidents. Moreover, individuals may suffer a major dete-
rioration of objective performance but perceive only modest
alertness decrements during the period of extended wakeful-
ness. It is dangerous to underestimate the magnitude of
cognitive impairment. Finally, it may be a trend to predict
the change in cognitive performance by indicators that are
easy to measure, such as body temperature.

Limitation and Future Direction

Several limitations have to be taken into account in the
present study. First, participants are age-limited, ranging
from 19 to 24 years old. Age is a major factor that may
contribute to attentional failures during the period of pro-
longed wakefulness.>* Therefore, the present results may not
apply to adolescents or old adults. Second, our results are

based on the acute effect of prolonged wakefulness. It is
unclear whether the results are valid for the chronic effect
of prolonged wakefulness with successive nights. Third, the
present study mainly used behavioral and physiological
methods. In the future, researchers may consider combining
with fMRI, EEG, and the electrodermal activity”* to
explore further the dissociation between objective perfor-
mance and subjective ratings during prolonged wakefulness
time. Fourth, other physiological factors except body tem-
perature may contribute to the changes in objective vigilance,
such as cortisol and melatonin during the extended wakeful
time. Endogenous melatonin is used alone or combined with
core body temperature as a phase marker of the endogenous
circadian pacemaker located in the SCN.® Therefore, endo-
genous melatonin might also be a valuable physiological
index that regulates the objective performance during pro-
longed wakefulness. It is necessary to explore more physio-
logical indexes contributing to the changes in objective
vigilance between 4:00 and 6:00 in future research. Fifth,
the present study chose the habitual bedtime (0:00 to 6:00
am) as the time window of observation to explore the varia-
tion tendency of objective and subjective alertness and the
dissociation between them. Future researches could consider
adding an absolute baseline (eg, 22:00) before habitual sleep-
ing time. Finally, body temperature and sleep-wakefulness
cycle are both driven by the circadian pacemaker located in
the suprachiasmatic nucleus (SCN) of the hypothalamus. As
aresult, body temperature might also correlate with vigilance
during the daytime. The present study focused on exploring
the correlation of body temperature and the objective alert-
ness during the habitual bedtime. Future researches could
consider to correlate body temperature with vigilance during
the daytime to further uncover the relation between body
temperature and behavioral performance.

Conclusion

The current study found that both subjective and objective
alertness deteriorated after prolonged wakefulness of one
night, but the magnitudes of decrements in subjective alert-
ness were temporally inconsistent with the performance
deficits with the increase of waking time. The significant
decrements of objective performance between 4:00 and 6:00
are associated with body temperature rhythm. The current
findings revealed a broad range of negative consequences of
extended wakefulness, and individuals tend to underestimate
their cognitive impairment level during extended wakeful-
ness time. Furthermore, body temperature may be a valuable
indicator to predict the change in cognitive performance.
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