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Purpose: The thalamus, the region that forms the attentional network and transmits external 
sensory signals to the entire brain, is important for sleepiness. Herein, we examined the 
relationship between activity in the thalamus-seed brain network and subjective sleepiness.
Materials and Methods: Fifteen healthy male participants underwent an experiment 
comprising a baseline evaluation and two successive interventions, a 9-day sleep extension 
followed by 1-night total sleep deprivation. Pre- and post-intervention tests included the 
Karolinska sleepiness scale and neuroimaging for arterial spin labeling and functional 
connectivity. We examined the association between subjective sleepiness and the functional 
magnetic resonance imaging indices.
Results: The functional connectivity between the left or right thalamus and various brain 
regions displayed a significant negative association with subjective sleepiness, and the 
functional connectivity between the left and right thalamus displayed a significant positive 
association with subjective sleepiness. The graph theory analysis indicated that the number 
of positive functional connectivity related to the thalamus showed a strong negative associa-
tion with subjective sleepiness, and conversely, the number of negative functional connec-
tivity showed a positive association with subjective sleepiness. Arterial spin labeling analysis 
indicated that the blood flow in both the left and right thalami was significantly negatively 
associated with subjective sleepiness. Functional connectivity between the anterior cingulate 
cortex and salience network areas of the left insular cortex, and that between the anterior and 
posterior cingulate cortices showed a strong positive and negative association with subjective 
sleepiness, respectively.
Conclusion: Subjective sleepiness and the thalamic-cortical network dynamics are strongly 
related, indicating the application of graph theory to study sleepiness and consciousness. 
These results also demonstrate that resting functional connectivity largely reflects the “state” 
of the subject, suggesting that the control of sleep and conscious states is essential when 
using functional magnetic resonance imaging indices as biomarkers.
Keywords: sleep, subjective sleepiness, consciousness, functional connectivity, graph 
theory, rCBF, ASL

Introduction
Modern society is full of disruptive factors for sleep and biological rhythms including 
shift work, long flights, night-owl lifestyles, prolonged worktime, and psychosocial 
stress. Many people in modern societies suffer from sleep problems.1–6

Sleep duration is associated with various health indicators such as obesity,7 

depression,8 cardiovascular disease,9,10 and mortality.11,12 The recommended aver-
age sleep duration for adults is 7–8 h of sleep; any deviation from this duration— 
either shorter or longer—could increase health risks. It should be noted that 7–8 h 
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of sleep is the recommended sleep duration only for 
healthy adults; this duration refers to an average value 
and might not be true for each individual. Moreover, the 
recommended sleep duration is subject to change based on 
other factors such as individual differences, age, and the 
presence of disorders. Unfortunately, ≥30% of the popula-
tion in developed countries sleeps <6 h.4,8,13

Excessive sleepiness, caused by sleep deprivation and the 
disturbance of biological rhythms, negatively affects almost 
all mental functions including cognitive functions, such as 
working memory and sustained attention. A previous sys-
tematic review14 and meta-analysis15 have reported the fol-
lowing functional changes caused by sleep deprivation: 
increased microsleep, increased errors in attention tasks, 
decreased psychomotor function, decreased learning ability, 
and difficulty concentrating for extended periods.

Previous research using functional magnetic resonance 
imaging (fMRI) has indicated that the performance dete-
rioration induced by sleep loss is accompanied by activity 
changes in the corresponding brain areas. Activity changes 
in the attention network16 comprising the thalamus (alert-
ness-related functions), parietal cortex (direction of atten-
tion), and frontal cortex (executive functions) have also 
been documented.17–20

Using fMRI, Dinges & Powell21 demonstrated that the 
activity of the frontal-parietal region declined during 
lapses in psychomotor vigilance. Alternatively, a compen-
satory increase in the activity in the parietal area occurred 
in participants resistant to sleep deprivation.18 

Additionally, reduced attention function appears to med-
iate the decline in working memory.17,19

Even during sleep deprivation, sleepiness varies greatly 
over time, as it is influenced by the circadian rhythm and 
sleep homeostasis. Furthermore, there are significant dif-
ferences among individuals. Sleepiness measured at a spe-
cific time may correlate with brain states better than the 
experimental sleep conditions, such as sleep duration the 
previous day,22 possibly due to biological clock processes 
and inter-individual differences in vulnerability to sleep 
deprivation.23 Currently, both subjective and objective 
methods exist to evaluate sleep-loss related sleepiness. 
Self-reported subjective sleepiness is easily affected by 
environmental factor24 and often regarded as unreliable; 
however, it is a sensitive and useful method when the 
environmental factors are well-controlled. Objective indi-
cators include methods such as electroencephalography 
(EEG) measurements, multiple sleep latency tests,25 and 
psychomotor vigilance tasks.21 Although subjective and 

objective sleepiness are often closely related, each has its 
own unique elements; many studies have shown that 
objective and subjective sleepiness assessments are not 
necessarily consistent.26–29 An objective sleepiness indica-
tor may not necessarily reflect the clarity of qualia of 
consciousness. For example, 42% of participants answered 
that they had been awake during sleep stage 1 on 
polysomnography.30 Subjective sleepiness is an important 
indicator that directly reflects the clarity of qualia in a 
manner accessible to only the individual. However, few 
studies22,31 have examined the relationship between sub-
jective sleepiness and concurrent brain activity, and the 
brain state associated with the expression of subjective 
sleepiness has not yet been identified.

The thalamus, the region that forms the attentional 
network16 and transmits external sensory signals to the 
entire brain, is an important brain area for the neurological 
basis of sleepiness. The thalamus is important for maintain-
ing various cognitive functions and consciousness levels, 
forming a thalamus-cortices-thalamus neural circuit called 
the corticothalamic system.20,32,33 Decreased functional 
connectivity between the thalamus and cortices is associated 
with decreased attention function20 as has been observed in 
situations where the level of consciousness is reduced, such 
as during non-rapid eye movement (NREM) sleep34 and 
total sleep deprivation.32 Chang et al35 evaluated the rest-
ing-state functional connectivity using EEG-fMRI and dis-
covered that thalamic activity correlated with alpha wave 
activities, which is a representative index of alertness in 
EEG. These results suggest a functional link between 
reduced external attention (alertness) and thalamic activity.

Herein, we conducted a study consisting of sleep 
extension with extended bedtime for 12 h followed by 
total sleep deprivation (TSD) in young adults with normal 
sleep habits. Measurements of subjective sleepiness and 
simultaneous neuroimaging methods during the resting 
state that are appropriate for repeated measures (arterial 
spin labeling, functional connectivity analysis, and graphs 
using resting fMRI) were performed in each sleep condi-
tion to examine the relationship between the activity in the 
thalamus-seed brain network and subjective sleepiness 
index.

Materials and Methods
Ethics
All subjects provided written informed consent, and the 
study was conducted in accordance with the Declaration of 

https://doi.org/10.2147/NSS.S297309                                                                                                                                                                                                                                  

DovePress                                                                                                                                                        

Nature and Science of Sleep 2021:13 900

Motomura et al                                                                                                                                                      Dovepress

https://www.dovepress.com
https://www.dovepress.com


Helsinki. The protocol was approved by the Ethics 
Committee of the National Center of Neurology and 
Psychiatry (approval number: A2011-071).

Participants
Prior to participation, 16 healthy right-handed adult men 
aged 23.4 ± 2.4 (mean ± SD) years underwent overnight 
polysomnography, structural MRI, and hematological exam-
ination and completed questionnaire surveys and a medical 
interview with a physician to assess their overall health.

The exclusion criteria were as follows: sleep disorder, 
mental disorder, visual impairment including color blind-
ness, or severe physical complication; current use of med-
ication or substances that might affect the study outcome 
(eg, sleep aids, antihistamines, other sleep-inducing drugs, 
and steroids); metallic implants such as a pacemaker; 
travel to a foreign country with a ≥6-h time difference 
within the last 3 months; shift work; and smoking. These 
participants were originally recruited in a study on indivi-
dual potential sleep debt36 and mood regulation,37 and had 
completed the same interventional protocol. In the current 
study, however, we focused on completely different 
aspects of the data. Specifically, brain dynamics in various 
sleepiness states were examined following sleep extension 
and TSD experiments, which were employed to create 
variation in sleepiness. The analyses reported here do not 
overlap with those published previously.

Experimental Design
The experimental protocol used is shown in Figure 1. 
After a habitual sleep (HS) monitoring period at home 
(HS period, 2 weeks), the study period consisted of four 
sessions: a 2-day baseline (BL) period, 9-day extended 
sleep (ES) period, one TSD night, and one recovery 
sleep (RS) night. On day 1 of the BL period (BL1), on 
days 4 and 9 of the ES period (ES4 and ES9), and after the 
TSD, subjective sleepiness was evaluated, and MRI mea-
surements were performed.

The participants recorded the bedtime and wake-up 
time during the HS period. Using the algorithms devel-
oped by Sadeh et al,38 HS duration was calculated from 
data obtained via a wrist actigraph (Micro-Mini 
Motionlogger Actigraph, Ambulatory Monitoring, Inc.) 
worn on the non-dominant hand.

The experiment was conducted in the sleep laboratory 
at the National Center of Neurology and Psychiatry. This 
facility includes six isolation units for sleep and a shared 
living room with electromagnetic shielding for 

electroencephalography and a homeostatic environment 
of stable illumination, humidity, and temperature.

Following the HS period, the participants were moved 
to the sleep laboratory and monitored for 14 days. The 
schedule for each participant was established based on the 
at-home records. The average bedtime calculated for each 
participant was set as 0 h. In the BL period, an 8-h time in 
bed (lights off) began at the mean bedtime observed in the 
HS period. In the 9-day ES period, the bedtime and wake- 
up time were advanced and delayed, respectively, by 2 h 
each to make the total time in bed correspond to 12-h. At 
the wake-up time on ES9, TSD began and lasted for 39 h. 
The participants then experienced RS for 12 h starting 1 h 
following their habitual bedtime.

During the scheduled wake period, the participants 
stayed in a living room (approximately 100 lx, 8.7 m × 
7.8 m) inside the isolation unit and were allowed to read, 
write, enjoy music and videos, play videogames, and 

Figure 1 Experimental protocol. Participants were enrolled in a 14-day and 13- 
night study, with 8 h of sleep per day during the first two days, 12 h of sleep per day 
for the next nine days, a night of total sleep deprivation, and a night of recovery 
sleep. MRI was performed 9 h after the midpoint of sleep on day 1 (BL1), sleep on 
day 6 (ES4), sleep on day 11 (ES9), and the TSD period on day 12. Participants 
underwent overnight polysomnography measurements throughout the study per-
iod. Black bars, sleep time. 
Abbreviations: HS, habitual sleep at home; BL1, baseline day 1; ES4, extended 
sleep day 4; ES9, extended sleep day 9; TSD, total sleep deprivation; RS, recovery 
sleep.
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engage in conversation with the attendant staff. If a parti-
cipant was at risk of falling asleep, they were verbally 
awakened by the attendant staff. During the scheduled 
sleep period, the participants were instructed to sleep in a 
sleeping room next to the living room with the lights off 
(approximately 0 lx) and were prohibited from getting out 
of bed except for going to the lavatory. The room tem-
perature was changed to 23 °C during the experimental 
time-in-bed. The participants were provided three meals 
per day, and the amounts were controlled depending on 
their body mass index, whereas unplanned meals and 
drinks were prohibited. Caffeine and alcohol were not 
included in the planned meals. Apart from the planned 
meals, the participants were only allowed to drink water, 
which was allowed at any time. The ambient temperature 
and relative humidity in the laboratory were maintained at 
25 ± 0.5°C and 50 ± 5%, respectively.

The participants underwent other fMRI measurements 
between 18:00 and 20:00 on the 1st, 12th, and 13th days. 
Additionally, the maintenance of wakefulness test39 was 
performed every day at 19:00, and the respiratory metabo-
lism and blood sampling were carried out immediately 
upon waking up. These data have been reported in pre-
vious articles.36,37,40

fMRI and Subjective Sleepiness 
Measurements
Within the experimental protocol described above, the 
fMRI measurement was performed 9 h after the sleep 
midpoint on night 1 (BL), night 6 (ES4), night 11 (ES9), 
and night 12 (TSD): BL - 5 h after waking up, SE - 3 h 
after waking up, and TSD - 27 h after waking up. The 
participants had an identical breakfast (approximately 350 
kcal) 1 h before being going to the MRI room. The 
participants underwent examination via a questionnaire 
followed by an fMRI session with a 10-min cognitive 
task (not reported here), a 6-min resting fMRI, and a 4- 
min arterial spin labeling (ASL) imaging. Each image was 
taken at rest with open eyes, but the gaze point, which is 
often mentioned in previous studies, was not displayed. 
This decision was taken because direct exposure to a light 
source may have had a significant effect on arousal. The 
participants were then instructed to remain awake during 
imaging and keep their eyes open while looking directly 
upwards without moving their gaze excessively. After each 
scan, the Karolinska Sleepiness Scale (KSS)41 Japanese 
version42 was completed. On this scale, participants were 

asked to rate their current level of sleepiness on a scale 
from 1 (extremely alert) to 9 (very sleepy, great effort to 
keep awake, fighting sleep). The participants were asked 
verbally about sleepiness during imaging (measured by the 
KSS) immediately after the completion of the resting MRI 
and ASL imaging.

fMRI Acquisition
MRI was performed using the Magnetom Verio 3T MRI 
System (Siemens AG. München, Germany). To obtain 
reference images for analysis, T1-weighted magnetic reso-
nance rapid gradient-echo (T1-weighted MPRAGE) ima-
ging was performed using the following parameters: 
repetition time/time to echo (TR/TE) = 1900 ms/2.52 ms, 
voxel size = 1 mm × 1 mm × 1 mm, flip angle = 9°, and 
field of view = 256×192.

To obtain resting-state fMRI images, single-shot echo- 
planar imaging was performed using the following para-
meters: TR/TE = 2500 ms/25 ms, 30 axial slices, voxel 
size = 6 mm × 6 mm × 4 mm, 1 mm inter-slice gap, flip 
angle 90°, matrix size = 64 × 64, field of view = 384 mm × 
384 mm. After excluding the first five scans from each 
session, data from 145 scans were used for analysis.

Resting-State fMRI
Analysis was performed using the CONN17 toolbox 
(Alfonso Nieto-Castanon http://www.alfnie.com/software/ 
conn) for Statistical Parametric Mapping 12 (SPM12) 
analysis software (Wellcome Department of Imaging 
Neuroscience, University College, London, United 
Kingdom; http://www.fil.ion.ucl.ac.uk/spm/software/ 
spm12/). Following the correction for body movement 
using realignment parameters during each scan, slice tim-
ing correction, ART-based outlier scrubbing (to eliminate 
the effect of a scan volume with large motion above the 95 
percentile of all scans),43 and co-registration to MPRAGE 
images, Montreal Neurological Institute templates were 
used to perform spatial normalization and Gaussian 
smoothing using a kernel of 8-mm full-width at half-max-
imum on each fMRI image. To generate beta images, the 
general linear model was used to analyze and extract the 
voxels showing activities correlated with blood oxygena-
tion level-dependent signals. A component-based noise 
correction method in which the five largest principal fac-
tors of the activity of the white matter and the cerebrosp-
inal fluid were set as regressors (aCOMPCOR),44 and a 
bandpass filter for the 0.008–0.09 Hz range was adopted to 
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remove the noise generated by body movements or phy-
siological processes other than brain activities.

To test our hypothesis that the thalamus-centered 
neural network is associated with subjective sleepiness, 
we analyzed the left or right thalamus-seed functional 
connectivity for the entire brain. The brain was divided 
into 116 regions along the aal template (http://www.gin. 
cnrs.fr/en/tools/aal/), and the right and left thalami were 
set as seed regions to calculate the functional connectivity 
with the other 115 regions, excluding the seed.

Since the data in this study included multiple repeated 
measurements per participant (15 subjects x 4 conditions = 
60 measurements), a multi-level analysis was performed 
using a linear mixed model (random intercept model) with 
subject factors entered as random effects. We used the 
lmer and lmerTest packages in R3.4.4 software and created 
a model to predict the values of functional connections 
assuming a random effect on each subject’s intercept, with 
the KSS scores as a fixed effect. The t and p values were 
calculated for the fixed effects of the KSS scores using the 
Satterthwaite’s method to approximate the degrees of free-
dom. For the validation of the analysis, we performed 
normality tests on the obtained residuals using the 
Shapiro–Wilk test; “model validation failed” was indicated 
in the results if they differed significantly from the normal 
distribution. When the variance estimate of the random 
intercept was almost zero, the t and p values in the linear 
model for fixed effects were calculated (default settings for 
the lmerTest function). The significance level was set at p 
< 0.05, and multiple comparison correction was performed 
by adjusting the false discovery rate (FDR) (Benjamini & 
Hochberg45 method). All subsequent statistical analyses 
were performed using R 3.4.0 and Microsoft Excel 2016.

Although this was not the main purpose of this study, 
an exploratory analysis was performed among all regions 
of interest (ROIs) (116 region × 115 region/2 = 6670 
connections) for informational purposes. The significance 
level was set at p < 0.05, and multiple comparison correc-
tion was performed by FDR and Bonferroni correction.

Graph Theory Analysis
We performed a graph theory analysis as described 
previously,46 with the brain region as a node and func-
tional connectivity as an edge with a focus on the number 
of regions that have a connection with the thalamus for the 
positive and negative functional connectivity.

As described above, the brain was divided into 116 
regions along the aal template, and two networks were 

created, one connected by positive and another by negative 
functional connectivity as edges.

An adjacency matrix was created with each brain 
region as a node and significant connectivity as edges, 
with the edge generation threshold set at 0.1637 in the 
positive network (significance of correlation coefficient 
was p = 0.0498 at 145 points: the number of functional 
image volumes). Alternatively, in the negative network, 
the edge generation threshold was set at −0.1637.

We investigated the relationship between subjective 
sleepiness and “degree” in the thalamus (number of 
edges connected to nodes) because it is the most represen-
tative index in graph theory analysis, and is easier to 
interpret than other indicators. Since the degree is a dis-
crete value that is assumed to follow a Poisson distribu-
tion, a multi-level analysis was performed using a 
generalized linear mixed model (random intercept model) 
with subject factors as random effects. Using the glmer 
packages in R3.4.4, we created a model to predict the 
values of functional connectivity assuming a random effect 
of each subject, with the KSS scores as a fixed effect. The 
Wald-Z statistics and p values were calculated for the fixed 
effects of KSS. The significant α level was set at p < 0.05, 
and multiple comparison correction was performed by 
adjusting for FDR.

ASL
We used ASL to measure the regional cerebral blood flow 
(rCBF), setting the left and right thalami as ROIs. It is 
thought that the resting rCBF could reflect regional neural 
activities and correlate with local oxygen consumption, 
glucose use, and aerobic glycolysis.47 Compared with the 
conventional blood oxygen level-dependent signals, the 
ASL method robustly resists low-frequency noise and 
enables the comparison of data from multiple time points 
because the method is a quantitative measurement of rest-
ing-state activity.48

We obtained ASL imaging on BL1, ES4, ES9, and 
TSD using a Magnetom Verio 3T MRI System 
(Siemens). Whole-brain perfusion imaging was performed 
using a pulsed ASL technique, called quantitative imaging 
of perfusion, using a single subtraction, second version 
with thin-slice TI1 periodic saturation (Q2TIPS). In ASL, 
the arterial blood is magnetically labeled by radiofre-
quency inversion pulses just below the intracranial area, 
including the carotid artery. By measuring the difference 
between the labeled and unlabeled control images, we 
assessed arterial blood perfusion that is not affected by 
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other brain areas and calculated rCBF/100 g/min based on 
the perfusion value. We obtained 45 time-series whole- 
brain images that were already contrasted (labeled minus 
unlabeled). The imaging parameters were as follows: TR = 
2.8 s, TE = 13 ms, bolus duration (TI1) = 0.7 s, inversion 
time (TI2) = 2.0 s, number of slices = 12, slice thickness = 
8 mm, total labeled scan volume = 45, total unlabeled scan 
volume = 45, total scan time = 4 min 13 s, and units = mL/ 
100 g/min.

Pre-processing and statistical analysis of the ASL data 
were performed using the ASLtbx tool49 for SPM12 ana-
lysis software (Wellcome Department of Imaging 
Neuroscience, University College, London, UK1). 
Following the correction for body movement and slice 
timing, co-registration to the reference MPRAGE image, 
and Gaussian smoothing using a kernel of 8 mm full-width 
at half-maximum, rCBF maps were generated by measur-
ing the difference between the control and labeled images. 
Next, the Montreal Neurological Institute template was 
used to perform spatial normalization. The resulting 45 
rCBF maps were averaged to create a mean rCBF map 
for each imaging analysis.

Using SPM12, the signal of local cerebral blood flow 
was converted to a ratio of the whole-brain signal, and the 
average signals of each left and right thalamus on AAL 
masks were extracted using the MarsBaR ROI toolbox for 
SPM12.

A multi-level analysis was performed using a linear 
mixed model (random intercept model) with subject fac-
tors entered as random effects as in the abovementioned 
functional connectivity analysis. After four ASL data 
points from ES4 were lost for technical reasons, 56 data 
points were included in the final ASL analysis. The sig-
nificance level was set at p < 0.05, and multiple compar-
ison correction was performed by adjusting for FDR.

Results
One of the 16 subjects dropped out of the study for 
personal reasons and was therefore excluded from the 
analysis; all analyses were performed using data from the 
remaining 15 subjects (aged 23.3 ± 2.1 years).

Behavioral Data
Figure 2 shows the KSS histograms and strip plots for 
each sleep condition for RS and ASL imaging. The inter-
vention of this experiment was effective in dispersing 
sleepiness from high alertness to high sleepiness.

Resting-State fMRI
The investigation of the association between the thalamus- 
seed functional connectivity and subjective sleepiness 
revealed that the functional connectivity in many areas 
was negatively associated with subjective sleepiness. The 
strongest association with subjective sleepiness was shown 
in the functional connectivity between the left thalamus 
and fusiform gyrus. Additionally, a strong association with 
subjective sleepiness was observed in the middle temporal 
gyrus and inferior frontal gyrus (Table 1).

In the left thalamus-seed functional connectivity ana-
lysis, negative associations were revealed in 110/115 
regions, including significant associations among 52 
regions. In the right thalamus-seed functional connectivity 
analysis, negative associations were observed in 107/115 
regions, including significant associations among 32 
regions (Table 1). Therefore, it was expected that the 
functional connectivity with the thalamus was negatively 
associated with subjective sleepiness in most regions. Only 
the association between the left and right thalami, and 
between the right thalamus and right or left caudate 
showed a significant positive association with subjective 
sleepiness (right-left thalamus, t = 4.588, p < 0.001; right 
thalamus-right caudate, t = 2.838, p < 0.05; right thalamus- 
left caudate, t = 2.571, p < 0.05, FDR corrected, Table 1, 
Figure 3). Figure 4 shows the association between the left 
and right thalami and the entire gray matter region, exclud-
ing the thalamus. A significant negative association with 
subjective sleepiness was observed (left, t = −6.147, p < 
0.001; right, t = −4.802, p < 0.001, FDR corrected, 
Table 1, Figure 4), showing a positive functional connec-
tivity for low KSS scores (high arousal level) and negative 
functional connectivity for high KSS scores (low arousal 
level).

Degree in Graph Theory Analysis 
(Number of Functional Connections with 
the Thalamus)
The investigation of the association between the resting- 
state functional connectivity and subjective sleepiness 
revealed a strong negative association between the func-
tional connectivity of various regions with the thalamus 
and subjective sleepiness (Table 1, Figure 4). A highly 
negative association was also observed when the whole 
gray matter was set as a ROI (combined with all other aal 
masks except for the thalamus).
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This result indicates that it is appropriate to consider 
this process as a dynamic change across the entire brain 
rather than an interaction between specific regions. It 
should also be noted that the negative association between 
the functional connectivity of various regions with the 
thalamus and subjective sleepiness is distributed across 
the y = 0 line, with a greater negative functional connec-
tivity when the sleepiness is high and greater positive 
functional connectivity when sleepiness is low.

The investigation of the association between the number 
of areas connected to the thalamus by positive or negative 
functional connectivity and subjective sleepiness indicated 
that both the degrees of the left and right thalami were 
negatively associated with subjective sleepiness in the posi-
tive functional connectivity network (left: Z = −9.584, p < 
0.001, FDR corrected; right: Z = −7.095, p < 0.001, FDR 
corrected, Figure 5). Conversely, in the negative functional 

connectivity network, both the degrees of the left and right 
thalami were positively associated with subjective sleepiness 
(left: Z = 12.421, p < 0.001, FDR corrected; right: Z = 
12.184, p < 0.001, FDR corrected, Figure 5). This result 
indicates that with increasing sleepiness, the area with posi-
tive functional connectivity with the thalamus decreases and 
the area with negative functional connectivity increases.

Figure 6 shows the presence or absence of an edge, 
which is the functional connectivity between the left or 
right thalamus and other aal areas. The brain regions 
corresponding to the numbers are shown in 
Supplementary Table 2. Each participant is arranged verti-
cally from the top in the order of arousal level, and the 
presence or absence of functional connectivity between the 
left or right thalamus and other areas is indicated by color 
(red: positive functional connectivity; blue, negative func-
tional connectivity; gray, no functional connectivity).

A B

C D

Figure 2 Karolinska sleepiness scale data distribution. (A) Data distribution of the KSS during resting state. (B) Data distribution of the KSS during arterial spin labeling. (C) 
Data distribution of the KSS during resting state for each condition by strip plot. (D) Data distribution of the KSS during arterial spin labeling for each condition by strip plot. 
Abbreviation: KSS, Karolinska sleepiness scale.
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Table 1 Functional Connectivity Between the Left or Right Thalamus and Other Regions

Thalamus ROI Names Satterthwaite-df t Model Validation

L Temporal_Mid_L 55.880 –6.841***

L Whole Gray Matter 58.000 –6.147***

L Fusiform_L 51.634 –5.968***

L Frontal_Inf_Tri_L 53.796 –5.605***

L Temporal_Mid_R 55.752 –5.461***

L Frontal_Inf_Oper_L 52.721 –5.489***

L Fusiform_R 58.000 –5.263***

R Temporal_Mid_R 58.000 –5.183***

R Temporal_Mid_L 58.000 –5.017***

L Occipital_Mid_L 55.455 –4.861***

R Whole gray matter 56.527 –4.802***

L Temporal_Inf_R 58.000 –4.698***

L Precentral_L 54.381 –4.595***

R Fusiform_L 51.054 –4.594*** failed

R Thalamus_L 51.841 4.588***

L Cerebelum_4_5_R 50.750 –4.545***

L Cerebelum_4_5_L 55.742 –4.495***

R Frontal_Inf_Oper_R 52.595 –4.475***

L Temporal_Pol_Mid_L 55.214 –4.454***

L Frontal_Inf_Orb_L 55.951 –4.256***

R Fusiform_R 54.137 –4.225**

L Temporal_Inf_L 58.000 –4.192**

L Temporal_Pole_Sup_L 56.435 –4.134**

L Temporal_Pol_Mid_R 55.518 –4.135**

L Amygdala_L 49.374 –4.077**

R Occipital_Mid_R 53.011 –3.983**

R Temporal_Pol_Mid_R 56.564 –3.944**

L Occipital_Mid_R 56.913 –3.824** failed

R Cerebelum_4_5_L 54.147 –3.822**

L Occipital_Inf_L 55.655 –3.738**

L Frontal_Inf_Oper_R 52.677 –3.748**

R Cingulum_Post_L 50.308 –3.658**

R Frontal_Inf_Tri_R 51.891 –3.634**

R Cerebelum_4_5_R 50.197 –3.629**

(Continued)
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Table 1 (Continued). 

Thalamus ROI Names Satterthwaite-df t Model Validation

L Frontal_Inf_Tri_R 50.633 –3.605**

R Temporal_Inf_R 54.068 –3.536**

R Cingulum_Post_R 49.599 –3.529**

R Postcentral_R 56.343 –3.485**

L Postcentral_R 55.504 –3.399**

L Cingulum_Post_L 50.479 –3.384** failed

L Cerebelum_8_R 55.275 –3.361** failed

L Cerebelum_6_R 55.459 –3.333**

R Frontal_Inf_Tri_L 54.470 –3.299**

R Temporal_Pole_Sup_L 52.113 –3.287**

R Occipital_Mid_L 53.668 –3.279**

R Precuneus_R 54.972 –3.18*

R Temporal_Inf_L 58.000 –3.163*

R Angular_R 58.000 –3.149*

L Frontal_Inf_Orb_R 52.756 –3.148* failed

L Cerebelum_Crus1_R 52.376 –3.126* failed

L Precuneus_R 54.400 –3.092*

L Angular_L 53.349 –3.039*

R Occipital_Inf_L 55.654 –3.03*

L Precuneus_L 50.815 –3.041*

L Precentral_R 58.000 –2.986*

R Angular_L 54.952 –2.991*

R Temporal_Pol_Mid_L 56.237 –2.984*

R Precentral_L 53.834 –2.969*

L Temporal_Pole_Sup_R 56.734 –2.958*

L Cerebelum_6_L 58.000 –2.917*

L Occipital_Inf_R 56.167 –2.893*

L Frontal_Mid_L 58.000 –2.889*

R Frontal_Sup_Med_L 54.512 –2.85*

L Frontal_Sup_Med_L 58.000 –2.834*

R Caudate_R 51.357 2.838*

L Frontal_Sup_L 58.000 –2.816*

L Frontal_Mid_Orb_L 54.964 –2.795*

(Continued)

Nature and Science of Sleep 2021:13                                                                                               https://doi.org/10.2147/NSS.S297309                                                                                                                                                                                                                       

DovePress                                                                                                                         
907

Dovepress                                                                                                                                                      Motomura et al

https://www.dovepress.com
https://www.dovepress.com


Table 1 (Continued). 

Thalamus ROI Names Satterthwaite-df t Model Validation

R Frontal_Inf_Orb_R 49.468 –2.803*

R Frontal_Med_Orb_L 55.869 –2.751*

L SupraMarginal_L 58.000 –2.735*

L ParaHippocampal_R 51.409 –2.743*

R Postcentral_L 54.753 –2.733*

R Frontal_Inf_Orb_L 53.555 –2.727*

L Postcentral_L 58.000 –2.664*

R Occipital_Sup_R 54.964 –2.632*

L Lingual_L 58.000 –2.61*

L Occipital_Sup_R 56.860 –2.589*

R Caudate_L 49.477 2.571*

L ParaHippocampal_L 58.000 –2.522*

R Frontal_Mid_R 56.907 –2.506*

L Parietal_Sup_L 58.000 –2.498*

L Pallidum_L 51.689 –2.496*

L Occipital_Sup_L 58.000 –2.486*

L Temporal_Sup_R 58.000 –2.47*

L Rectus_L 58.000 –2.466*

L Frontal_Med_Orb_L 55.214 –2.456*

L Cerebelum_8_L 53.304 –2.449*

L Cingulum_Post_R 50.386 –2.431*

R Occipital_Inf_R 55.512 –2.36

R Frontal_Sup_Med_R 58.000 –2.348

R Precentral_R 58.000 –2.329

R Cerebelum_6_R 53.433 –2.283

L Lingual_R 58.000 –2.264

R ParaHippocampal_R 50.717 –2.269

L Rectus_R 58.000 –2.21

L Cingulum_Mid_L 56.723 –2.196

R Frontal_Mid_Orb_L 56.546 –2.17

R Cerebelum_7b_L 58.000 –2.153

R Precuneus_L 52.650 –2.148

R Frontal_Inf_Oper_L 52.418 –2.141

(Continued)
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Table 1 (Continued). 

Thalamus ROI Names Satterthwaite-df t Model Validation

L Cerebelum_7b_R 58.000 –2.093

R Cerebelum_6_L 58.000 –2.084

R Temporal_Sup_R 58.000 –2.076

R Cerebelum_Crus1_L 54.515 –2.054

R Lingual_R 54.269 –2.054

R Parietal_Sup_R 58.000 –2.05

R Frontal_Med_Orb_R 53.605 –2.018

R Frontal_Mid_Orb_R 58.000 –2.012

L Parietal_Inf_L 58.000 –2.01

R Cerebelum_3_R 52.200 –2.011

R Amygdala_L 51.880 –2.008

R Temporal_Pole_Sup_R 55.212 –1.973

R Vermis_1_2 55.622 –1.954

R Cerebelum_8_L 53.629 –1.926

L Supp_Motor_Area_L 58.000 –1.922

L Vermis_9 54.224 –1.893

R Occipital_Sup_L 56.964 –1.884

L Temporal_Sup_L 58.000 –1.876

L Cerebelum_Crus1_L 52.994 –1.866

L Caudate_L 52.320 1.847

R Cerebelum_3_L 49.953 –1.812

L Cerebelum_7b_L 54.173 –1.789 failed

L Parietal_Sup_R 58.000 –1.75

L Caudate_R 56.129 1.735

L Rolandic_Oper_L 52.808 –1.736

R Pallidum_L 58.000 –1.728

R Vermis_10 54.360 1.695

L Insula_L 52.908 –1.689

R Cerebelum_Crus2_L 58.000 –1.65

R ParaHippocampal_L 54.274 –1.644

R Lingual_L 58.000 –1.64

L Cerebelum_Crus2_R 58.000 –1.638

L Paracentral_Lob_R 53.642 –1.639

(Continued)
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Table 1 (Continued). 

Thalamus ROI Names Satterthwaite-df t Model Validation

L Vermis_1_2 54.826 –1.62

L Angular_R 53.982 –1.61 failed

L Frontal_Mid_R 55.127 –1.602

L Cerebelum_9_R 55.432 –1.576

R Vermis_4_5 55.791 –1.572

R Paracentral_Lob_L 51.016 –1.571

L Frontal_Sup_Orb_L 52.915 –1.564

R Rolandic_Oper_L 52.242 –1.528 failed

R Frontal_Sup_R 56.523 –1.525

L Amygdala_R 51.332 –1.49

L Paracentral_Lob_L 54.146 –1.485

R Parietal_Inf_R 58.000 –1.467

L Hippocampus_L 51.407 –1.467

L Vermis_4_5 55.714 –1.461

R SupraMarginal_L 56.649 –1.452

R Cingulum_Mid_L 54.730 –1.428

L SupraMarginal_R 58.000 –1.406

R Rectus_L 58.000 –1.405

L Putamen_L 54.451 –1.404

L Vermis_10 53.791 1.373

R Temporal_Sup_L 58.000 –1.351

R Vermis_6 50.869 –1.292

L Frontal_Med_Orb_R 58.000 –1.257

R Cingulum_Mid_R 56.584 –1.233

L Rolandic_Oper_R 56.120 –1.223

L Frontal_Mid_Orb_R 53.137 –1.218

R Frontal_Sup_L 58.000 –1.216

R Rectus_R 58.000 –1.195

R Frontal_Sup_Orb_L 56.071 –1.162

L Hippocampus_R 50.744 –1.149

L Cerebelum_9_L 51.818 –1.142

R Calcarine_R 58.000 –1.129

L Vermis_6 48.676 –1.126

(Continued)
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Table 1 (Continued). 

Thalamus ROI Names Satterthwaite-df t Model Validation

R Cuneus_R 54.333 –1.105

L Calcarine_L 58.000 –1.095

L Cerebelum_10_L 58.000 –1.093

R Cerebelum_8_R 56.605 –1.09

R Cerebelum_10_L 58.000 –1.087

R Hippocampus_L 49.994 –1.07 failed

R SupraMarginal_R 58.000 –1.064

R Cerebelum_Crus1_R 51.239 –1.063

R Cerebelum_10_R 58.000 –1.019

R Rolandic_Oper_R 54.528 –1.009

R Amygdala_R 48.944 –1.008

L Cerebelum_3_R 56.300 –1.003

R Paracentral_Lob_R 52.727 –1.002

L Pallidum_R 53.105 –0.966

L Olfactory_L 53.415 –0.965

R Vermis_7 53.681 0.945

R Parietal_Sup_L 56.583 –0.937

L Frontal_Sup_Med_R 58.000 –0.927

R Cuneus_L 58.000 –0.918

L Cuneus_L 58.000 –0.907

L Calcarine_R 58.000 –0.893

L Cuneus_R 58.000 –0.886

R Vermis_3 51.136 –0.887

R Pallidum_R 58.000 –0.881

R Frontal_Mid_L 58.000 –0.877

R Vermis_9 52.388 –0.834

R Cingulum_Ant_R 53.017 –0.833 failed

R Calcarine_L 58.000 –0.831

L Putamen_R 53.087 –0.799

L Vermis_3 52.005 –0.79

R Parietal_Inf_L 58.000 –0.754

R Cerebelum_9_R 58.000 –0.726

R Cerebelum_9_L 56.246 –0.724

(Continued)
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Table 1 (Continued). 

Thalamus ROI Names Satterthwaite-df t Model Validation

L Insula_R 51.840 –0.716

L Cerebelum_10_R 56.516 –0.695

R Frontal_Sup_Orb_R 58.000 –0.672

L Cingulum_Ant_R 58.000 –0.657

L Olfactory_R 51.182 –0.564

L Frontal_Sup_R 55.974 –0.561

L Heschl_R 58.000 –0.542

L Vermis_8 55.378 –0.53

R Cerebelum_7b_R 58.000 –0.467

L Cerebelum_3_L 55.774 –0.393

L Cingulum_Mid_R 58.000 –0.36

R Hippocampus_R 51.558 –0.35

L Cingulum_Ant_L 58.000 –0.339

L Frontal_Sup_Orb_R 53.141 –0.336

R Olfactory_L 50.481 –0.336

L Vermis_7 51.888 0.331

R Insula_R 52.926 –0.323

R Cingulum_Ant_L 52.917 –0.297

R Supp_Motor_Area_R 50.887 0.283

L Supp_Motor_Area_R 56.929 –0.224

R Vermis_8 54.144 –0.189 failed

R Supp_Motor_Area_L 58.000 –0.186

L Heschl_L 54.911 0.185

L Cerebelum_Crus2_L 55.702 –0.159

R Putamen_L 55.486 0.12

L Parietal_Inf_R 58.000 –0.088

R Putamen_R 54.210 0.047

R Olfactory_R 49.920 –0.037

R Heschl_R 55.260 0.017

R Cerebelum_Crus2_R 56.076 –0.012

R Insula_L 52.060 –0.008

R Heschl_L 58.000 –0.003

Notes: ***p<0.001, **p<0.01, *p<0.05, FDR correction. Model validation failed = p>0.05 for Shapiro–Wilk test for residual from linear mixed model. ROI names from AAL 
(https://www.gin.cnrs.fr/en/tools/aal/). Gray highlighted rows show positive correlations between L or R thalamus in each brain region. 
Abbreviations: L, left; R, right.
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Figure 3 Connection map for functional connectivity connected with the left and right thalami associated with the Karolinska sleepiness scale. The figures show the 
connections significantly associated with the Karolinska sleepiness scale (p < 0.05) with FDR correction. The colors of the edge show the t values. Left: sagittal view from left 
to right; enter: axial view from top to bottom; right: sagittal view from right to left. 
Abbreviation: FDR, false discovery rate.

A

B C

Figure 4 Scatterplot of the Karolinska sleepiness scale and functional connectivity. (A) The functional connectivity between the left and right thalami was positively associated with 
subjective sleepiness, accounting for the random effects of each participant. The gray line shows the regression line corresponding to the linear mixed model. t = 4.588, p < 0.001. (B and 
C) The functional connectivity between the thalamus and whole gray matter excluding the thalamus was negatively associated with subjective sleepiness, accounting for the random 
effects of each participant. The gray line shows the regression line corresponding to the linear mixed model. (B) Left thalamus, t = −6.147, p < 0.001. (C) Right thalamus, t = −4.802, p < 
0.001. All p values are corrected based on the false discovery rate. 
Abbreviations: L, left; R, right.
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ASL
The investigation of the association between the rCBF and 
subjective sleepiness in the left and right thalami indicated 
that the rCBF and subjective sleepiness were negatively 
associated in the left and right thalami (left: t = −2.938, 
p < 0.05, FDR corrected; right: t = −2.166, p < 0.05, FDR 
corrected, Figure 7).

Exploratory Functional Connectivity 
Analysis
The results on exploratory investigation of the association 
between all the ROIs are shown in Figure 8. Three hun-
dred and fifty connections were significantly associated 
with sleepiness. The results are shown in detail in 
Supplementary Table 1.

A B

C D

Figure 5 Scatterplot of the Karolinska sleepiness scale and the degree of positive and negative connectivity network. The degree of graph theory analysis of the thalamus 
was associated with subjective sleepiness, accounting for the random effects of each participant. The gray line shows the regression line corresponding to the generalized 
linear mixed model. (A) The left thalamus in the network consists of positive functional connectivity, Z = −9.584, p < 0.001. (B) The right thalamus in the network consists 
of positive functional connectivity, Z = −7.095, p < 0.001. (C) The left thalamus in the network consists of negative functional connectivity, Z = 12.421, p < 0.001. (D) The 
right thalamus in the network consists of negative functional connectivity, Z = 12.184, p < 0.001. All p values are corrected based on the false discovery rate. 
Abbreviations: L, left; R, right.
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Discussion
In this study, we investigated the relationship between 
subjective sleepiness and the thalamus-centered neural 

network using functional connectivity by fMRI, graph 
theory analysis, and regional blood perfusion analysis by 
ASL. The functional connectivity between the left or right 

A

B

Figure 6 Combined adjacency matrix of the negative and positive connectivity network between the thalamus and other aal ROIs. Each participant is vertically arranged 
from the top in the order of arousal level, and the presence or absence of the functional connectivity threshold (p < 0.05) between the thalamus and other areas is indicated 
by color. Each aal area is sorted horizontally and numbered depending upon their anatomical region (see Supplementary Table 2). Red cells indicate positive functional 
connectivity, blue cells indicate negative functional connectivity, and gray cells indicate non-significant functional connectivity. (A) Left thalamus (B) right thalamus. 
Abbreviations: L, left; R, right.

A B

Figure 7 Scatterplot of the Karolinska sleepiness scale and the rCBF in the thalamus. The rCBF in the thalamus was associated with subjective sleepiness, accounting for the 
random effects of each participant. The gray line shows the regression line corresponding to the linear mixed model. (A) Left thalamus, t = −2.938, p < 0.05 (B) right 
thalamus t = –2.166, p < 0.05. All p values are corrected based on the false discovery rate. 
Abbreviations: L, left; R, right; rCBF, regional cerebral blood flow.
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thalamus and various brain regions displayed a significant 
negative association with subjective sleepiness, whereas 
the functional connectivity between the left and right tha-
lami was significantly positively associated with subjective 
sleepiness. The graph theory analysis indicated that the 
number of positive functional connections to the left or 
right thalamus showed a strong negative association with 
subjective sleepiness, and conversely, the number of nega-
tive functional connections showed a positive association 
with subjective sleepiness. The ASL analysis indicated 
that the blood flow in both the left and right thalami was 
significantly negatively associated with subjective 
sleepiness.

During the 9 days of sleep extension, the total sleep 
time decreased continuously, and decreased subjective 
sleepiness was observed following sleep extension. 
These findings demonstrate that the sleep debt accumu-
lated in everyday life can be resolved by sleep 
extension.36,37 Beyond this, sleepiness increased due to 
TSD. The experimental protocol allowed for a wide 
variation in conditions, from intense sleepiness to high 
arousal.

The functional connectivity analysis revealed a nega-
tive association between the functional connectivity with 
the thalamus and sleepiness in numerous areas. Even if the 
result was not significant, functional connectivity with the 
thalamus was negatively associated with subjective sleepi-
ness in most areas of the brain, and the functional con-
nectivity between the entire gray matter and thalamus 
displayed a negative association with subjective sleepi-
ness. The KSS is a 9-level scale that evaluates states 
from high awakening to high sleepiness, with values less 
than 5 indicating a high arousal state. The adjacency 
matrix of thalamus-seed functional connectivity demon-
strated a positive functional connectivity with the cortical 
regions and cerebellum at high arousal levels and negative 
functional connectivity at low arousal levels. The func-
tional connectivity between the thalamus and cortex has 
been found to decrease with NREM sleep34 and TSD,32 

which is consistent with our results. However, previous 
studies have not mentioned the polarity (positive or nega-
tive) of functional connectivity. Daytime sleepiness is 
negatively associated with the functional connectivity 
between the thalamus and cortex, and Killgore et al31 

Figure 8 Connection map for exploratory ROI-to-ROI analysis. The top figure shows connections significantly associated with the Karolinska sleepiness scale under the 
threshold (p < 0.05) with FDR correction. The bottom figure shows connections significantly associated with the Karolinska sleepiness scale under the threshold (p < 0.05) 
with Bonferroni correction (more conservative). The colors of the edge show the t values. Left: sagittal view from left to right; enter: axial view from top to bottom; right: 
sagittal view from right to left. 
Abbreviation: FDR, false discovery rate.
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provided a graph that displays a positive correlation at 
high arousal levels and a negative correlation at low arou-
sal levels, similar to our results.

We used “degree” (the number of edges connected to a 
node) in graph theory, which is the most representative 
measure of centrality, to show that as sleepiness increased, 
the degree of thalamic activity in the network connected 
with positive functional connectivity decreased, suggesting 
that the centrality of thalamic activity decreased in the 
network. Conversely, the degree in the network connected 
by negative functional connectivity increased, and the 
centrality of the thalamus increased. Positive functional 
connectivity reflects an excitatory projection50 and may 
reflect the thalamocortical projection loop for the promo-
tion of high arousal levels. The biological interpretation of 
negative functional coupling is still controversial. Murphy 
et al reported that it is only apparently negative due to 
global signal regression, a pre-processing of functional 
connectivity, and that the reality reflects the extremely 
low positive functional connectivity.51 Some reports have 
indicated that the negative functional connectivity between 
the default mode network and task-positive network is an 
artifact52 or derived from biological signals.53 While a 
consensus has not yet been reached, animal studies have 
confirmed that negative functional binding actually reflects 
an inhibitory projection.54 If the negative functional con-
nectivity actually reflects the inhibitory projection, it may 
reflect the intervention of thalamic reticular nucleus (TRN) 
neurons that receive projections from both cortical and 
thalamic neurons and have inhibitory projections within 
the thalamus.55 TRN neurons are known to receive inhibi-
tory projections from brainstem reticular neurons, and 
when the projections from reticular neurons decrease 
with decreasing arousal, TRN neurons begin inhibitory 
projection into the thalamic nucleus. These results suggest 
that these neurodynamic changes may occur with the 
accompaniment of changes in sleepiness. Conversely, if 
negative functional connectivity is an apparent artifact, the 
results of this study can be interpreted as a linear decrease 
in thalamocortical projections with increasing sleepiness. 
Since the thalamus forms part of the attention network and 
is a relay point connecting external inputs and the cerebral 
cortex,3,33 the decreased thalamic-cortical association or 
increased inhibitory association can explain the reduced 
external attention responsiveness caused by sleepiness.

Alternatively, the association between the left and right 
thalami increased with increased subjective sleepiness, 
suggesting that an enhanced synchronization of activity 

was observed in the thalamus with increased sleepiness. 
Increased connectivity between the left and right thalami 
may depend on decreased cortical activity with increased 
sleepiness. Many of the homologous brain regions of the 
left and right hemispheres are connected by the corpus 
callosum and have a high functional connectivity.56 The 
results of this study can be interpreted as an apparent 
increase in the functional connectivity between the left 
and right thalami: during high arousal, the connectivity 
with the cortex distracted functional connectivity between 
the left and right thalami, while during low arousal, the 
connectivity with the cortex decreased as sleepiness 
increased. An examination of the intra-thalamus connec-
tivity in wakefulness, sleep stage 1, and sleep stage 2, 
indicated that the functional connectivity between the left 
and right thalami and intra-thalamic nucleus connectivity 
increased as sleep deepened from wakefulness.57 In this 
study, it was confirmed that similar functional connectivity 
changes according to decreasing arousal level during non- 
sleep states expand the contribution of neural activity in 
the thalamus during sleep-wake control.

The right and left thalamic rCBF displayed a signifi-
cant negative association with subjective sleepiness. 
Resting rCBF is thought to associate with local oxygen 
consumption, glucose utilization, and glycolysis associated 
with neural activity.47 Therefore, the changes in thalamic 
CBF observed here may reflect changes in the neural 
activity within this region. Our results indicate that the 
polarity of the functional connectivity between the thala-
mus and cortex changes from positive to negative, but the 
activity of the thalamus itself decreases. This phenomenon 
may be associated with the projections between the thala-
mus and cortex forming projection loops. During high 
alertness, there is an excitatory projection from the thala-
mus to the cortex, which triggers a subsequent reverse 
(cortex → thalamus) excitatory projection, resulting in 
further increases in thalamic neural activity. Conversely, 
when sleepiness is strong and the thalamus and cortex 
have an inhibitory relationship, such an increase in activity 
does not occur and consequently, it is presumed that the 
neural activity in the thalamus decreases relative to the 
high arousal level.

The functional association between the anterior cingu-
late cortex (ACC) and insular cortex, a component of the 
salience network (SN),58 displayed a strong positive asso-
ciation with subjective sleepiness. This result indicates that 
the functional connectivity within the SN increased with 
increased sleepiness. It is suggested that the SN, composed 
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of the thalamus, ACC, and insula, switches between the 
default mode network59–61 related to internal attention and 
the dorsal attentional network related to external attention. 
Additionally, the ACC and insular activities associate with 
the sympathetic nervous system activities.62–65 Our results 
are consistent with previous research demonstrating that a 
lack of sleep enhances sympathetic activity and activity in 
emotion-related brain regions in response to emotional 
stimuli.66,67 Also, the functional connectivity between the 
ACC and posterior cingulate cortex displayed a strong 
negative association with subjective sleepiness, supporting 
the results from previous studies that during sleep, the 
connectivity decreases in the anterior and posterior central 
regions,68 and that the connectivity between the default 
mode network and salience network also decreases.35 

Resting-state functional connectivity at rest is considered 
as a biomarker for mental illness in clinical practice; 
however, internal consistency regarding this is 
controversial.69 In addition, functional connectivity 
changes associated with sleepiness were observed in 
many brain regions. These results demonstrate that rest-
ing-state functional connectivity largely reflects the “state” 
as well as the “trait” of the individual, suggesting that the 
control of sleep and conscious states is essential when 
using fMRI indices as biomarkers.

The neurological mechanism behind these results is 
presumed as follows. State transition from wakefulness 
to sleep may be associated with the increased rate of 
positive functional connectivity (related to excitatory pro-
jection) between the thalamus and the entire brain, the 
decreased rate of negative functional connectivity (related 
to inhibitory projection), and the increased functional con-
nectivity between the left and right thalami observed dur-
ing increased sleepiness. The thalamus is thought to send 
excitatory signals to the cortex and synchronize cortical 
activity to generate EEG rhythms. The frequency is 
thought to depend on the membrane potential level of the 
thalamic neurons. Fast waves in the depolarized state, 
sleep spindles in the middle state, and delta wave bands 
in the deep hyperpolarization state were found in a pre-
vious study using cats.55 Additionally, the thalamus is 
associated with many phenomena in sleep. For example, 
the sleep spindle generated in sleep stage 2 is considered 
to arise from the thalamus.55 The thalamus also plays a 
major role in controlling slow oscillations below 1 Hz 
during deep sleep.70 Thalamic inactivation causes the 
loss of cortical synchronization in vivo, including the 
phenomenon of slow oscillation and β-γ band EEG 

activities.71 Many of the participants who reported high 
sleepiness in this study were considered to be in a transi-
tional condition from awakening to sleep for a few min-
utes after TSD. This may be related to changes in the 
dynamics of the entire brain network and centered thala-
mus accompanied by changes in subjective sleepiness.

This study has some limitations. First, our methods did 
not allow us to assess the activity dynamics of individual 
neurons, so we can only speculate on the underlying 
neurological mechanism. Second, the sample size was 
relatively small. To simplify the process of data collection 
in the experiment including daily life activities such as 
changing clothes and showering, all the recruited partici-
pants were men, and the participants’ age ranged from 
20–30 years; this may have affected the generalizability 
of our results to women and participants of other age 
groups. Since we could not prepare or set up the experi-
mental equipment, we were unable to confirm whether the 
subjects had their eyes open or not. Although the purpose 
of this study was to examine the relationship between 
subjective sleepiness and brain activity as an index reflect-
ing the qualia of consciousness, if objective indicators 
such as EEG could be measured at the same time, further 
elucidation might be possible.

Conclusion
Traditionally, the thalamus has been thought to be the 
brain region that comprises the acetylcholinergic ascend-
ing reticular activation system, which is important for 
arousal maintenance.72 However, extensive thalamic 
lesions in rodents have little effect on EEG records in 
the cortex and behavioral measurement during wakeful-
ness, casting doubt on previously elucidated theories.73 

Alternatively, intralaminar nucleus lesions in the thalamus 
of humans can cause coma74 and electrical stimulation to 
the thalamus promotes the recovery of some patients with 
impaired consciousness.75 Whether thalamic activity is 
associated with consciousness levels remains 
controversial.76 Our findings suggest a relationship 
between changes in subjective sleepiness and the thalamic 
network. Our graph-theoretical analysis is the first evi-
dence that subjective sleepiness and the thalamic-cortical 
network dynamics are strongly related, indicating the use-
fulness of applying graph theory to functional brain 
images for studying sleepiness and consciousness. In addi-
tion to elucidating the state of sleepiness, our findings also 
help further the understanding of the neural basis of 
consciousness.
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