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1  |  INTRODUC TION

Sleep– wake activity is regulated by two processes of circadian 
rhythm (C) and sleep homeostatic (S), which is known as the CS 
model.1 The process of circadian rhythm leads to rhythmic changes 

in sleep preferences within 24 h. During homeostatic process, ho-
meostatic sleep pressure (HSP) accumulates with the increase of 
waking time and dissipates during sleep.2 Sleep homeostatic and 
circadian rhythm play an important role in mental health and even 
pathology.3,4 Chronotype is a appropriate variable to investigate 
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Abstract
Background: Chronotype is an appropriate variable to investigate sleep homeostatic 
and circadian rhythm. Based on functional MRI, the resting- state functional connec-
tivity (rsFC) of insula- angular decrease with the increase in homeostatic sleep pres-
sure (HSP). However, the distinct neural response of different chronotype remained 
to be clarified. Therefore, we investigated how HSP influenced insular- angular neural 
interaction of different chronotype.
Methods: 64 morningness- chronotype (MCPs) and 128 eveningness- chronotype par-
ticipants (ECPs) received resting- state functional MRI (rsfMRI) scan. HSP was divided 
into three levels (Low, Medium, and High) based on the elapsed time awake. Insular- 
angular rsFC was calculated for MCPs and ECPs on each HSP.
Results: As the levels of HSP increased, the negative rsFC between right insular and 
bilateral angular increased in MCPs while decreased in ECPs. Specifically, ECPs com-
pared with MCPs showed lower rsFC at medium levels of HSP, but higher rsFC at high 
levels of HSP. In addition, ECPs compared with MCPs exhibited lower rsFC between 
right insular and right angular at low levels of HSP.
Conclusion: The distinct modes of rsFC was found in different chronotype in re-
sponse to HSP. The results provided the foundation and evidence for investigating 
the processes of circadian rhythm and sleep homeostatic.
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homeostatic sleep and circadian rhythm.5 Chronotype were usu-
ally divided into morningness, middle, and eveningness,6 which can 
be influenced by the processes of circadian rhythm and sleep ho-
meostatic.7 Among them, differences in behavioral, physiological, 
and neurological performance between morningness chronotype 
(MCPs) and eveningness chronotype participants (ECPs) have been 
found. 8– 14

Previous studies have found that chronotype is closely related 
to sleep homeostatic. The accumulation and dissipation of HSP in 
MCPs and ECPs are different, the former is faster in accumulation 
and dissipation than the latter.7,10,15,16 HSP is associated with the di-
urnal neurophysiological activity in different chronotype. Peres et al. 
found that chronotype can significantly predict the peak of brain ac-
tivation with the time- of- day changes on the bilateral supplemen-
tary motor area and the right rolandic operculum.17 Moreover, the 
different neurophysiological activity in chronotype can be affected 
by HSP. For instance, the activity of response inhibition- related brain 
regions (e.g., the medial frontal gyrus and middle cingulate cortex) in 
MCPs significantly decreased from morning to evening, while ECPs 
remained stable or increased (e.g., the right inferior frontal gyrus and 
insula).18

Unlike the circadian rhythm, although we know that the level 
of slow wave activity decreased exponentially during sleep and 
increases gradually when awake,19 the neurophysiological basis of 
chronotype remained relatively unknown. Moreover, if the total 
sleep time of the previous day is limited, the HSP of the present day 
will increase.20 Therefore, the waking time of the day and the sleep 
duration of the previous day need to be considered to examine the 
effects of sleep pressure caused by sleep homeostatic.

Notably, studies about sleep homeostatic still encountered some 
problems to be resolved. First, using some fixed time points to mea-
sure HSP regardless of chronotype.13,18 However, the same time 
point may have distinct meanings to physiological index and behav-
ioral performance of different chronotype.21 Second, it is difficult to 
distinguish the separate effects between circadian rhythm and sleep 
homeostatic.22 The first problem can be solved by measuring the 
elapsed time awake.23 The solution to the second problem should 
focus on the control of rhythm differences within the same popu-
lation through professional tools to distinguish chronotype, such 
as, the reduced version of Morningness- Eveningness Questionnaire 
(rMEQ)6 and Munich Chronotype Questionnaire (MCTQ).24

Hodkinson et al. found that the functional connectivity and re-
gional cerebral blood flow of inferior parietal lobule (IPL, including 
angular gyrus and middle temporal gyrus) decreased significantly as 
the waking time prolonged (morning vs. afternoon).25 Similarly, the 
amplitude of low- frequency fluctuation of the angular gyrus in sleep 
deprivation group decreased significantly than the control group,26 
which indicated that angular gyrus may be more sensitive to sleep ho-
meostatic. Moreover, the insular was found to be sensitive to changes 
in HSP.20,23 Some previous studies suggested that the insula is a criti-
cal brain area to maintain awareness, awakening and attention, and it 
is involved in the process of cognitive, affective, and regulatory func-
tions.27– 30 The damage of the insular cause impairments to cognitive, 

affective, and regulatory functions.30 Interestingly, Sämann et al. have 
found that the resting- state functional connectivity (rsFC) between 
left IPL (including left angular gyrus) and right insular decreased after 
partial sleep deprivation. The angular and insular as a sub- region of 
the default mode network (DMN) and anti- correlated network (ACN) 
of DMN, respectively,20 their rsFC changes may represent a key inter-
face between externally and internally directed awareness. Also, the 
increased sleep pressure may affect individual's level of arousal and 
cognitive ability.31 Some previous studies suggested the increased 
rsFC between DMN and ACN was accompanied with increased cog-
nitive performance,27 decreased fatigue degree,29 and increased vig-
ilance level.32 However, some other studies found the increased rsFC 
was associated with higher levels of both hyperarousal and negative 
emotions.33 Taken together, the rsFC between the angular and insu-
lar may play an important role in the sleep homeostatic, and it may 
even be beneficial to predicting individual behavior performance and 
reveal its neural basis.

Based on the above- mentioned research evidence, the present 
study focused on the rsFC between the insular and angular to reveal 
the diurnal neural activity basis with the increase of HSP. In addition, 
the current study also took the chronotype into account given the 
responses to HSP in MCPs can be different from ECPs. Specifically, 
we examined the neural mechanism underlying the interaction be-
tween chronotype and HSP with a large sample size. The participants 
were screened out by the rMEQ to determine their chronotype. All 
participants received rsfMRI scan at random time during the day. 
The HSP can be measured by the elapsed time awake,23 which is 
the difference between the scanning time and the waking time (D- 
value). The greater D- value means the higher HSP. In order to inves-
tigate the diurnal neural activity basis with the increase of HSP in 
different chronotype, independent component analysis was used to 
identify the components with insular and angular. We hypothesized 
that: (1) The rsFC between insular and angular will decreases as HSP 
increases regardless of chronotype; (2) MCPs and ECPs under the 
same HSP will show different rsFC pattern. Specifically, MCPs' rsFC 
between insular and angular may be lower than ECPs given their 
sleep pressure accumulates faster than ECPs.

2  |  METHOD

2.1  |  Participants

196 college students were selected by the scores of rMEQ (see the 
details in the Materials) from the Behavioral Brain Research Project 
of Chinese Personality at Southwest University,34 of which 4 par-
ticipants were excluded due to fMRI data quality (head movement 
>2 mm or 2° in the scanner), including 64 MCPs (18.87 ± 0.95, fe-
male: 44) and 128 ECPs (18.72 ± 1.07, female: 86). There was no dif-
ference in age (t = 0.879, p = 0.381) and sex (χ2 = 0.048, p = 0.827) 
between MCPs and ECPs. Participants with common physiological 
diseases, drugs and alcohol/tobacco dependence were excluded. 
Also, participants with abnormal sleep status were excluded. Of 
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note, sleep quality in recent month and sleep status on the date of 
scanning were recorded.

2.2  |  Materials

The rMEQ measures individual sleep– wake timing preferences.6 It 
includes five questions with a total score range of 4– 25. Participants 
were identified as ECPs with the scores lower than 11, as MCPs with 
their rMEQ scores higher than 18.

The MCTQ is another important measurement of chronotype by 
MSFsc (midpoint of sleep on free day without alarm clock).24 The 
MSFsc as a comparative parameter to verify the credibility of the 
rMEQ in identifying chronotype.

Pittsburgh Sleep Quality Index (PSQI) is an effective tool for 
measuring individual sleep quality.35 In our study, it was used to eval-
uate the sleep duration of the participants in the past month.

2.3  |  Protocol

All participants were randomly assigned to receive the rsfMRI scans 
at different time points during the day from 7:30 am to 22:30 pm. 
Participants were asked to maintain a regular sleep pattern as usual 
on the night before the scan. In order to investigate the response 
of each chronotype to HSP in an explicit way, we further divided 
HSP into three levels according to the characteristics of the awak-
ening duration: low/medium/high (L/M/H) (Details are shown in 
Table S1).21

2.4  |  Acquisition of MRI data

All MR Images were acquired using a 3 T Siemens Prisma scanner with 
a standard head coil. High- resolution T1- weighted structural image 
was obtained using a three- dimensional gradient sequence (repeti-
tion time (TR) = 2530 ms, time of echo (TE) = 2.98 ms, field of view 
(FOV) = 256 × 256 mm2, thickness = 1 mm, voxel size = 0.5 × 0.5 × 1 mm3, 
flip angle = 7°, resolution matrix = 512 × 512, slices = 192) and was used 
in subsequent resting- state fMRI preprocessing. Then, the T2*- weighted 

functional images were acquired with a gradient echo- planar imag-
ing (EPI) sequence (TR = 2000 ms, TE = 30 ms, FOV = 224 × 224 mm2, 
thickness = 2 mm, voxel size = 2 × 2 × 2 mm3, flip angle = 90°, acquisition 
matrix = 112 × 112, slices = 62).

2.5  |  Data preprocessing

All preprocessing steps were carried out using SPM12 (Wellcome 
Department of Cognitive Neurology, London, https://www.fil.ion.
ucl.ac.uk/spm/softw are/spm12/) implemented in MATLAB 2019b. 
Functional images were (1) slice time corrected, (2) underwent mo-
tion correction and susceptibility artifact correction based on field 
map, (3) warped into Montreal Neurological Institute standard space 
using the diffeomorphic Anatomical Registration Through exponen-
tiated Lie Algebra (Dartel) approach to realign the 3D anatomical data 
into Montreal Neurological Institute space,36 (4) smoothed spatially 
with a Gaussian kernel of 6 mm full width at half maximum (FWHM). 
Afterward, functional images further underwent denoising steps 
including (1) regression of the 12 realignment parameters of head 
motion artifacts, (2) regression of non- relevant signals including 
breath, heartbeat, and other physiological noises and the remaining 
head movement artifacts using CompCor.37 In order to prevent the 
adverse effects of high motion participants on the removal of arti-
facts,38 4 participants were excluded based on the follow- up criteria: 
head movement >2 mm or 2°, average frame- by- frame displacement 
>0.2 mm or maximum frame- by- frame displacement >5 mm.39 In ad-
dition, outliers in the fMRI signals were monitored and removed by 
using an artifact detection tool (http://web.mit.edu/swg/softw are.
htm). Specifically, if the scrubbing time lasted more than 1 min (30 
TRs), participants' data will be excluded. Afterward, functional im-
ages underwent the regression of linear trend. Finally, functional im-
ages were filtered using a bandpass filter (0.008– 0.09 Hz) to reduce 
the influence of low-  and high- frequency noise.

2.6  |  Insular- angular rsFC calculation

Group Independent component analysis of the fMRI Toolbox 
(GIFT) was used to extract the resting- state networks.40 The 

Regions Anat_label

MNI coordinates

K TX Y Z

Insular(IC 11) Insular_R 44 18 −8 12,770 33.12

Angular(IC 13) Angular_R 50 −62 40 2559 44.79

Angular(IC 21) Angular_L −46 −64 44 2455 42.00

Temporal_
Mid_R

62 −40 8 2442 16.45

Note: The threshold was set to p < 0.001, family wise error - corrected, with a cluster size >2000 
voxels.
Abbreviations: Anat. label, anatomical labels from spm neuromorphometrics; IC, independent 
component; K, refers to cluster size; L, left; Mid, Middle; R, right.

TA B L E  1  Peak foci for right insular and 
angular defined by group independent 
component analysis (ICA)

https://www.fil.ion.ucl.ac.uk/spm/software/spm12/
https://www.fil.ion.ucl.ac.uk/spm/software/spm12/
http://web.mit.edu/swg/software.htm
http://web.mit.edu/swg/software.htm
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preprocessed data were imported into the GIFT software. First, 
a two- step principal components analysis (PCA) was used to re-
duce subject- specific data to 50 components, and the infomax al-
gorithm applied for the data was repeated 20 times using ICASSO 
(http://www.cis.hutfi/ proje cts/ica/icasso) to ensure the stability 
of the estimation.41 Of the 50 ICs, right insular, left and right an-
gular were identified according to the AAL template (see Table 1). 
Finally, the rsFC between right insular and left angular and be-
tween right insular and right angular was extracted and Fisher's 
Z- transformed by GIFT. The rsFC was calculated by the above 
method has many advantages.42

2.7  |  Statistical analyses

To verify the reliability of rMEQ in screening out chronotype, the cor-
relation between MSFsc and rMEQ score was calculated. Chi- square 
test and t- tests were used to analyze the differences of gender and 
age on MCPs and ECPs, respectively. The normal distribution tests 
of the data are shown in Table S2.

To evaluate whether there are sudden changes in participants' 
sleep– wake activity (i.e., sleep duration) which could influence the 
experimental effects, we used the first two items of the PSQI to 
assess routine habitual sleep and compare it with the correspond-
ing items measured with the sleep diary (the date of the fMRI scan-
ning).43 Hence, a 2 × 2 (chronotype [MCPs, ECPs] × sleeping habit 
[PSQI, Diary]) ANOVA was used.

To examine the different chronotype's response toward HSP 
revealed by rsFC between insula and angular (left and right), a 2 × 3 
(chronotype [MCPs, ECPs] × HSP [L, M, H]) ANOVA was used. To con-
trol for multiple comparison issues with the significant level, we de-
fine the significant level as 0.05/2 and confidence intervals are 97.5%.

All of the above analyses were conducted using SPSS 22.

3  |  RESULTS

3.1  |  Demographic variables and questionnaire 
scores

There was no significant difference in sex (χ2 = 0.048, p = 0.827) 
and age (t = 0.879, p = 0.381) between MCPs and ECPs (see 
Table 2). The MCPs showed poorer sleep quality compared 
with the ECPs as measured by the PSQI total score, t = −5.892, 
p < 0.001. (see Table 2).

3.2  |  The check of sleeping habit

The results found that the main effect of chronotype 
(F[1190] = 0.413, p = 0.521, η2 = 0.002) was insignificant. The main 
effect of sleeping habit (F[1190] = 10.309, p = 0.002, η2 = 0.051) 
was insignificant, indicating the sleep duration of habitual night was 

longer than the night before scan. The chronotype × sleeping habit 
interaction effect was not significant (F[1190] = 0.026, p = 0.872, 
ղ2 < 0.001), which indicated the night before scan and their habitual 
night was not different on MCPs or ECPs (see Table S3).

3.3  |  Validation of the rMEQ in 
identifying chronotype

There is a significant negative correlation between rMEQ and MSFsc 
in the whole sample data (r = −0.714, p < 0.001, as well as in the 
MCPs group (r = −0.260, p < 0.05) and ECPs group (r = −0.374, 
p < 0.001) (also see Figure 1). These negative correlations indicated 
that the screening of the MCPs and ECPs through rMEQ have high 
representativeness and reliability.

3.4  |  Response of different chronotype to HSP 
revealed by insular- right angular rsFC

For the negative rsFC between the right insular and right an-
gular, the main effects of chronotype and HSP were not sig-
nificant. The interaction between chronotype and HSP was 
significant, F (2,186) = 8.592, p < 0.001, η2 = 0.085. Further 
post- hoc analysis revealed significant differences in the rsFC 
of the ECPs (F(2,186) = 5.861, p = 0.003, η2 = 0.059) and MCPs 
(F(2,186) = 3.491, p = 0.032, η2 = 0.036) on different HSP condi-
tions, respectively. Specifically, in MCPs, the rsFC under low and 
medium HSP level was significantly lower than high HSP level, but 
no significant difference between low and medium HSP levels. In 
ECPs, the rsFC under medium HSP level was significantly higher 
than high HSP level, but no significant difference between the 
other levels (Figures 2 and S1, Tables S4 and S5).

3.5  |  Response of different chronotype to HSP 
revealed by insular- left angular rsFC

For negative rsFC between the right insular and left angular, the main 
effects of chronotype and HSP were not significant. The interaction 

TA B L E  2  Description statistics of gender, age and PSQI on 
MCPs and ECPs

MCPs 
(N = 64)

ECPs 
(N = 128) p

Female, N (%) 68.75% 67.19% 0.827

Age 18.87 ± 0.95 18.72 ± 1.07 0.381

PSQI total 
scores

3.81 ± 2.03 5.97 ± 2.55 <0.001***

Abbreviations: ECPs, eveningness- chronotype participants; MCPs, 
morningness- chronotype participants; PSQI, Pittsburgh Sleep Quality 
Index.
***p < 0.001.

http://www.cis.hutfi/projects/ica/icasso
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between chronotype and HSP was significant F(2, 186) = 5.117, 
p = 0.007, η2 = 0.052. Further post hoc analysis found the rsFC at 
high HSP level was significantly higher than medium HSP level in 
MCPs (F(2,186) = 3.753, p = 0.025, η2 = 0.039). The rsFC in ECPs 
tended to decrease with the increase of HSP; however, it did not 
reach a significant level (F(2,186) = 1.415, p = 0.246, η2 = 0.015) 
(Figures 2 and S2, Tables S4 and S5).

3.6  |  Differences between chronotype under the 
same HSP

The rsFC between right insular and right angular in MCPs was sig-
nificantly lower than that in ECPs when HSP is low (F[1186] = 4.024, 
p = 0.046, η2 = 0.021) and medium (F[1186] = 6.648, p = 0.011, 
η2 = 0.035). While the opposite pattern was found when HSP 
is high, namely, the rsFC in MCPs was higher than that in ECPs 
(F[1186] = 7.760, p = 0.006, η2 = 0.040) (Figures 2 and S1, Tables S4 
and S5).

On the rsFC between right insular and left angular, there was 
not difference of chronotype (F[1186] = 0.008, p = 0.929, η2 < 0.001) 
when HSP is low. However, when HSP is medium, the rsFC of 
MCPs was significantly lower than that in ECPs (F[1186] = 4.603, 
p = 0.033, η2 < 0.024), while the opposite pattern was found when 
HSP is high (F[1186] = 5.632, p = 0.019, η2 < 0.029), namely, the rsFC 
in MCPs was significantly higher than that in the ECPs (Figures 2 and 
S1, Tables S4 and S5).

4  |  DISCUSSION

The current study presented distinct neural response of different 
chronotype to sleep pressure revealed by rsFC between insula and 
bilateral angular for the first time. The negative rsFC between right 
insular and bilateral angular increased in MCPs while decreased 
in ECPs with the accumulation of sleep pressure. In addition, this 
study revealed that different chronotype exhibited different rsFC 
pattern under the same sleep pressure. All together, these findings 

provided neurobiological evidence of sleep pressure affecting the 
chronotype.

4.1  |  Distinct rsFC change pattern between 
ECPs and MCPs in response to the accumulation of 
sleep pressure

Morningness chronotype responded very differently from ECPs 
on rsFC between insula and angular as diurnal sleep pressure ac-
cumulates. The negative rsFC between right insula and angular was 
decreased in ECPs under high sleep pressure compared with that 
under low and medium sleep pressure. Bilateral angular gyrus are 
important regions of the default mode network (DMN) and insula 
is a hub region of anti- correlated network (ACN). Previous study 
indicated that increased sleep pressure led to a decline in nega-
tive rsFC between DMN and CAN,20 which is consistent with our 
findings on ECPs. DMN and ACN were considered as key brain net-
works connecting internal and external consciousness. The rsFC 
between DMN and ACN diminished with increased sleep pressure, 
which further led to increased sleepiness, difficulty sustained at-
tention, decreased cognitive performance, etc.20 Previous studies 
also found that the negative rsFC of the DMN and ACN was associ-
ated with cognition,27 fatigue,29 and vigilance.32 And the stronger 
anti- correlation is accompanied with the better performance. These 
studies implicitly suggested that the results of ECPs' performance 
may decrease with increased diurnal sleep pressure. However, the 
negative rsFC between right insular and left angular did not show 
corresponding decrease with the increase of sleep pressure in ECPs. 
This inconsistency may be due to the different sensitivity to sleep 
pressure between left and right angular, the right angular gyrus en-
countered higher activity after sleep deprivation compared with the 
left angular gyrus.44

On the contrary, the negative rsFC between right insular and right 
angular increased with the HSP in MCPs, which is inconsistent with a 
previous study.20 The rsFC of the MCPs gradually increased with the 
accumulation of sleep pressure. This may indicate that hyperarousal 
occurred in the MCPs. Shi et al. pointed out the enhanced DMN- ACN 

F I G U R E  1  Correlation between rMEQ 
and MSFsc. MSFsc, midpoint of sleep on 
work free day without alarm clock; The 
lager rMEQ score indicates a preference 
for early chronotype; MCPs, morningness- 
chronotype participants be screened by 
rMEQ; ECPs, eveningness- chronotype 
participants be screened by rMEQ.
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functional connectivity was involved in sustained hypervigilance and 
hyperarousal, and it could reflect the function of self- reflection, emo-
tional regulation and cognitive control. Also, the cortisol secretion levels 
of MCPs were significantly higher than ECPs at 10 h after awakening,45 
which may be manifested by heightened arousal, including hyper-
sensivity to various stimuli and/or hypervigilance.46 Moreover, MCPs 
showed a higher total amount of cortisol and there was a significantly 
shortened phase of cortisol increase within the first hour after awaken-
ing,47 which suggested that MCPs may increase cortisol secretion lev-
els after a longer period of awakening and enhance arousal. Although 
stronger anti- correlation of rsFC between DMN and ACN may be ac-
companied by better performance, it may also represent mere negative 
emotion and arousal.33 Nevertheless, whether hyperarousal occurred 
in the MCPs still needed to be examined in future studies.

In addition, we found the negative rsFC between right insu-
lar and left angular is higher on high than medium sleep pressure 

level in MCPs while no difference was found between high and low 
sleep pressure level. These change pattern of rsFC may be due to 
the different sensitivity of the angular to sleep pressure as previ-
ous research has found.20,44 Taken together, these results not only 
provided evidence for the validation and in- depth understanding of 
CS models but also provided the possibility of developing optimal 
activity plans based on individuals' sleep pressure change patterns.

4.2  |  The different neural response between 
ECPs and MCPs under the same sleep pressure level

When sleep pressure remained at a certain level, MCPs, and ECPs 
responded differently in the rsFC. Under low sleep pressure, 
the right insular- right angular negative rsFC of ECPs was larger 
than that of MCPs, which could be explained by the difference in 

F I G U R E  2  Resting- state functional connectivity (rsFC) of different chronotype varies with the increased homeostatic sleep pressure 
(HSP). MCPs, morningness- chronotype participants; ECPs, eveningness- chronotype participants. L, Low HSP; M, Medium HSP; H, High HSP. 
*, p < 0.05.
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cortisol secretion levels between ECPs and MCPs. A previous stud-
ies pointed out there was a significantly prolonged phase of cortisol 
increase within the first hour after awakening in ECPs.47 However, 
there was no significant difference in terms of the right insular- left 
angular rsFC between ECPs and MCPs. This may be due to the lack 
of sensitivity of ECPs to sleep pressure,44 as we found that right 
insular- left angular rsFC did not change with the increase in HSP.

Under medium sleep pressure, MCPs had stronger negative rsFC 
between the right insular- bilateral angular than ECPs. MCPs has a 
faster accumulation and dissipation speed of diurnal HSP,7,10,15,16 
which may resulted in greater sleep pressure. Some previous stud-
ies found the stronger anti- correlation rsFC of DMN and ACN was 
associated with better behavioral performance,27,32 which may sug-
gested ECPs had a better performance under low and medium sleep 
pressure than MCPs.

Under high sleep pressure, the pattern was reversed, the right 
insular- bilateral angular negative rsFC was smaller in MCPs than 
that in ECPs. As we stated previously, MCPs may had hyperarousal 
under high sleep pressure.33 However, the neural mechanism of 
the difference between the two chronotype at high sleep pressure 
still needs to be studied further, especially the examination about 
whether hyperarousal occurred in MCPs under high sleep pressure.

4.3  |  Research implications and future directions

Despite the number of strengths of this innovative study, the cur-
rent study contained several limitations too. First, this study used a 
between- subject design, so the experimental effects are reliable on the 
strict control of the individual differences. By doing so, sleep duration, 
gender, and age were matched between groups in the study. Second, 
the effect of the circadian rhythm was not completely eliminated after 
controlling other additional variables (a polynomial curve fitting for 
diurnal rsFC, see Figure S2), which suggests that we need to take ef-
fective methods to separate the effects of circadian rhythm and sleep 
homeostatic in further studies. Third, the sleep debt due to the sleep– 
wake activity between work day and free day was not considered in our 
research. However, sleep duration measured on the night before the 
scan and that measured by habitual sleep did not differ between MCPs 
and ECPs (see Table S3). This indicated the impact of sleep debt does 
not affect the results. Finally, the current study did not include the in-
termediate chronotype participants; hence, our results may be limited. 
However, previous research has found extreme chronotype are more 
vulnerable on sleep health,48 emotion,49 and cognition.13

5  |  CONCLUSION

This study found the rsFC between insula and angular changed signifi-
cantly with the diurnal sleep pressure accumulation, and the change 
patterns were quite different between MCPs and ECPs. Moreover, 
the same HSP has different meanings for MCPs and ECPs. These find-
ings may be helpful in the understanding of the individual difference 

in the level of alertness, cognitive performance, emotional state, etc. 
The different change modes of insular- angular rsFC between MCPs 
and ECPs may provide neuroimaging indicators to distinguishing them 
under diurnal sleep pressure. The present study adds to the under-
standing of the processes of circadian rhythm and sleep homeostatic.
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