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Abstract

Neurovascular coupling (NVC), the transient regional hyperemia following the evoked neuronal responses, is the basis of
blood oxygenation level-dependent techniques and is generally adopted across physiological conditions, including the intrin-
sic resting state. However, the possibility of neurovascular dissociations across physiological alterations is indicated in the
literature. To examine the NVC stability across sleep—wake states, we used electroencephalography (EEG) as the index of
neural activity and functional magnetic resonance imaging (fMRI) as the measure of cerebrovascular response. Eight healthy
adults were recruited for simultaneous EEG-fMRI recordings in nocturnal sleep. We compared the cross-modality (EEG vs.
fMRI) consistency of functional indices (spectral amplitude and functional connectivity) among five states of wakefulness
and sleep (state effect). We also segregated the brain into three main partitions (anterior, middle and posterior) for spatial
assessments (regional effect). Significant state effects were found on §, @ and fMRI indices and regional effects on the a and
fMRI indices. However, the cross-state EEG changes in spectral amplitude and functional connectivity did not consistently
match the changes in the fMRI indices across sleep—wake states. In spectral amplitude, the 6 band peaked at the N3 stage
for all brain regions, while the fMRI fluctuation amplitude peaked at the N2 stage in the central and posterior regions. In
regional connectivity, the inter-hemispheric connectivity of the 6 band peaked at the N3 stage for all regions, but the bilateral
fMRI connectivity showed the state changes in the anterior and central regions. The cross-modality inconsistencies across
sleep—wake states provided preliminary evidence that the neurovascular relationship may not change in a linear consistency
during NREM sleep. Thus, caution shall be exercised when applying the NVC presumption to investigating sleep/wake
transitions, even among healthy young adults.
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Abbreviations AASM American Academy of Sleep Medicine
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BOLD Blood oxygenation level-dependent

ALFF Amplitude of low-frequency fluctuations Introduction

Electronic supplementary material The online version of this Neurovascular coupling (NVC) refers to the complex neuro-
article (https://doi.org/10.1007/s41105-019-00232-1) contains physiological mechanism linking transient neural activities
supplementary material, which is available to authorized users. to the local phasic hyperemia following cognitive events.
Previously the NVC phenomenon has been derived from the
neurophysiological experiments during the task engagement
by external stimuli [1-3], and general consensus is achieved
that the regional cerebral blood flow (CBF) following neural
activities is indicated to be regulated by the multicellular
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signaling of vasoactive substances from the neurovascu-
lar unit, which comprises neurons, astrocytes and arteriole
smooth muscle cells [4-6]. Neurovascular coupling is the
key principle of in vivo neuroimaging techniques through
blood oxygenation level-dependent (BOLD) hemodynamics
[7]. Blood oxygenation level-dependent signals tightly cor-
relates with local field potential (LFP) activities, reflecting
the mass neural processes of cortical inputs, in response to
visual stimuli [1, 3, 8]. With the support of physiological
validations, BOLD-functional magnetic resonance imag-
ing (fMRI) provides favorable spatial correspondence with
event-related electrophysiological power over the entire
brain [1, 9]. On the basis of NVC, fMRI techniques indi-
rectly measure neural activity and have been widely used to
map brain functions across various experimental conditions
over the past two decades [10]. Furthermore, NVC is applied
not only to investigate evoked brain responses, but also to
map intrinsic brain activities or synchronizations, such as
sleep [11] or even change of consciousness levels [12].

In contrast to the universal NVC assumption, the litera-
ture suggests that NVC is highly sensitive to baseline physi-
ological parameters, denoting disrupted NVC following
pathophysiological conditions in mammals [4, 13, 14]. For
example, Ma et al. reported dynamic coupling and uncou-
pling relations between vascular reactivity and membrane
potential changes in a rat seizure model [15], and Agarwal
et al. demonstrated a neurovascular uncoupling phenomenon
in response to motor task among seven patients with de novo
brain tumor [16]. The phenomenon of NVC is less consist-
ent than hypothesized, suggesting the NVC depends on the
baseline physiological conditions [17].

Rather than pathophysiological conditions, recent studies
have focused on the NVC dynamics subject to the varying
physiological conditions. They targeted on baseline neuronal
activities related to tonic vasoactive mediators, such as aden-
osine, nitric oxide (NO), and adjacent astrocytes’ activities,
instead of phasic hyperemia following task engagements
[2, 18]. Rosenegger et al. reported that astrocytes provide
tonic regulation of arterioles using resting intracellular Ca*,
which is independent of phasic neuronal-evoked vasodila-
tion [19]. In addition to the waking condition, changes in
tonic vasoactive mediators in the brain during sleeping have
been reported. For example, NO decreases in both rapid eye
movement (REM) and non-REM (NREM) sleep [20]. The
concentration of adenosine, an inhibitory neuromodulator
and vessel dilator, during sleep was approximately 75-80%
of that when awake [21]. Frank suggested that the intracel-
lular Ca®* concentrations reached the maximum before sleep
and reached the lowest at the end of the sleep period [22].
In brief, the brain experiences substantial changes in neural
transmitters, and tonic relationships between neural activi-
ties and hemodynamics may be altered during sleep. On the
basis of the aforementioned findings, we speculated that
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brain NVC dynamically changes across sleep—wake states
in normal humans.

To test this speculation, we performed simultaneous
acquisition of electroencephalography (EEG) and fMRI
to examine the changes in NVC across sleep—wake states,
where EEG and fMRI recordings were used as the surrogates
for LFP signals and hemodynamic responses, respectively.
Studies using the EEG-fMRI fusion technique focused on
the indirect linkage between the amplitude of band-limited
EEG activity and the large-scale fMRI connectivity [23-25];
however, we conjectured that investigation on NVC should
be investigated from the perspective of the same functional
index. Therefore, we evaluated the between-modality (EEG/
fMRI) consistency of functional indices (including spectral
amplitude and regional connectivity) across sleep—wake
states in young adults. Specifically, if spontaneous NVC
persists stably across sleep—wake conditions, the between-
modality indices would fluctuate consistently between the
conditions. By contrast, if spontaneous NVC is a time-vari-
ant process, a cross-state inconsistency of functional indices
would be observed between EEG and fMRI. We used three
nocturnal sleep stages (non-rapid-eye-movement or NREM
sleep, N1, N2 and N3) and two resting states in wakefulness
(before sleep and awakening after sleep) as a dynamic model
to test the NVC stability hypothesis.

Materials and methods

We recruited eight young male adults aged from 20 to
27 years (mean age 22.3 +2.5 years) with regular sleep
duration of 7-8 h per night and consistent bed and wake
times for at least 4 days. They had no daytime nap habits,
no excessive daytime sleepiness, and no history of neuro-
logical or psychiatric disorders. All procedures performed
in studies involving human participants were in accordance
with the ethical standards of the Institutional Review Board
of National Yang-Ming University and with the 1964 Hel-
sinki Declaration and its later amendments or comparable
ethical standards. Informed consent was obtained from all
individual participants included in the study.

We conducted simultaneous EEG—fMRI recordings in the
functional scan. The EEGs were recorded using a 32-chan-
nel MR-compatible system (Brain Products, Gilching, Ger-
many), including 30 EEG channels, one electrooculography
(EOG) channel and one electrocardiogram (ECG) channel
according to the international 10/20 systems. The participant
preparation and the entire scan protocol were the same as
our previous publication [26]. The simultaneous EEG/fMRI
datasets were recorded for three sessions: (1) Pre-sleep ses-
sion for 6 min (144 scans); (2) Sleeping session during sleep
for at most 125 min. (3) Awakening session after sleep for
additional 6 min.
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Recorded EEG data were preprocessed offline using Ana-
lyzer 2.0 (Brain Products). Four electrodes (C3, C4, O1, and
02) were used to determine the sleep stages. The preprocess
included down-sampling the EEG signal to 250 Hz, remov-
ing the gradient-induced artifact (adaptive average subtrac-
tion) and removing the ballistocardiographic artifact using
the algorithm based on the R—-R interval estimation from the
ECG electrode. We used processed EEG recordings for sleep
scoring to ensure sleep efficiency in the Sleeping session
and the arousal level in both the Pre-sleep and Awakening
sessions. A licensed sleep technician from Kaohsiung Medi-
cal University Hospital visually scored NREM sleep stages
(NREM N1, N2 and N3, where N3 sleep is equivalent to
slow wave sleep) for every 30s frame, in accordance with
the criteria of the American Academy of Sleep Medicine
(AASM) (Iber, 2007). Subsequently, depending on the sleep
scoring outcome, we segregated the consecutive EEG data
for at least 5 min in each state, resulting in five segmented
EEG datasets corresponding to pre-sleep, N1, N2, N3, and
awakening (i.e., the state factor). Subsequently, we segre-
gated the EEG data into five frequency bands for frequency
specificity: 6 (0.75-4.75 Hz), 6 (4.75-8 Hz), a (8-12.5 Hz)
and f (12.5-25 Hz) using the finite impulse response filter
in EEGlab.

Each frequency band was treated independently for the
following spectral and connectivity analyses. In the spec-
tral amplitude, we evaluated two indices for comparison:
absolute amplitude (the amplitude integral within predefined
frequency bands in EEG and ALFF in fMRI) and relative
amplitude (percentage of the absolute amplitude over the
integral of the entire brain in EEG and normalized amplitude
of low-frequency fluctuations [nALFF] in fMRI). To com-
promise spatial comparisons between the EEG and fMRI
indices, we segregated the scalp channels into three macro-
scale lobular sections (anterior, central, and posterior) to
obtain region-of-interest (ROI) quantifications (i.e., region
factor). For functional connectivity in EEG, we calculated
the Pearson’s correlation coefficient of various channel pair
for each of the frequency bands and constructed a correla-
tion matrix of the brain [27]. We averaged the correlation
coefficients within the three brain sections to evaluate the
transverse inter-hemispheric connectivity. Additionally,
we performed the second spatial division into three intra-
hemispheric sections (left, middle, and right side) to assess
the intra-hemispheric (longitudinal) communications in the
brain.

All fMRI data were preprocessed and analyzed for func-
tional connectivity or fluctuation by AFNI and FSL. In the
preprocessing stage, the first four volumes of each session
were discarded to achieve a steady state before conducting
realignment using rigid body transformation for correcting
head motion. The linear trend was removed to eliminate sig-
nal drift induced by system instability. The fMRI datasets

were spatially smoothed with a Gaussian kernel (full width
at half maximum =6 mm) and normalized to the standard
Montreal Neurological Institute (MNI) template, and resa-
mpled to an isotropic resolution of 2 x 2x2 mm?. Finally, we
performed regressed out nuisance covariates, including six
realignment parameters, physiological signals from respira-
tion/cardiac pulsations, and time courses retrieved from the
white matter and cerebrospinal fluid. To observe the regional
specificity, the brain was parcellated into 90 Automated
Anatomical Labeling (AAL) regions. We only selected only
44 AAL surface regions as our ROIs, corresponding to EEG
channel locations. We subsequently divided the 44 ROIs into
three spatial sections.

In terms of spectral amplitude in fMRI, the voxel-based
ALFF analysis was conducted using the voxel-wise Fou-
rier transform, and the square root of the power spectrum
across 0.01-0.1 Hz was regarded as the ALFF index [28].
To compensate for the global variations in the whole brain,
the nALFF was defined as the value obtained by subtracting
the voxel-wise ALFF from the average ALFF of the entire
brain, and divided by the standard deviation of ALFF. Both
ALFF and nALFF were averaged within three brain regions
(anterior, central, and posterior) across five states (pre-sleep,
N1, N2, N3, and awakening). In terms of functional connec-
tivity in fMRI, we applied a band-pass filter (0.01-0.1 Hz)
on those preprocessed time courses. To examine the inter-
regional integrity across the states, we performed the Pear-
son’s correlation analysis on 44 AAL ROIs and constructed a
correlation matrix. We averaged the correlation coefficients
within three brain regions (anterior, central and posterior)
for evaluating the transverse connectivity. We also divided
the 44 AAL regions into three parts and quantified the cor-
relation coefficient within the three sections (left, middle
and right side) to evaluate the longitudinal intra-hemispheric
communication.

In the fMRI group analysis on ALFF indices, we used the
one-sample ¢ test for each state (FWE-corrected p <0.05). To
assess the state and regional effects on the functional indices,
a two-way repeated measure analysis of variance (ANOVA,;
state X region) was applied to the EEG and fMRI indices
separately as the initial step, followed by post hoc 7 tests to
estimate the effects of the states separately in each region.
Cross-state post hoc comparison was performed using the
Bonferroni-corrected paired ¢ test at the significance level
of p<0.05.

Results

All participants (n=38) reached N3 sleep in the Sleeping ses-
sion, and the individual sleep characteristics are summarized
in our previous work [26]. Because we aimed at evaluating
spontaneous NVC across sleep—wake states, we specifically
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examined cross-state consistency between the functional
indices of EEG and fMRI, which can be affected by regional
disparities. Accordingly, the functional indices were evalu-
ated in a coarse segregation with three large-scale regions
(anterior, middle and posterior areas for inter-hemispheric
assessments and left, right and medial areas for longitudinal
assessments) in compliance with the sleep literature [29].
The functional indices evaluated were the spectral amplitude
and regional connectivity (i.e., temporal synchronizations).

Figure 1 shows the cross-state changes in the integral
amplitude of EEG 6, @ and fMRI ALFF indices. Results
of the € and f bands were not presented here for overall
nonsignificance. The ANOVA results confirmed statisti-
cal significances of § amplitude, @ amplitude and ALFF
with the regional effect (F 1g0= 14, p<0.011), state effect
(»<0.011) and interactions (p <0.023), except for only the
state effect in the a amplitude (p =0.45). Compared with
the pre-sleep state, the 6 amplitude peaked during N3 sleep
(Fig. 1 top panel, p <0.002) and returned to the baseline
amplitude after awakening. The state effect was observed
for all three regions, and the regional effect depended on
the amplitude gap in the central regions. Although the a
amplitude (Fig. 1 middle panel, p=0.45) did not show sig-
nificance in the state effect, the a relative amplitude (Fig. S1)
showed region X state interactions (p < 0.022), peaked during
N3 sleep in the anterior brain (p <0.011) and valleyed dur-
ing N3 in the posterior brain (p <0.002). Figure 1 (bottom
panel) illustrates the ALFF changes from the fMRI data.
The ALFF showed prominent elevations in the central and
posterior regions during NREM sleep and peaked during the
N2 sleep (p <0.001), inconsistent with the EEG amplitudes.
The ALFF in the anterior brain was enhanced during N1
and N2 sleep (p <0.002); however, it reduced to a baseline
level during the N3 sleep (p <0.005). On the basis of these
significant state effects across sleep—wake states, the cross-
state inconsistency between EEG and fMRI was observed
in terms of the spectral amplitude.

Figure 2 depicts the changes in the transverse con-
nectivity across the five states, where the longitudinal
connectivity is shown in Figure S2. The ANOVA results
revealed that 6 connectivity showed a regional effect
(p <0.001), a state effect (p <0.001) and interactions
(p <0.025); a connectivity did not show a state effect
(p>0.125); fMRI transverse connectivity showed only
a state effect (p <0.015); and fMRI longitudinal connec-
tivity did not present any effect (p >0.09). The § wave
enhanced inter-hemispheric connections along with the
sleep depth (Fig. 2; top panel). The bilateral 6 connectiv-
ity peaked during N3 sleep for the entire brain (p <0.001),
but it returned to the baseline level after awakening,
regardless of brain regions. Meanwhile, longitudinal &
connections decreased along with sleep depth for both
lateral sides (p <0.03), and returned to the baseline level
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Fig.1 Dynamic alterations in the spectral amplitude across sleep—
wake states. a Delta-band topology and the corresponding spectral
amplitudes within anterior (blue), central (red) and posterior (green)
sections. b Alpha-band topology and the corresponding spectral
amplitudes within the three brain sections. ¢ BOLD-ALFF maps and
quantified indices within three brain regions, where the ALFF maps
were normalized to the whole-brain average. The relative locations of
channels (EEG) and ROIs (fMRI) are denoted on the right-hand side.
Error bars indicate the standard error. Colored bars in the pink zone
denote statistical significance for each paired comparison (two-tailed
paired ¢ test with Bonferroni correction p <0.05), where the grey bar
represents the common significance of all three regions, blue for the
anterior, red for the central, and green for the posterior region (color
figure online)

after awakening (Fig. S2). Nevertheless, Fig. 2 (middle
panel) shows nonsignificant state effects of the EEG a
band in either transverse or longitudinal connections
(p>0.128). As shown in the bottom panel of Fig. 2, the
central brain showed a lower bilateral connection dur-
ing the N3 sleep compared with pre-sleep (p <0.021),
and the anterior brain showed a trend of increased con-
nectivity during sleep and a significant connectivity
drop upon awakening (p <0.047). The BOLD transverse
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roni correction p <0.05), where the grey bar represents the common
significance of all three regions, blue for the anterior (or left), red for
the central (or medial), and green for the posterior (or right) regions
(color figure online)

connectivity did not present significant differences in the
posterior brain, and we did not observe significant alter-
ations in fMRI longitudinal connectivity. Finally, with
regard to the consistency between EEG and fMRI across
the sleep—wake states, the regional connectivity results
indicated EEG-fMRI inconsistency across sleep—wake
states.

Discussion

The presumption of static neurovascular coupling is
applied to the neuroimaging studies for decades, which
was recently challenged due to the neurophysiologi-
cal alterations in clinical patients. The current study is
designed to verify whether the NVC is a time-variant
process across sleep—wake states in young adults. Results
exhibited the cross-state inconsistency between the EEG
and fMRI indices (spectral amplitude and functional con-
nectivity), implying the dynamic alterations of neurovas-
cular relationship across sleep—wake states. Specifically, in
spectral amplitude, the ¢ band peaked at the N3 stage for
all brain regions, while the ALFF peaked at the N2 stage in
the central and posterior regions. In regional connectivity,
the inter-hemispheric connectivity of the 6 band peaked at
the N3 stage for all regions, but the bilateral fMRI connec-
tivity showed the state changes in the anterior and central
regions. The cross-state inconsistency of functional indi-
ces between EEG and fMRI denote the nonlinear varia-
tions of the neurovascular relationship across sleep—wake
states, suggesting that the NVC shall not be treated as
a constant relation amongst all conditions. Conclusively,
we provided preliminary evidence that NVC may deviate
based on the alterations of neurophysiological conditions
in sleep—wake states, even for healthy young adults.

The majority of neuroimaging studies was performed on
the basis of time-invariant NVC assumption; however, the
evidence of time-varying NVC is growing. For example,
Ma et al. demonstrated in vivo NVC dynamicity along the
three stages of epilepsy evolution by using simultaneous
intrinsic optical signal and voltages sensitive dye imaging
in rat ictal model [15]. Using a sleep-deprived rat model,
Schei et al. suggested that prolonged neural activities
diminish vascular compliance and limit blood perfusion
[30]. Furthermore, Rosseneger et al. suggested the mis-
matched NVC relationships between task-evoked and on-
going states by demonstrating that astrocytes are involved
in the tonic regulation of arterioles using resting intra-
cellular Ca%*, which is independent of neuronal-evoked
vasodilation [19]. These findings indicate the possibility
of NVC alterations under diverse physiological conditions.
Recent reviews on the complex signaling of NVC through
several vasoactive substances have reported that the NVC
bonding is highly variable and dependent on the base-
line physiological condition that are associated with the
concentrations of vasoactive factors [4, 6, 7]. One former
study conducted by Czisch et al. demonstrated the reduced
BOLD responses of auditory stimulation during NREM
sleep, providing an evidence of changing physiological
conditions during sleep [31]. In the present study, our
observations across the sleep—wake states demonstrated
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the cross-state inconsistency in the functional indices
(spectral amplitude and regional connectivity) between
EEG and fMRI. The preliminary results suggest that the
transient perturbations of NVC exist not only in patients
with cerebrovascular pathologies but also in the altera-
tions of physiological conditions, such as sleep, in healthy
young adults. Concerning the possibility that the presumed
static NVC becomes a variable, caution should be exer-
cised when conducting neuroimaging investigations.

The NVC assumption was generally adopted by localiz-
ing fMRI activations derived from an EEG signature upon
specific task engagements. Recent studies used the simulta-
neous EEG-fMRI recordings to further investigate the vari-
ations of NVC in different physiological conditions using
visual stimulation tasks [32, 33] or electrical stimulation
[17]. Neurovascular relationships in the resting state are gen-
erally assumed but rarely investigated. Vazquez et al. found
a strong similarity of node-to-node connectivity measured
by GCaMP and optical imaging in mice [34]. Shi et al. also
found the resting-state BOLD and LFP signals exhibited
similar intervoxel correlation profiles in monkeys [35].
These findings support large-scale functional connectivity
in both spontaneous neural activity and BOLD hemodynam-
ics, implying the exactness of the NVC assumption in the
resting state. However, whether the NVC in the spontaneous
activity is static or varying with the physiological conditions
remains unclear. Previous studies have suggested that NVC
changes depend on physiological conditions. For example,
Tarantini et al. showed that the pharmacologically induced
disruption of NVC in mice resulted in significant impair-
ment of cognitive functions [36]; Nasrallah et al. used an a2
adrenergic agonist to suppress the inter-hemispheric EEG
coherence in rats and reported the preservation of tight NVC
[37]; Sumiyoshi demonstrated a significant reduction in
stimuli-evoked fMRI responses under mild hypoxic hypoxia
in rat, with unchanged EEG responses [17]. Overall, the lit-
erature suggests that NVC in spontaneous activity depends
on physiological conditions, in support of our expectations
in dynamic NVC.

During sleep, the concentrations of neurotransmitters,
such as dopamine, gamma-aminobutyric acid, acetylcho-
line and adenosine, generally deviate across sleep stages,
which may force the neurovascular relationship in the
normal wakefulness to change in different scenarios and
lead to the dynamic NVC in sleep [4]. On the basis of
functional connectivity, Massimini et al. demonstrated a
breakdown in cortical connectivity by observing rapidly
extinguished EEG-evoked responses in NREM sleep with-
out long-range propagation [38]; other fMRI-related stud-
ies indicated the reduction of functional connectivity in
NREM sleep [11, 12, 39]. These mismatches between the
EEG-fMRI indices during sleep might be the consequence
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of altered NVC. In the past, the NVC concept is derived
from the cerebrovascular reactivity following neural stim-
uli and was widely adopted to be the basis of neuroimag-
ing investigations over the past two decades. However,
the exact physiological function served by the functional
hyperemia remains uncertain, and the control mechanism
underlying the resting CBF remains elusive [7, 19]. The-
oretically among the mathematical models of NVC, the
arteriolar compliance (AC) model proposed by Behzadi
and Liu is considered capable of fitting BOLD signals in
various conditions [7]. In the AC model, the arterioles
may generate a dual situation, offering low compliance to
CBF at rest and high compliance at activation and creating
the NVC disparity for various statuses. The local electro-
vascular coupling (LEVC) model, developed by Riera
and coworkers [6], also introduced the possibility of NVC
dynamics by addressing the nonlinear relationship between
the extracellular NO concentration (effective vasodilator)
and the membrane potentials. During sleep, the membrane
potential is regulated between the UP and DOWN states
(e.g., in the thalamus), which not only alters the corre-
sponding neural activity [40, 41], but also affects the sub-
sequent perfusion in the LEVC model. Therefore, caution
should be exercised when imposing the NVC hypothesis,
especially in the spontaneous conditions or sleep stages
[19]. We recommend recording peripheral measurements
(e.g., heart pulsation, respiration, Galvanic skin response
or core body temperature) simultaneously to differentiate
participants’ baseline physiology for verification, and to
more thoroughly understand spontaneous brain activities.
This study had several limitations. First, the sample size
was relatively low because of uncontrollable sleep quality
inside the MRI scanner for each participant. During the
midnight experiment, we could not score the sleep stages
during either awakening or sleeping. After the EEG arti-
fact removal and post hoc sleep scoring, we could ensure
the pure wakefulness of the pre-sleep and awakening scans
and the occurrence of N3 sleep in the eight participants
(out of 24 participants). Second, the current results were
based on a coarse spatial resolution and the segregation of
the brain into three sections (anterior, middle and poste-
rior); this was performed to maintain consistency with pre-
vious sleep-associated polysomnography results in litera-
ture [29] and to prevent mismatched regional differences
between EEG and fMRI. We considered the confounding
possibility of large-scale brain segregation on the findings
of neurovascular uncoupling; thus, we conducted similar
analysis in the part of the EEG channels corresponding to
AAL regions in fMRI results (medial prefrontal cortex,
precentral gyrus and cuneus). However, the general trend
remained the same without significant disparity.
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Conclusion

The presumption of static neurovascular coupling is exten-
sively applied to the neuroimaging studies, regardless of the
changes in underlying physiological conditions. We tested
this assumption across sleep—wake states using simultaneous
EEG-fMRI recordings because of dramatic neurophysiologi-
cal changes during sleep. Results indicated the dynamic alter-
nations of the EEG spectral amplitude (6 and «) and fMRI
ALFF across five sleep—wake states, in which the 6 amplitude
peaked at the N3 sleep while the ALFF peaked at the N2 sleep.
Regional connectivity also demonstrated similar mismatched
pattern between EEG and fMRI across the sleep—wake states.
Such dynamic EEG-fMRI inconsistency (in both spectral
amplitude and regional connectivity) across sleep—wake states
suggests that the neurovascular relationship does not change
consistently in a linear manner across sleep—wake states. The
altered neurovascular relation may be raised from the fact that
cerebrovascular signaling differs between baseline physiologi-
cal conditions, implying the existence of multiple condition-
dependent neurovascular relationships. Thus, caution shall be
exercised when applying the NVC presumption to investigat-
ing sleep/wake transitions, even among healthy young adults.
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