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Introduction: Cerebral blood flow (CBF) reductions during non-REM sleep have been consistently demonstrated in
positron emission tomography (PET) studies, but PET’s limitations restrict its use. Arterial spin labeling (ASL)
MRI allows repeated, noninvasive CBF measurement but has rarely been applied to sleep. This study examined
global and regional CBF changes during wakefulness and pharmacologically induced sleep after sleep depriva-
tion, with an exploratory focus on the ascending arousal network (AAN).

Methods: Twenty-one healthy participants (13 male, 8 female; mean age = 22.4 + 3.1 years) underwent ASL MRI
during wake and sleep. Sleep was facilitated with 10 mg Zolpidem following sleep deprivation and verified
through reduced button-press responses and increased high-frequency heart rate variability (HF-HRV). Pseudo-
continuous ASL was acquired with a labeling duration of 1.9 s and post-labeling delay of 1.8 s.

Results: Sleep was confirmed in 19 participants; one was excluded for excessive head displacement, resulting in a
final sample of 18. Grey matter CBF decreased from 59.7 + 9.0 to 49.5 + 8.1 ml/100g/min (p < 0.0001), and
white matter CBF from 28.7 + 4.9 to 25.1 + 3.0 ml/100g/min (p < 0.001). Voxelwise analysis revealed re-
ductions in cingulate, medial prefrontal cortex, precuneus, insula, thalamus, and caudate. ROI analysis indicated
decreases in AAN regions including the Locus Coeruleus (—29.3 %, p = 0.0019), Medial Reticular Formation
(—22.8 %, p = 0.0010), Pontis Oralis (—23.4 %, p = 0.0044), and Pedunculopontine Nucleus (—20.8 %, p =
0.0023).

Discussion and Conclusion: Observed perfusion decreases are consistent with PET evidence of cortical and
thalamic downregulation during sleep and indicate suppression of brainstem arousal nuclei. These findings
provide a detailed ASL characterization of cortical and brainstem perfusion changes during pharmacologically
induced sleep, extending PET work and offering new insight into sleep-related arousal systems.

1. Introduction

Sleep is a fundamental biological process that is highly conserved
across both mammalian and non-mammalian species (Zimmerman
et al., 2008). Despite its universality, the primary functions and under-
lying mechanisms of sleep remain unresolved. Understanding why sleep
is necessary and what critical functions occur during sleep that cannot
happen during wakefulness is crucial. Even modest periods of sleep
deprivation can impair cognitive and physical performance and disrupt
emotional regulation (Alhola and Polo-Kantola, 2007; Wickens et al.,

2015; Palmer and Alfano, 2017). Chronic sleep loss has also been
associated with increased levels of stress hormones, elevated blood
pressure, compromised immune function, and heightened vulnerability
to various psychiatric and somatic disorders (Luyster et al., 2012).
Over the years, several hypotheses have emerged to explain the
functions of sleep, including synaptic downscaling, memory consolida-
tion, metabolic regulation, and energy conservation (Tononi and Cirelli,
2014; Buzsaki, 1998; Rechtschaffen and Bergmann, 2002; Stephenson,
Chu and Lee, 2007). The latter hypothesis has long been supported by
data showing that non-REM sleep, particularly slow-wave sleep (SWS),
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is associated with decreased cerebral glucose metabolism and reduced
neuronal activity (Buchsbaum et al., 2001; Nofzinger et al., 2002). More
recently, the brain clearance hypothesis has gained significant attention.
This theory proposes that sleep facilitates the removal of metabolic
waste from the brain via the glymphatic system, a clearance mechanism
that is closely tied to cerebrovascular and interstitial fluid dynamics (Iliff
and Nedergaard, 2013; Fultz et al., 2019; Xie et al., 2013).

Studies investigating cerebral blood flow (CBF) during sleep have
provided crucial support for the metabolic regulation and energy con-
servation theory of sleep. Positron emission tomography (PET) studies
have consistently reported widespread reductions in CBF during SWS,
particularly in regions like the thalamus, frontal cortex, and basal
ganglia that are involved in wakefulness and slow wave activity (SWA)
generation (Braun et al., 1997; Maquet et al., 1997; Andersson et al.,
1998; Kajimura et al., 1999). Complementing these findings, Elvsa-
shagen et al. (2019) used arterial spin labeling (ASL) MRI to demon-
strate that CBF decreases from pre- to post-sleep in regions implicated in
attentional and executive functions, suggesting a restorative down-
scaling in functional demands following sleep. During SWS, CBF re-
ductions are thought to reflect lower metabolic demands during the
extended hyperpolarizing “off” periods between neuronal bursts.
Moreover, EEG-PET studies have shown negative correlations between
SWA and CBF, particularly in frontal and thalamic regions (Hofle et al.,
1997; Dang-Vu et al., 2005), reinforcing the role of these areas in the
generation and modulation of deep sleep.

With the exception of a single study by Tushaus et al. (2017) which
measured CBF during sleep using ASL in combination with EEG, most
prior work on sleep-related perfusion changes has relied on PET imag-
ing. While PET is often considered the gold standard for quantifying
absolute CBF, its use is limited by high cost, the need for a nearby
cyclotron, specialized staff for injections, and logistical challenges that
complicate repeated or prolonged sleep recordings. In contrast, ASL is a
non-invasive MRI technique that does not require contrast agents or
radiation and is better suited for extended scanning sessions in natu-
ralistic sleep settings. Although Elvséshagen et al. (2019) also used ASL,
participants in that study did not sleep in the scanner; rather, CBF was
measured before and after sleep, limiting insight into the dynamic
changes occuring during sleep itself. Thus, the study by Tiishaus et al.
remains the only published work to date directly capturing
sleep-state-dependent CBF with ASL.

Here, we sought to extend the existing literature by using ASL to
investigate CBF changes during human sleep induced via a combination
of sleep deprivation and pharmacological intervention (Zolpidem, 10
mg). This approach ensured high sleep pressure and increased likelihood
of achieving consolidated non-REM sleep in the scanner. We hypothe-
sized that sleep would be associated with both global and region-specific
reductions in CBF, particularly in areas known to be involved in slow-
wave generation, such as the thalamus, basal ganglia, and brainstem.

This study is also part of a broader multimodal MRI investigation into
the effects of sleep on glymphatic function. Previous results from this
dataset, including diffusion kurtosis findings indicative of tissue
microstructural changes during sleep, were published in Orzsik et al.,
2023. Here, we present ASL-based perfusion findings, including a
focused exploratory analysis of the ascending arousal network (AAN), a
brainstem system critical for regulating wakefulness and transitions
between sleep and arousal states (Edlow et al., 2012). Given the AAN’s
influence on neuromodulatory tone, particularly through noradrenergic
signaling, and the proposed role of noradrenaline as a master regulator
of the glymphatic system, these findings offer novel insights into how
reduced activity in arousal-related brainstem pathways may contribute
to sleep-dependent brain clearance.
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2. Methods
2.1. Ethics statement

Ethical approval for this study was obtained from the Brighton and
Sussex Medical School Research and Governance Ethics Committee (ER/
BO80/1), and all procedures were conducted in accordance with the
Declaration of Helsinki. All participants provided written informed
consent prior to enrolment and received financial compensation for their
participation.

2.2. Participants

Participants are the same as reported in Orzsik et al., 2023, and
consisted of 21 healthy adults (15 males and 6 females; mean age = 22.3
+ 3.2 years) recruited through university-wide advertisements. All
participants underwent a comprehensive screening process, including a
detailed medical questionnaire focusing on contraindications to Zolpi-
dem, as well as assessments for any history of somatic or psychiatric
illness, substance abuse, or known sleep disorders. Standard MRI
exclusion criteria also applied. To assess baseline sleep quality, partici-
pants completed the Pittsburgh Sleep Quality Index (PSQI) (Buysse
et al., 1989).

2.3. Study design

We employed a within-subject, crossover design in which all par-
ticipants completed two MRI sessions, one in the awake state and one
during sleep deprivation followed by pharmacologically induced sleep,
scheduled 3 to 7 days apart (mean = 4.0 days); summarized in Fig. 1.
Although the session order was intended to be randomized, practical
constraints such as participant availability and preference were taken
into account when scheduling. As a result, fourteen participants (67 %)
completed the awake session first.

To minimize the influence of circadian rhythms, both sessions were
scheduled at approximately the same time of day (mean start time =
09:44 + 22 min). For the wake session, participants were instructed to
arrive well-rested after a full night’s sleep. For the sleep session, they
underwent ~24 h of sleep deprivation and were administered 10 mg of
Zolpidem 30 min prior to scanning. Zolpidem is a short-acting non-
benzodiazepine hypnotic known for its efficacy in inducing and main-
taining sleep, with peak plasma concentrations reached within 45 min
and a half-life of 1.5-2.4 h (Priest et al., 1997; Monti et al., 2017).
Participants were instructed to avoid caffeine and nicotine for 12 h
before each scan.

Fig. 1 provides an overview of the study design and timing of as-
sessments. Sleep-wake patterns were monitored using actigraphy
(Actiwatch Spectrum Plus, Philips Respironics) for 24 h preceding each
scan. Subjective sleepiness was assessed immediately before scanning
using the Karolinska Sleepiness Scale (KSS) (Akerstedt and Gillberg,
1990). During scanning, participants were asked to maintain light
pressure on a button box to detect reductions in muscle tone as a
behavioural proxy for sleep onset. In addition, physiological signal-
s—including respiration (via a Biopac respiration belt) and cardiac pulse
(via a Nonin 8600FO pulse oximeter) were continuously monitored and
recorded using Biopac AcqKnowledge 5 software. Following each scan,
participants completed Likert scale-based subjective sleep questionnaire
rating how long, how deeply, and at what point during the scan they
believed they had fallen asleep.
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Fig. 1. Overview of study design. Example shown depicts a participant whose protocol began with the sleep session. (Modified from Orzsik B., 2022.).

2.4. MRI acquisition

All MRI data were acquired on a 3T Siemens Prisma scanner
(Siemens Healthineers, Erlangen, Germany) equipped with a 32-channel
phased-array head coil. Cushioning pads were used to minimize head
motion during scanning. Each session included sodium imaging (a non-
invasive MRI technique that images sodium ions naturally present in
tissue, requiring no injections or contrast agents; these data were the
object of a different research question, not reported in this study), T1-
weighted anatomical imaging (volume-based morphometry, results re-
ported in Orzsik et al., 2023), diffusion MRI (reported in Orzsik et al.,
2023), and pseudo-continuous arterial spin labeling (pCASL).

The T1-weighted anatomical scan was obtained using an MPRAGE
sequence with the following parameters: TR = 2.3 s, TE = 2.19 ms, TI =
920 ms, flip angle = 9°, matrix = 256 x 256 x 192, and isotropic voxel
size of 1 mm?>.

For CBF measurement, pCASL was employed using background
suppression and the following acquisition parameters: labeling duration
= 1900 ms, post-labeling delay (PLD) = 1800 ms, TR =5 s, TE = 14 ms,
in-plane resolution = 3.5 x 3.5 mm? slice thickness = 6 mm, and 18
axial slices. Each ASL scan included 20 label-control pairs, and a sepa-
rate MO image was acquired for each participant using the same readout
parameters for absolute quantification of perfusion. Perfusion-weighted
images were processed according to consensus recommendations (Alsop
et al., 2015) for quantifying CBF from ASL data.

2.5. Image processing

SPM12 (www.fil.ion.ucl.ac.uk/spm/software/spm12) and in-house
developed Matlab scripts were used for image processing and statis-
tics. Rigid-body motion correction was used to realign labelled and
control images (20 pairs per session). Framewise displacement (FD) was
calculated, and the mean FD values across the two conditions (wake and
sleep) were compared using a paired t-test. Perfusion weighted images
were calculated for each control-labelled pair by subtracting the labelled
image from the control. The mean perfusion-weighted images (wake and
sleep) were converted to absolute CBF using the standard one-
compartment model and parameter assumptions recommended in the
ASL consensus paper (Alsop et al., 2015), and registered to the same

high resolution T1-weighted anatomical image. The spatial normaliza-
tion parameters derived from the segmentation of the T1 image, which
transform it into MNI space at 2 mm isotropic resolution, were then
applied to the CBF maps using 7th degree b-spline interpolation.

2.6. Brain-wide CBF analysis

Individual grey matter (GM) and white matter (WM) tissue proba-
bility maps (TPMs) were obtained by segmentation of the T1-weighted
anatomical image (MPRAGE) in SPM12. The normalization parame-
ters from this segmentation, were applied to the TPMs using 7th degree
b-spline interpolation. For each tissue class, a group mean TPM was
calculated across participants, thresholded at > 0.7, and binarized to
create GM and WM binary masks. These masks were applied to the
normalized CBF images to extract mean GM and whole-brain CBF values
for each participant. A one-tailed paired t-test in MATLAB was used to
compare global averages between wake and sleep sessions, with p <
0.05 considered statistically significant.

2.7. Whole brain voxel-wise CBF analysis

The normalized (MNI) and smoothed (FWHM=4 mm) CBF images
were compared between sessions (wake vs sleep) using a voxel wise
paired-sample t-test (SPM12). The statistical significance was deter-
mined using cluster size inference with an initial cluster forming
threshold of p < 0.001, where clusters with Family-wise Error (FWE)-
corrected p < 0.05 were considered significant. Percentage change was
determined for each participant before averaging in the following way:
((mean cluster sleep CBF - mean cluster wake CBF)/mean cluster wake
CBF) *100; + represents SD between participants. Anatomical infor-
mation was derived using the xjView toolbox (http://www.alivelearn.
net/xjview), in Table 1 “aal3” denotes Automated Anatomical Label-
ing (Rolls et al., 2019).

2.8. Exploratory ROI analysis in ascending arousal network

Paired t-test analysis was carried out to compare mean CBF signal in
Harvard Ascending Arousal Network (AAN) Atlas ROIs (Edlow et al.,
2012). The AAN atlas includes the following nuclei: Dorsal Raphé (296
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mm?® corresponding to ~4 ASL voxels), Locus Coeruleus (112 mms; ~2
ASL voxels), Median Raphé (184 mm3; ~3 ASL voxels), Medial Reticular
Formation (376 rnrn3; ~5 ASL voxels), Periaqueductal grey (488 rnrn3;
~7 ASL voxels), Parabrachial complex (138 mmg; ~2 ASL voxels),
Pontis Oralis (256 mmg; ~4 ASL voxels), Pendunculopontine nucleus
(144 mm3; ~2 ASL voxels) and Ventral Tegmental Area (64 rnm3; ~1
ASL voxel). Significance was determined at alpha= 0.05 after Bonferroni
correction.

2.9. Analysis of physiological measures

Heart rate (HR) and heart rate variability (HRV) were derived from
pulse oximeter RR intervals. These data were imported into Kubios
software (Kubios Oy, Finland) to extract high-frequency (HF-HRV)
components, indicative of parasympathetic activity, in contiguous 5-
minute epochs. Changes in high-frequency heart rate variability (HRV-
HF) and button press responses were examined using repeated-measures
ANOVA in SPSS 27 (IBM Corp.). Main effects of time and condition
(wake vs. sleep), as well as their interaction, were assessed.

3. Results
3.1. Participant inclusion

Of the 21 participants recruited, three were excluded from the final
analysis: one due to substantial displacement within the head coil during
the sleep scan and two for failing to fall asleep. Thus, the final dataset
included 18 participants (13 males, mean age = 22.4 + 3.1 years). The
final sample had a mean PSQI score of 4.0 + 2.3, indicative of generally
good sleep quality. The two “non-sleepers” were analyzed separately to
explore the effect of the sleep-inducing protocol in the absence of sleep.

3.2. Sleep induction and compliance

Actigraphy measures demonstrated that participants complied with
sleep deprivation, 15 out of 18 participants did not sleep at all before the
sleep scan, however 3 participants slept on average 4 h 13 min + 45 min,
yet they were able to sleep during the scan. Before the wake scan, par-
ticipants slept on average 6.59 + 1.24 h, which was significantly more
than their sleep before the sleep scan (0.71 + 1.45 h), Wilcoxon signed-
rank test: Z = 3.72, p < 0.0001. Evidence for the effectiveness of sleep
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deprivation was also reflected in the Karolinska Sleepiness Scale (KSS)
scores: participants were significantly sleepier before the sleep scan
(mean KSS = 7.7 £ 1.0) than before the wake scan (mean KSS = 3.6 +
1.4), t(17) = 10.42, p < 0.0001.

3.3. Evidence of sleep during scanning

Behavioural and physiological measures confirmed that participants
successfully entered sleep during the sleep scan session, as previously
reported in Orzsik et al., 2023. Participants exhibited a marked reduc-
tion in button press responses during the sleep scan compared to the
wake scan, reflected in a significant Time x Condition interaction (F(3,
45) =9.537, p < 0.001; Fig. 2A). Additionally, high-frequency heart rate
variability (HF-HRV), a marker of parasympathetic activity was signif-
icantly elevated during the sleep scan (Time x Condition interaction: F
(1.735, 26.024) = 4.773, p = 0.021, Greenhouse-Geisser corrected;
Fig. 2B). Heart rate (HR) did not significantly differ between wake
(mean + SD: 63.3 + 12.4 bpm) and sleep (62.3 + 13.7 bpm; t(17) =
0.604, p = 0.554).

3.4. Motion during ASL acquisition

FD did not significantly differ between wakefulness (mean + SD:
0.22 + 0.14) and sleep (0.22 + 0.07; t(17) = 0.751, p = 0.463). These
results suggest that head motion was comparable across the two
conditions.

3.5. Brain-wide CBF reductions

Visual inspection of mean CBF maps revealed a widespread reduc-
tion in cortical perfusion during sleep compared to wake (Fig. 3). This
decrease was observed globally across the brain, with especially pro-
nounced reductions in the anterior and posterior cingulate cortices,
orbitofrontal cortex, precuneus, insula, caudate nucleus, hippocampus,
and thalamus.

Quantitatively, GM CBF during wakefulness was 59.7 + 9.0 ml/100
g/min, significantly reduced to 49.5 + 8.1 ml/100 g/min during sleep
(paired t-test: t(17) = 5.545, p < 0.0001), representing a 17.0 %
reduction. In WM, CBF decreased from 28.7 + 4.9 ml/100 g/min during
wake to 25.1 + 3.0 ml/100 g/min during sleep (paired t-test: t(17) =
4.653, p < 0.001), corresponding to a 12.7 % reduction (Fig. 4).
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Fig. 2. Behavioural and physiological results. (A) Button press during the proton scan sessions (sodium not shown here), the dotted area represents the duration of
the ASL scan and the relative position with respect to the start of proton scan; (B) High frequency power of HRV during sessions; Error bars = Standard error of the

mean. (Figure modified from Orzsik et al., 2023).



B. Orzsik et dl.

Neurolmage 323 (2025) 121611

Fig. 3. Illustration of group-level mean cerebral blood flow (N = 18) during wake and sleep scans. Displayed slices were positioned at MNL: x = 6 y= —22 2 = 4.
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3.6. Voxelwise analysis of sleep-related CBF changes

A voxelwise paired t-test comparing wake and sleep sessions revealed
significant clusters of reduced CBF during sleep across widespread
cortical and subcortical regions (Fig. 5). Peak reductions were observed
in the anterior and posterior cingulate cortex, orbitofrontal and medial
prefrontal cortex, precuneus, insula, thalamus, and caudate

nucleus—regions typically active during wakefulness and associated
with arousal, attentional control, and integrative processing. A detailed
summary of all significant clusters, including anatomical labels, peak

MNI coordinates, t-values, and percentage change in CBF, is presented in
Table 1.
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Fig. 5. Voxel-wise comparison of regional CBF between wake and sleep (comparison between the two sessions). Brain regions with significantly reduced CBF during
sleep. The statistical significance was determined using cluster size inference with an initial cluster forming threshold of p < 0.001, where clusters with a corrected
FWE corrected p < 0.05 were considered significant. The colour bar represents T-value.

3.7. Exploratory ROI analysis in ascending arousal network

Fig. 6 displays the regional changes in cerebral blood flow (CBF)
within key nuclei of the ascending arousal network between wakeful-
ness and sleep. Significant reductions in CBF were observed in the Locus
Coeruleus, mean CBF decreased from 39.47 + 13.93 ml/100 g/min
during wakefulness to 27.88 + 12.27 ml/100 g/min during sleep, cor-
responding to a 29.33 % reduction (t(17) = 3.34, p = 0.0019). The
Medial Reticular Formation exhibited a reduction from 56.20 + 16.98

Table 1
Clusters showing significant reduction in CBF during sleep.

ml/100 g/min to 43.37 £+ 9.53 ml/100 g/min, amounting to a 22.81 %
decrease (t(17) = 3.65, p = 0.0010). Similarly, the Pontis Oralis showed
a decline in CBF from 43.66 + 13.44 ml/100 g/min to 33.45 + 11.80
ml/100 g/min, indicating a 23.41 % reduction (t(17) = 2.96, p =
0.0044). Finally, the Pedunculopontine Nucleus demonstrated a
decrease from 44.75 + 15.21 ml/100 g/min during wake to 35.44 +
10.03 ml/100 g/min during sleep, representing a 20.80 % reduction (t
(17) = 3.26, p = 0.0023). These results underscore the broad down-
regulation of brainstem arousal centers during sleep.

Brain regions MNI [x y z] k T value p (FWE-corr) cluster % Change of baseline (mean + SD)
Thal_MDI R (aal3v1) [6 —1210] 29,116 13.56 <0.0001 —26.3 + 10.4
Thal_VL_L (aal3v1) [-12 —18 10] 10.85

Frontal Mid_2 R (aal3v1) [42 10 44] 10.66

Putamen_R (aal3v1) [2212 -8] 296 6.96 <0.0001 —24.0 + 12.6
Caudate R (aal3v1) [1212 8] 5.41

Caudate_R (aal3v1) [14 18 0] 5.04

Caudate_L (aal3v1) [-18 14 4] 286 6.86 <0.0001 —25.0 +17.4
Putamen_L (aal3v1) [-121210] 5.94

Putamen_L (aal3v1) [—24 4 —4] 5.24

Temporal Mid_L (aal3v1) [-58 —62 —4] 432 6.58 <0.0001 —28.8 +20.4
Temporal Mid_L (aal3v1) [-66 —30 —6] 5.92

Temporal Mid_L (aal3v1) [-64 —40 —6] 5.89

Hippocampus [-20 —36 —6] 51 6.49 0.002 —24.5+12.8
Hippocampus [-28 —36 —8] 4.96

Paracentral_Lobule_L (aal3v1) [-12 —30 62] 61 5.83 <0.0001 —32.9+19.9
Postcentral_L (aal3v1) [—24 —30 60] 4.39

Postcentral L (aal3v1) [-40 —18 42] 119 5.75 <0.0001 —24.7 +18.0
Postcentral L (aal3v1) [—-34 —22 38] 3.83

Occipital Mid_R (aal3v1) [38 —72 28] 83 5.60 <0.0001 —-21.2+12.1
Occipital Mid_R (aal3v1) [36 —72 38] 3.56

Postcentral R (aal3v1) [22 —30 54] 75 5.04 <0.0001 —24.9 + 16.7
Postcentral R (aal3v1) [18 —32 63] 3.96
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Fig. 6. Box plots CBF change during sleep; line represents the median; box indicates the 25th and 75th percentiles; whiskers show 5th and 95th percentiles; black
dots show the outliers; double red stars represent the significant ROIs after Bonferroni correction.

3.8. Non-sleepers — investigation of the effects of the sleep-inducing
protocol on CBF and HF-HRV

In the two non-sleepers, global GM CBF during the wake session
measured 42.7 and 49.1 ml/100 g/min, and during the sleep session
measured 46.3 and 50.7 ml/100 g/min, representing increases of 8.5 %
and 3.2 % relative to wake, respectively. The ROIs that showed signif-
icant CBF reductions in the sleeping participants were applied to the
non-sleepers’ CBF maps. In these ROIs, the sleeping participants
exhibited a mean change of —24.2 % during the sleep session, whereas
the non-sleepers’ ROI CBF values were 41.3 and 49.6 ml/100 g/min
during wake and 44.7 and 49.3 ml/100 g/min during the sleep session,
corresponding to changes of +8.3 % and —0.6 %, respectively. HF-HRV
during the ASL acquisition decreased by 9.7 % and 2.4 % in the two non-
sleepers, while the sleeping participants showed a mean HF-HRV in-
crease of 13.5 % during the sleep session.

4. Discussion
4.1. Summary of key findings

This study investigated CBF changes between wakefulness and sleep
using ASL. We observed a significant global reduction in GM and WM
CBF during sleep, with GM CBF decreasing by 17.0 % and WM by 12.7
%. Voxel-wise analysis revealed region-specific reductions in CBF, most
notably in the anterior and posterior cingulate cortex, orbitofrontal and
medial prefrontal cortex, precuneus, insula, thalamus, and caudate nu-
cleus. These regions overlap substantially with areas previously shown
to be deactivated during SWS in PET studies (Braun et al., 1997; Maquet
et al., 1997; Hofle et al., 1997; Kajimura et al., 1999). Notably, the
thalamus showed among the most consistent reductions, in line with
previous PET findings and studies linking thalamic hypoperfusion to

delta rhythm generation (Hofle et al., 1997; Steriade and Amzica, 1998).

We also observed significant reductions in CBF within small but
functionally critical brainstem nuclei of the AAN, including the Locus
Coeruleus (29.4 % reduction), Medial Reticular Formation (22.8 %),
Pontis Oralis (23.4 %), and the Pedunculopontine Nucleus (20.8 %).
These reductions survived Bonferroni correction, providing strong evi-
dence that sleep leads to measurable suppression in subcortical regions
essential for arousal and state switching. However, caution is warranted
in interpreting these findings, as these nuclei are small (comprising only
a few ASL voxels in native space), and our ASL protocol was not opti-
mized specifically for brainstem imaging. Still, the consistency of these
effects across individuals strengthens the validity of these observations.

4.2. Regional CBF reductions and functional relevance

The regions showing CBF decreases during sleep encompass key
components of both the sleep-regulatory systems and default mode
network (DMN). For example, the medial prefrontal cortex, posterior
cingulate, and precuneus—regions of high metabolic activity during
rest—showed reduced CBF during sleep. These DMN nodes are involved
in internally directed cognition and are also among the first to show
reduced functional connectivity in NREM sleep, consistent with a
breakdown of integrative processing and the emergence of local sleep
(Horovitz et al., 2009; Samann et al., 2011). Other areas, including the
orbitofrontal cortex, thalamus, and basal ganglia, have been implicated
in slow-wave generation (Steriade and Amzica, 1998; Massimini et al.,
2004; Lazarus et al., 2013). Although we did not observe any significant
regional increases in CBF during sleep, such as those reported in oc-
cipital areas by Braun et al. (1997) and Ttushaus et al. (2017), method-
ological differences across studies (e.g., sleep staging, deprivation
protocols, pharmacological induction of sleep) could account for these
discrepancies.
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4.3. Ascending arousal network and brainstem perfusion

Our exploratory ROI-based analysis of the AAN highlighted signifi-
cant CBF decreases in brainstem regions that are central to sleep-wake
transitions. The Locus Coeruleus, as the primary source of cortical
noradrenaline, is vital for arousal, attention, and modulation of the
glymphatic system (Aston-Jones & Waterhouse, 2016; Xie et al., 2013).
Similarly, the medial reticular formation and pontis oralis nuclei are
known to influence cardiovascular, motor, and cognitive functions, and
are connected to thalamic systems modulating consciousness and sleep
(Saladin, 2018). While these findings are promising, the inherent limi-
tations of ASL in imaging small brainstem nuclei, along with
inter-subject anatomical variability—necessitate cautious interpreta-
tion. Future studies with higher-resolution ASL or optimized brainstem
imaging sequences will be needed to validate these results further.

4.4. ASL as a tool for sleep research

With the exception of a single study by Ttishaus et al. (2017), which
directly measured CBF during sleep using simultaneous EEG and ASL,
most prior studies investigating perfusion during sleep have relied on
PET. PET is widely considered the gold standard for measuring absolute
perfusion but has notable limitations, including radiation exposure, the
short half-life of '°0, and the need for a cyclotron, making repeated or
prolonged sleep recordings challenging. Tushaus et al. (2017) uniquely
demonstrated the feasibility of combining EEG with ASL, revealing
heterogeneous CBF dynamics during transitions between N1, N2, and
N3 sleep stages. By contrast, Elvsashagen et al. (2019) used ASL to
examine pre- and post-sleep CBF changes, but participants did not sleep
during scanning, highlighting our study as only the second study to
assess sleep CBF directly using ASL. Our findings reinforce ASL’s utility
for studying sleep-related neurophysiology, as it allows detection of
both global and regional CBF changes across cortical and subcortical
areas. The strong agreement with earlier PET studies (Braun et al., 1997;
Maquet et al., 1997) further supports ASL’s validity and highlights its
potential as a powerful neuroimaging tool for future sleep research.

4.5. Comparison with previous studies

Our observed 17.0 % decrease in grey matter CBF during sleep lies
between the 26 % reduction reported by Braun et al. (1997) when
comparing pre-sleep wakefulness (following sleep deprivation) and
SWS, and the 11.4 % reduction found between SWS and post-sleep
wakefulness. This discrepancy can be explained by several factors,
including differences in sleep pressure, sleep stage, and CBF measure-
ment techniques. For instance, in our study, participants were scanned
after a night of regular sleep (wake scan) and after 24 h of sleep depri-
vation followed by Zolpidem-induced sleep (sleep scan). By contrast,
Braun et al. used prolonged sleep deprivation (24-54 h) and PET im-
aging, which may have led to more pronounced changes. Our use of ASL
likely contributes to higher grey matter perfusion estimates (59.7
ml/100 g/min during wakefulness), compared to ~54 ml/100 g/min in
Braun’s pre-sleep wake condition, and supports the interpretation that
participants in our study reached deep sleep stages.

Tiishaus et al. reported lower grey matter CBF values (~43 ml/100
g/min pre-sleep and ~38 post-sleep). They reported a decrease in CBF
with sleep initiation and progression (stage 1 and 2), with deep sleep
associated with an increase in CBF with respect to light sleep. This
contrasts with PET studies that have consistently reported global CBF
reductions in SWS. Differences in experimental protocols, such as sleep
staging, deprivation duration, and timing of post-sleep wake measure-
ments, may account for these inconsistencies. Moreover, the finding of
increased CBF during deeper stages may reflect methodological issues or
the influence of transition states rather than stable SWS.
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4.6. Sleep manipulation and sleep state inference

Actigraphy confirmed that sleep deprivation was largely successful,
although three participants dozed briefly. These individuals did not
differ significantly on behavioural or physiological metrics and were
retained. Sleepiness ratings prior to the sleep scan and behavioural
performance on a button-press task confirmed decreased vigilance
during sleep. This was further substantiated by HRV data showing a
significant increase in high-frequency power, indicating greater para-
sympathetic tone, a hallmark of NREM sleep (Vanoli et al., 1995).
However, we could not directly determine sleep stage due to the lack of
EEG measure.

4.7. Limitations and pharmacological considerations

As single-PLD ASL was used, the observed signal reductions cannot
be disentangled from potential effects of arterial transit time; although
the chosen PLD (1800 ms) is appropriate for a young, healthy sample,
residual sensitivity to transit-time variation remains, this should be
considered a confound that can only be resolved with multi-PLD ac-
quisitions. Similar considerations apply to the potential effect of labeling
efficiency. As the physiology that influences labeling efficiency (e.g.,
arterial blood velocity) may vary between sessions, it is possible that
small differences in labeling efficiency cannot be excluded. Neverthe-
less, if our results were explained solely by this, we would expect the
differences to act as a global scaling factor rather than produce the
regionally specific and sleep-dependent CBF reductions observed here.
Another limitation to our study is the use of both sleep deprivation and
Zolpidem to facilitate sleep. Although this approach increases the
probability of entering sleep during scanning, it may not reflect natu-
ralistic sleep architecture. The observed decreases in CBF are unlikely to
reflect sleep deprivation effects alone, as acute deprivation has been
associated with heterogeneous CBF responses in humans, ranging from
regional hypoperfusion to preserved or increased perfusion depending
on arousal state and deprivation duration (Zhou et al., 2019; Elvsa-
shagen et al., 2019). While some studies report reduced perfusion
following prolonged total sleep deprivation (Zhou et al., 2019), others
show stable or increased CBF when individuals remain awake
(Elvsashagen et al., 2019). Thus, sleep deprivation may introduce some
variability in perfusion but is unlikely to account for the large, wide-
spread CBF reductions observed here. This interpretation is supported
by our non-sleeping participants, who underwent the same deprivation
protocol yet showed small increases or negligible CBF changes and no
rise in HF-HRV, whereas sleeping participants exhibited substantial CBF
reductions together with marked parasympathetic dominance.
Together, these findings suggest that the perfusion changes primarily
reflect sleep-related physiology rather than deprivation alone. Zolpidem
effects have also been shown to reduce CBF in certain subcortical regions
such as the basal ganglia and insula while increasing it in parietal areas
(Finelli et al., 2000), suggesting region-specific pharmacological mod-
ulation. In addition, Zolpidem modifies sleep architecture, shifting it
toward increased N2, relatively stable or slightly altered N3, and
reduced REM, and alters spectral power (Brunner et al., 1991; Besset
et al., 1995). Zolpidem has also been shown to alter NREM EEG power
distribution, producing an anterior reduction in slow-wave and
theta-band power and a posterior shift in 7.8-9.8 Hz activity after sleep
deprivation (Landolt et al. 2000). To further explore whether the
observed effects could be attributed to the sleep-inducing protocol
rather than sleep itself, two participants who did not achieve sleep
despite undergoing sleep deprivation and Zolpidem administration were
analysed separately. In these non-sleepers, both global and ROI CBF
demonstrated small increases or negligible changes relative to wake-
fulness, and HF-HRV did not exhibit an increase. In contrast, the
sleeping group displayed large, widespread CBF reductions accompa-
nied by HF-HRV increases. While the small number of non-sleepers
precludes definitive conclusions, these findings suggest that the
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principal perfusion and autonomic changes are more likely to reflect
sleep-dependent physiology rather than being solely protocol-related.
Nonetheless, our overall pattern of results aligns well with prior PET
studies of natural SWS, supporting the validity of our findings. Finally,
the study sample consisted of young, healthy adults, which limits the
generalizability of our findings.

5. Conclusion

Our study provides robust evidence that pharmacologically induced
sleep leads to widespread reductions in cerebral perfusion, including in
arousal-related brainstem nuclei. These findings converge with prior
PET results and extend the literature by showing that ASL is a sensitive
tool for detecting sleep-related CBF changes. Importantly, ASL offers a
non-invasive, radiation-free, and repeatable method suitable for
exploring sleep neurophysiology under physiological and clinical con-
ditions. Future studies incorporating direct EEG measures and improved
spatial resolution will be critical in mapping the fine dynamics of sleep-
dependent neurovascular changes.
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