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ARTICLE INFO ABSTRACT

Key words: The brain has a unique macroscopic waste clearance system, termed the glymphatic system which utilises perivas-

Diffusion MRI cular tunnels surrounded by astroglia to promote cerebrospinal-interstitial fluid exchange. Rodent studies have

SDIIHUSIO“ Kurtosis demonstrated a marked increase in glymphatic clearance during sleep which has been linked to a sleep-induced
eep

expansion of the extracellular space and concomitant reduction in intracellular volume. However, despite being
implicated in the pathophysiology of multiple human neurodegenerative disorders, non-invasive techniques for
imaging glymphatic clearance in humans are currently limited.

Here we acquired multi-shell diffusion weighted MRI (dwMRI) in twenty-one healthy young participants (6
female, 22.3 + 3.2 years) each scanned twice, once during wakefulness and once during sleep induced by a
combination of one night of sleep deprivation and 10 mg of the hypnotic zolpidem 30 min before scanning. To
capture hypothesised sleep-associated changes in intra/extracellular space, dwWMRI were analysed using higher
order diffusion modelling with the prediction that sleep-associated increases in interstitial (extracellular) fluid
volume would result in a decrease in diffusion kurtosis, particularly in areas associated with slow wave generation
at the onset of sleep.

In line with our hypothesis, we observed a global reduction in diffusion kurtosis (t;5=2.82, p = 0.006) during
sleep as well as regional reductions in brain areas associated with slow wave generation during early sleep and
default mode network areas that are highly metabolically active during wakefulness. Analysis with a higher-order
representation of diffusion (MAP-MRI) further indicated that changes within the intra/extracellular domain rather
than membrane permeability likely underpin the observed sleep-associated decrease in kurtosis. These findings
identify higher-order modelling of dWMRI as a potential new non-invasive method for imaging glymphatic clear-
ance and extend rodent findings to suggest that sleep is also associated with an increase in interstitial fluid volume
in humans.

Glymphatic system

Abbreviations: AD, axial diffusivity; ADC, apparent diffusion coefficient; AK, axial kurtosis; ASL, arterial spin labelling; CSF, cerebrospinal fluid; DKI, diffusion
kurtosis imaging; DMN, default mode network; DTI, diffusion tensor imaging; dwMRI, diffusion weighted magnetic resonance imaging; EEG, electroencephalography;
FA, fractional anisotropy; FDR, false discovery rate; FIR, finite impulse response; fMRI, functional magnetic resonance imaging; FOV, field of view; FWHM, full width
half maximum; GM, grey matter; GRAPPA, generalised autocalibrating partial parallel acquisition; HF, high frequency; HRV, heart rate variability; ISF, interstitial
fluid; KFA, kurtosis fractional anisotropy; KSS, Karolinska sleepiness scale; MAP-MRI, mean apparent propagator magnetic resonance imaging; MD, mean diffusivity;
MK, mean kurtosis; MKT, mean kurtosis tensor; MNI, Montreal neurological institute; MPRAGE, magnetisation prepared rapid gradient echo; MRI, magnetic resonance
imaging; MSD, mean squared displacement; NG, non-Gaussianity; NREM, non-rapid eye movement; PSQI, Pittsburgh sleep quality index; QIV, Q-space inverse
variance; RK, radial diffusivity; RK, radial kurtosis; RTAP, return to axis probability; RTOP, return to origin probability; RTPP, return to plane probability; SPM,
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1. Introduction

Clearance of cellular metabolites and other solutes is critical to the
maintenance of cell homoeostasis. In peripheral tissues, this is achieved
by lymph vessels (Liao and Padera, 2013). However, the brain lacks
a conventional lymphatic system and is instead believed to achieve
waste clearance by using convective influx of cerebrospinal fluid (CSF)
through the periarterial space which then exchanges with parenchymal
interstitial fluid (ISF) (1liff et al., 2012; 1liff and Nedergaard, 2013). First
described by Nedergaard and colleagues, this macroscopic waste clear-
ance system has been named the ‘glymphatic system’. Though the glym-
phatic hypothesis has gained momentum, other complementary systems
have also been proposed for brain clearance (see Tarasoff-Conway et al.,
2015 for a recent review).

Preclinical studies have demonstrated that glymphatic clearance is
particularly active during sleep (Xie et al., 2013; Ding et al., 2016).
For example, during both anaesthesia and natural sleep fluorescent dye
injected into the cisterna magna rapidly appears along the periarterial
spaces and then the parenchymal space (Xie et al., 2013; Iliff et al.,
2012). This study also reported a ~60% increase in interstitial volume
fraction during slow wave sleep (SWS) in mice, leading to the proposi-
tion that this sleep-associated expansion of the interstitial space facili-
tates exchange of CSF with ISF by reducing resistance to flow (Xie et al.,
2013; Ding et al., 2016). This expansion of the interstitial space has
been partially attributed to a sleep-associated reduction in noradrener-
gic signalling, the major driver for arousal (Xie et al., 2013; Berridge and
Waterhouse, 2003; Osorio-Forero et al., 2022). Evidence for an increase
in glymphatic flow during slow wave sleep has also been recently re-
ported in humans using simultaneous EEG/ fMRI, where a correlation
between slow wave delta activity and CSF flow into the fourth ventri-
cle was observed (Fultz et al., 2019). Beyond its physiological role, the
glymphatic system has also been implicated in the clearance of pro-
teins such as amyloid-beta linked to neurodegenerative disorders such as
Alzheimer’s disease (Iliff et al., 2012, 2014; Plog et al., 2015; Peng et al.,
2016; Arbel-Ornath et al., 2013; Nedergaard and Goldman, 2020).

Approaches for visualising glymphatic flow in rodents typically in-
volve the direct injection of labelled tracers such as fluorescent dyes,
radio-labelled isotopes, or gadolinium into the CSF spaces, then measur-
ing their spatio-temporal distribution (Iliff et al., 2012; Gaberel et al.,
2014; Eide and Ringstad, 2015). A handful of human studies have been
able to adopt a similar methodology in the context of known pathology
such as CSF leaks or idiopathic normal pressure hydrocephalus. In agree-
ment with findings in rodents, human injection studies also reported
a brain-wide parenchymal contrast enhancement following intra-thecal
gadolinium injection (Eide and Ringstad, 2015; Ringstad et al., 2017;
Eide et al., 2018). However, due to their invasive nature this approach
is poorly suited for more widespread adoption in human in-vivo studies.

To date, approaches for non-invasively imaging the glymphatic sys-
tem have predominantly focussed on developing techniques that can
quantify CSF flow (Fultz et al., 2019), identify brain oscillations asso-
ciated with the forces driving brain clearance with magnetic resonance
encephalography (Helakari et al., 2022) or use conventional diffusion
weighted MRI (dwMRI) to detect changes in water compartmentaliza-
tion, exploiting the observation that glymphatic clearance modulates
the relative sizes of the intracellular, interstitial and CSF fluid compart-
ments (Demiral et al., 2019). The latter have almost exclusively focused
on Gaussian diffusion, pseudo-diffusion, and low b values (Taoka et al.,
2017; Demiral et al., 2019). However, in other disorders associated with
subtle changes in intra/extracellular volume such as acute stroke, adop-
tion of high b-value (>2000 smm~2) diffusion weighted images cou-
pled with higher order diffusion models such as diffusion kurtosis imag-
ing (DKI) (Jensen et al., 2005), have demonstrated superior sensitiv-
ity (Jenesen et al., 2011; Grinberg et al., 2012; Hui et al., 2012). As
an example, stroke-associated cell swelling (due to acute failure of the
Na*/K*-pump) leads to an increase in interstitial space tortuosity and
consequently increased diffusion kurtosis (Tao et al., 2005).
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Here, we therefore hypothesise that the expansion of interstitial
space expected with sleep would result in a reduction in diffusion non-
Gaussianity and hence diffusion kurtosis. We additionally expect that
sleep-related changes would be more pronounced in brain regions as-
sociated with slow wave activity during early sleep. To test our hy-
pothesis, we acquired multi-directional high b-value (>2000 smm~2)
diffusion weighted images in a cohort of twenty-one healthy volun-
teers each scanned twice (awake and asleep) and analysed the data with
diffusion kurtosis imaging (DKI) (Jensen et al., 2005), as well as with
mean apparent propagator MRI (MAP-MRI), a higher order representa-
tion (Ozarslan et al., 2013).

2. Materials and methods
2.1. Study design

We utilised a within-subject cross-over design in which all partici-
pants underwent two scanning sessions (once awake and once during
sleep) separated by 3-7 days (mean 4.0 days). Participants underwent
an initial screening and individuals with any current neurological or psy-
chiatric illness, use of prescribed medication, contraindication to zolpi-
dem or history of sleep disorders were excluded. Heavy smokers (>5
cigarettes a day) were excluded. Daily caffeine intake was not part of
the exclusion criteria, however participants were asked not to consume
caffeine for 12 h prior to the scanning sessions.

Participants then completed the Pittsburgh Sleep Quality Index
(PSQI) (Buysse et al., 1989) and only those with a self-reported reg-
ular sleep cycle and sleep efficiency >80% were recruited. Twenty-
one healthy individuals (6 females, mean age 22.3 + 3.2 years) passed
screening and were given an Actigraphy watch to wear (Actiwatch Spec-
trum Plus, Philips Respironics) prior to each scanning session. Ethical
approval was obtained from the Brighton and Sussex Medical School
Research Governance and Ethics Committee (ER/BO80/1) and was in
accordance with the Declaration of Helsinki. All subjects gave informed
written consent before participating in the study.

Both scanning sessions were scheduled for the same time of the day:
09:44 min (+22 m) to minimise circadian effects. For the awake ses-
sion, participants were instructed to arrive at the imaging centre well
rested after a full night sleep. For the sleep session, they were instructed
to remain awake the night before scanning (~24 h sleep deprivation)
then administered 10 mg zolpidem 30-min prior to the scheduled MRI
scan. Zolpidem is one of the most widely prescribed short-acting (with
a half-life of 1.5- 2.4 h) hypnotic drugs and has been shown to be ef-
ficacious in inducing and maintaining sleep with minimal dependence
liability or toxicity (Priest et al., 1997; Monti et al., 2017). 10 mg is a
standard dose for non-elderly individuals, which reaches peak plasma
concentration in ~45 min (Priest et al., 1997; Monti et al., 2017). Par-
ticipants were requested to avoid caffeinated beverages and nicotine for
12 h prior to each scan. Total sleep time, sleep efficiency prior to the
wake scan and compliance with sleep deprivation before the sleep scan
were assessed using Actigraphy data and sleepiness immediately prior
to each scanning session was assessed using the Karolinska Sleepiness
Scale (KSS) (/oxkerstedt and Gillberg, 1990). Participants chose the ses-
sion order (Fourteen (67%) started with the wake scan). Sleep efficiency
is a measure of sleep quality calculated as the ratio of total sleep time
over total time spent in bed.

During scanning, participants were instructed to maintain light pres-
sure on a button box (to detect loss of muscle tone at sleep onset)
with responses recorded using a custom Matlab script (MathWorks, Nat-
ick, Massachusetts, United States). Respiration and pulse were continu-
ously monitored with a respiration belt (Biopac Systems UK) and pulse-
oxymeter (Nonin 8600FO) and data recorded with Biopac AcqKnowl-
edge 5 software (Biopac Systems UK). After scanning participants com-
pleted a subjective sleep questionnaire using a likert scale to indicate
how sleepy, when, how long and how deeply they think they slept dur-
ing each scan.
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2.2. MRI acquisition

MRI data were acquired on a Siemens Prisma 3T scanner equipped
with a 32-channel head coil. Diffusion weighted MRI measurement
were acquired with 2 shells (b = 800, 2600 s/mm?2), sampled in 32
and 64 directions respectively with a single shot, twice-refocused spin
echo (Reese et al., 2003) and an echo planar readout, TR=4100 ms,
TE=87 ms, flip angle=90°, FOV=240 x 240 mm?, matrix=96 x 96,
slices = 60, slice thickness = 2.5 mm, multiband factor = 2, GRAPPA
reduction factor = 2, partial Fourier 6/8. Nine b = 0 s/mm? vol were
also acquired. Data were acquired with anterior-to-posterior phase en-
coding, and a single b0 (b = 0 s/mm?) image was also acquired with
posterior-to-anterior phase encoding to calculate the susceptibility in-
duced off-resonance field. A total of 105 dwMRI volumes were ac-
quired (9 + 32+64), the duration of the diffusion scan was approx-
imately 8 min. A T;-weighted magnetization-prepared rapid gradient
echo (MPRAGE) TR=2300 ms, TE=2.19 ms, TI=920 ms, flip angle=9°,
field of view (FOV): 256 x 256 x 192 mm?3, resolution: 1 mm3 was ac-
quired for normalisation purposes. Total time spent in the scanner was
60 min, of which the first 40 min was sodium MRI followed immedi-
ately (after changing the sodium coil, which took ~2 min) by 20 min of
proton scanning. The proton scans included high resolution T, -weighted
(MPRAGE) anatomical imaging (5.5 min), diffusion weighted imaging
(8 min) and arterial spin labelling (3.5 min), in that order.

2.3. Analysis of physiological measures

Interbeat intervals were derived from RR peaks then imported into
the Kubios software package, to calculate heart rate and parasympathet-
ically mediated high frequency heart rate variability (HF-HRV) for con-
tiguous 5-mins. Respiration data was bandpass filtered (finite impulse
response (FIR): 0.05 Hz to 1 Hz) and the Biopac “find cycles” function
applied to detect inspiration peaks. Inspiration peak time intervals were
then calculated and imported into a custom Matlab script to determine
mean respiration rate in 5-min contiguous epochs.

2.4. MRI data processing

Diffusion weighted images were first corrected for susceptibility in-
duced distortions using the FSL TopUp function (FSL, version 6.0.1) fol-
lowed by eddy to compensate for rigid body and eddy current induced
distortions (Andersson and Sotiropoulos, 2016). To address motion-
associated signal dropout, we estimated and replaced slice-wise outliers
using Gaussian Process prediction (Andersson et al., 2016) then applied
additional slice-to-volume motion correction by modelling movement
as a piecewise continuous function over time (Andersson et al., 2017).

2.4.1. Diffusion kurtosis imaging and diffusion kurtosis tensor imaging
(DKI/DKTID)

As recommended by the DIPY library creators, a 3D Gaussian
smoothing kernel (FWHM=1.25 mm) was applied to the diffusion
weighted images then the DKI/DKTI model fitted using the DiffusionKur-
tosisModel from the DIPY library (Garyfallidis et al., 2014). This pro-
duced 5 kurtosis images: mean kurtosis (MK), axial kurtosis (AK), ra-
dial kurtosis (RK), mean kurtosis tensor (MKT), and kurtosis fractional
anisotropy (KFA), note that the latter 2 come from the DKTI model.
Moreover, the DKI model produced 4 conventional diffusion tensor
imaging (DTI) images: mean diffusivity (MD), axial diffusivity (AD), ra-
dial diffusivity (RD) and fractional anisotropy (FA).

Images were then co-registered to their corresponding high reso-
lution MPRAGE image using Statistical Parametric Mapping (SPM12,
Wellcome Trust Centre for Neuroimaging). The normalization param-
eters obtained from the segmentation (SPM12) of the high-resolution
anatomical image were used to warp the DKI/DKTI images into MNI
space. 3D Gaussian smoothing (SPM12) with FWHM=6 mm was ap-
plied to the normalized images prior to voxel-wise comparison. Global
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measures were obtained by applying GM and WM masks (tissue
probability>90%) to the wake and sleep images in high resolution space.

2.4.2. Mean apparent propagator mri (MAP-MRI)

Changes in diffusion kurtosis may result from changes in ei-
ther: (1) the intra/extra cellular compartment size (Fieremans et al.,
2010; Aggarwal et al., 2020) or (2) exchange between compart-
ments (Jelescu et al., 2022; Olesen et al., 2022). To address this,
we additionally processed the diffusion-weighted images with MAP-
MRI (Ozarslan et al., 2013) using the DIPY library (Garyfallidis et al.,
2014) with laplacian regularisation (weighting factor: 0.2) for fitting
(Fick et al., 2016). This produced parametric images of: Mean Squared
Displacement (MSD), Q-space Inverse Variance (QIV), Return to ori-
gin probability (RTOP), Return to axis probability (RTAP) and Re-
turn to plane probability (RTPP). RTOP, RTAP and RTPP images were
normalised by the mean ventricular CSF values and the non-gaussian
component of MAP-MRI (estimated from the b = 2600s/mm? images)
used to produce 3 further images of: Mean Non-Gaussianity (NG), Non-
Gaussianity Perpendicular and Non-Gaussianity Parallel. All images
were then normalised to MNI space using SPM12 as described above.

2.4.3. Voxel-based morphometry (VBM)

Computational Analysis Toolbox (CAT12) (Gasar and Dahnke, 2016)
was utilized to investigate potential sleep related changes in brain struc-
ture and assess whether any potential changes in diffusion are driven
by partial volume effects. GM, WM, CSF and total intracranial volume
were assessed. VBM analysis was performed on the high-resolution T;-
weighted anatomical images (MPRAGE) collected during the wake and
sleep sessions. VBM included: 1.) spatial registration to a reference MNI
template brain; 2.) segmentation into GM, WM and CSF; 3.) bias cor-
rection of intensity non-uniformities; 4.) segmentations modulated by
scaling with the amount of volume changes due to spatial registration.
3D Gaussian smoothing (SPM12) with FWHM=8 mm was applied to
the normalized modulated tissue probability maps images prior to the
voxel-wise comparison.

2.4.4. Statistical analysis
Physiological measures. Changes in HRV-HF and button press response
were investigated. Main effects of time and condition (wake; sleep) and
their interaction were assessed using repeated measures ANOVA in SPSS
27 (IBM SPSS Statistics).

DTI/DKI/DKTI. The mean GM and WM (tissue probability> 90%)
DTI/DKI/DKTI indices were compared between sessions with a
paired-sample T-test (SPSS). We used the false discovery rate (FDR)
(Benjamini and Hochberg, 1995) to control for multiple comparison er-
rors when we assessed the statistical significance of global changes in
diffusion parameters in GM and WM and also report standardized ef-
fect sizes (Cohen’s d). Moreover, DKI/DKTI parameters were compared
across conditions using voxel-wise paired sample t-test in SPM12. Statis-
tical significance was determined using cluster size inference with an ini-
tial cluster forming threshold of p < 0.001 (Woo et al., 2014), and cluster
Prpr<0.05. Anatomical information was derived using the xjView tool-
box (http://www.alivelearn.net/xjview; based on the WFU_PickAtlas,
http://fmri.wfubmc.edu/software/PickAtlas).

ROI analysis in ascending arousal network and thalamic nuclei. Paired t-
test analysis was carried out to compare mean kurtosis during wake
and sleep in the ROIs derived from the Harvard Ascending Arousal Net-
work (AAN) Atlas (Edlow et al., 2012), specifically focusing on Dor-
sal/Median Raphé and Locus Coeuleus. Dorsal/Median Raphé and Lo-
cus Coeruleus ROIs were combined to one cluster before calculating the
changes in mean kurtosis. Moreover, the Oxford thalamic connectivity
atlas (Behrens et al., 2003) was used to investigate sleep related changes
in kurtosis in the thalamic nuclei.
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MAP-MRI. To determine whether sleep-associated changes in kurto-
sis were predominantly driven by water exchange between compart-
ments or by extra/intra-cellular relative volume changes we created
mean kurtosis (MK) cluster masks then used these to estimate changes
in MSD (sensitive to the overall mobility of intra and extracellular wa-
ter molecules) and RTOP (sensitive to membrane restriction and intra-
cellular volume). We utilised FDR to control for multiple comparisons.
As DKI and MAP-MRI both provide information on non-gaussianity, we
additionally compared the sensitivity of DKI and MAP-MRI-NG to sleep-
related changes. This was accomplished by qualitative comparison of
the voxel-wise statistical significance maps (cluster forming threshold
of p<0.001, and cluster pgpg<0.05) obtained from DKI and MAP-MRI-
NG.

VBM.

Total tissue volume.  Significant changes in total tissue volume (GM,
WM and CSF) were determined by paired sample t-test analysis, two-
tailed null hypothesis, p<0.05 was considered significant.

Voxel-wise comparison. The smoothed (3D Gaussian FWHM=8 mm)
modulated normalized tissue probability maps were compared across
conditions using voxel-wise paired sample t-test in SPM12, where total
intracranial volume was used as a covariate. Statistical significance was
determined using cluster size inference with an initial cluster forming
threshold of p < 0.001, and cluster pgpr<0.05.

2.4.5. Data and code availability statement

Data and code are available upon request and after the approval of
Brighton and Sussex Medical School Research Governance and Ethics
Committee.

3. Results

Five participants were excluded from the final analysis: two failed to
sleep during the sleep session and three had high motion-related arte-
facts, leaving a final cohort of 16 participants each scanned twice (once
during wake and sleep).

3.1. Behavioural results

3.1.1. PSQI

All participants reported a regular sleep-wake cycle in the preced-
ing month with mean sleep duration, onset latency and efficiency of 7.7
(«1.6) hours, 20.8 (+ 12.3) minutes and 95.6 (+2.4)% respectively. Par-
ticipants also reported good sleep quality with an average PSQI score of
4.3 +2.4.

3.1.2. Sleep-induction procedures

Actigraphy indicated good sleep efficiency (80.6% =+ 13.1%) prior
the wake scan and demonstrated that participants complied well with
the pre-scan sleep instructions (see Fig. 1A-B): Mean sleep duration prior
to the sleep scan 41min+ 1h51min (of the 16 participants, 14 had no
sleep, 1 ~4 h and 1 ~6 h of sleep prior to the sleep scan; of note the
latter participants slept well during the sleep scan). Mean sleep duration
prior to the wake scan was 6h36min+1h23min; Wilcoxon signed-rank,
Z = 3.533, p < 0.001. Accordingly, participants reported significantly
higher sleepiness immediately prior to the sleep (mean KSS= 7.8 + 0.9)
versus the wake scan (KSS = 3.9 + 1.4); t;5 = 9.527, p<0.001).

3.1.3. Sleep during scanning

Participants showed a significant reduction in button press re-
sponses during the sleep versus the wake scan indicative of sleep dur-
ing that scan session: Time x Condition (sleep, wake) interaction F(5 45
=9.537, p<0.001 (Fig. 1C). This was supported by a significant in-
crease in parasympathetically mediated HF-HRV during the sleep scan
(Time x Condition interaction Fj 735 26024y = 4.773, p = 0.021 after
Greenhouse-Geisser correction for lack of sphericity) (Fig. 1D) and self-
reported sleep quality during the sleep scan (Fig. 1E).
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3.2. Diffusion imaging

None of the standard DTI indices (e.g., MD and FA) showed sig-
nificant sleep-associated differences in either GM or WM ROIs after
Bonferroni correction for multiple comparisons (uncorrected increase
in GM FA: t;5=2.16, p = 0.024). However, we did observe signifi-
cant differences in DKI indices. Specifically, there was a significant de-
crease in MK in both whole brain GM and WM (t;5=2.82, p = 0.006
and t;5=2.49, p = 0.012 respectively), and RK in both GM and WM
(t;5=2.87, p = 0.006 and t;5=2.63, p = 0.010, respectively). More-
over, there was a significant decrease in MKT in both GM and WM
(t;5=2.70, p = 0.008 and t;5=2.00, p = 0.032 respectively) though the
latter did not survive Bonferroni correction. Notably, MK and MKT val-
ues in GM were very similar, though WM MKT produced lower val-
ues. A significant increase in KFA was observed in both GM and WM
(t;5=2.41, p = 0.015 and t;5=2.30, p = 0.018 respectively). The global
diffusion and kurtosis measures are summarised in Table 1, and Sup-
plementary SI-Fig. 1 includes line plots for each measure, with each
line representing data from a single participant. Decreases in MK, MKT,
and RK in GM and WM were ~1.5%, while the GM increase in KFA
was 8.2%.

Similarly, the voxel-based analysis did not show any significant
changes for FA and MD. When comparing MK between sleep and wake,
several areas of decreased MK during sleep were identified (Fig. 2
blue). Amongst these, 4 clusters survived FDR correction. Significant
MK clusters and the corresponding percentage change are summarised
in Table 2. The largest significant cluster is located in bilateral posterior
and middle cingulate cortex, precuneus, cuneus, and calcarine sulcus.
The second largest cluster is centred in the right middle occipital cortex
and runs down to the middle temporal lobe. The third cluster is located
in the right thalamus (passes through the third ventricle) towards the
cerebellum and touches onto the midbrain. The fourth significant clus-
ter (size=182) runs between left thalamus and left superior temporal
gyrus.

Brain regions with significantly reduced MK (blue) and RK (red) dur-
ing 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 FDR of p < 0.05 were considered significant.
Left side of the image displays axial slices from z= —20 to z = 35 in 5 mm
increments. Right side displays sagittal slices from x= —50 to x = 60 in
10 mm increments.

Significant decreases in RK were identified in the same areas (Fig. 2
and SI-Table 2). The changes in RK overlap very well with those found
with MK, suggesting that the changes in MK are mainly driven by the
radial component. No significant changes were observed in the other
direction, i.e., increase in diffusion kurtosis during sleep.

In addition to MK and RK, significant KFA clusters (not shown here)
also coincide.

Fig. 2 indicated significant reduction in the brainstem. This was
confirmed by placing an ROI in the Dorsal/Median Raphé and Lo-
cus Coeuleus nuclei, MK was reduced from 0.93 + 0.05 (wake) to
0.91 + 0.05 (sleep), p = 0.0084, t;5 = 2.69. Moreover, ROI analysis
in the thalamus indicated that the greatest reduction in mean kurto-
sis occured in the nucleus connected to the posterior parietal cortices,
where MK was reduced from 0.88 + 0.04 (wake) to 0.85 + 0.04 (sleep),
p < 0.0001, t;5 = 6.47.

3.2.1. MAP-MRI analysis

Table 3 summarises the post-hoc analysis of MAP-MRI parameters
MSD and RTOP for the clusters that showed significant reduction in
MK during sleep. In all clusters except for the Thalamic cluster, we ob-
served significant reduction in MSD. While all clusters showed a reduc-
tion in RTOP, the changes were not significant. Supplementary SI-Figs.
2-5 present cross-correlation matrices summarizing the relationship be-
tween MK, RK, MSD, and global CSF change for each significant MK
cluster during wake and sleep.
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Fig. 1. Behavioural results. (A) Mean total sleep time before the wake scan (blue) and sleep scan (red); (B) Mean Karolinska sleepiness scale score before scan
sessions; (C) Button press during the proton scan sessions (sodium not shown here), the dotted area represents the duration of the diffusion scan and the relative
position with respect to the start of proton scan; (D) High frequency power of HRV during sessions; Error bars = Standard deviation (A and B) and Standard error of
the mean (C and D).

Table 1
Summary of mean =+ SD of global GM (tissue probability>90%) and WM (tissue probabilty>90%) ROIs diffusion and kurtosis measures.

GM WM

Wake Sleep % change Cohen’s d Wake Sleep % change Cohen’s d
Diffusion measures
MD (#m?2/ms) 1.04 + 0.04 1.04 + 0.03 —0.40 + 1.88 0.23 0.90 £ 0.02  0.90 + 0.01 -0.36 + 1.76 0.21
AD (ym?/ms) 1.17 £ 0.04 1.17 + 0.03 —-0.15 + 1.60 0.11 1.28 + 0.01 1.28 + 0.02 -0.32 £ 1.59 0.21
RD (ym?/ms) 0.98 +0.04 0.97 +0.03 —0.55 + 2.09 0.28 0.71 £0.02 0.71 +0.01 —0.40 + 1.98 0.21
FA 0.12 + 0.01 0.127 + 0.01 2.26 + 4.15" 0.54 0.37 £ 0.01 0.37 £ 0.01 0.29 +1.41 0.19
Kurtosis measures (DKI)
MK 0.71 £ 0.01 0.70 + 0.02 -1.12 + 1.58" 0.71 0.94 + 0.03 0.93 + 0.03 —1.05 + 1.68 0.62
AK 0.68 + 0.01 0.68 + 0.02 -0.21 + 1.62 0.13 0.76 £ 0.02  0.76 + 0.02 —0.40 + 1.36 0.30
RK 0.75+0.02  0.74 + 0.02 -1.63 + 2.25" 0.72 1.19 + 0.04 1.17 £ 0.06  -1.41 +2.12** 0.66
DKTI
MKT 0.71 +0.01 0.70 + 0.02 —1.01 + 1.49* 0.68 0.92+0.02 0.91 +0.03 -0.82 + 1.64" 0.50
KFA 0.20 + 0.02  0.21 +0.02 8.21 +13.6™ 0.60 0.40 £ 0.02  0.40 = 0.01 1.87 +3.25" 0.57

* Uncorrected statistical significance p < 0.05;.
** FDR corrected statistical significance; Cohen’s d (Sawilowsky, 2009): d = 0.01 very small, d = 0.20 small, d = 0.50 medium, d = 0.80
large, d = 1.20 very large and d = 2.0 huge effect size.
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Fig. 2. Voxel-wise comparison of mean and radial kurtosis between wake and sleep.

T value  p (FDR-corr) cluster % Change of baseline

7.244 0.000
6.7796
6.4942
7.0755 0.000

-22+1.4

-2.7+1.6
6.9685
6.9386
5.7438 0.000
5.3819
5.3425
5.5387 0.037
4.8973

-29+15

-28+1.7

Table 2

Clusters showing significant reduction in mean kurtosis during sleep.
MK: Brain regions MNI [x y z] k L/R
Middle Occipital [34 -78 10] 674 R
Temporal Mid R (aal3vl [42 -62 10] R
Cuneus_R (aal3vl) [22 -84 10] R
Cingulate_Post_L (aal3v1) [-8 —38 28] 1868 L
Cingulate_Post_L (aal3v1) [-4 —46 20] L
Cingulate_ Mid_R (aal3v1) [0 —28 30] R
Thal_Pul R (aal3v1) [16 —26 2] 590 R
Thal VL R (aal3vl [14 -1212] R
Vermis_3 (aal3v1) [2 -36 —10] R
Thal_VPL _L (aal3v1) [-20 -28 2] 182 L
Temporal Sup_L (aal3v1) [-42 -26 8] L
Thal_PuA_L (aal3v1) [-14 -24 10] L

4.0985

Percentage change was determined for each participant before averaging in the following way: ((mean cluster sleep
MK- mean cluster wake MK)/mean cluster wake MK) *100; + represents SD between participants. The statistical
significance was determined using cluster size inference with an initial cluster forming threshold of p< 0.001,
where clusters with FDR- corrected p < 0.05 were considered significant.

3.2.2. Sensitivity to sleep-induced changes of DKI and MAP-MRI’s
non-Gaussianity indices

Both DKI and MAP-MRI were used to measure changes in non-
Gaussian diffusion using voxel-wise analysis. Both techniques detected
a significant decrease in non-Gaussian diffusion during sleep. However,
DKI appears to be more sensitive to the sleep-related changes, as it iden-
tified more and larger significant clusters in its statistical maps. Fig. 3
shows the results of comparing changes in non-Gaussian diffusion be-
tween wake and sleep states using these techniques. Fig. 3A displays
the significant clusters identified using DKI, while Fig. 3B shows the
significant non-Gaussian (NG) clusters identified using MAP-MRI.

3.2.3. VBM

There were no significant differences in GM, WM and CSF vol-
umes between wake and sleep scans. The absolute volumes as
well as the differences are summarized in Table 4 and plotted in
SI-Fig. 6.

The voxel-wise analysis revealed no significant changes in GM vol-
ume between the sleep and wake states, and there were also no changes
observed at the interface between CSF and GM. However, the anal-
ysis did reveal a significant reduction in CSF volume and a corre-
sponding increase in WM volume in the frontal periventricular WM
regions.
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Fig. 3. Assessment of non-Gaussianity. (A) Voxel-wise comparison of mean kurtosis (MK) between wake and sleep; (B) Voxel-wise comparison of non-Gaussian
component of MAP-MRI between wake and 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 FDR of p < 0.05 were considered significant. MNI coordinates: x = 6 y=—26 z = 10. The colour bar represents T-value.

4. Discussion

Here, using non-Gaussian diffusion imaging we show that sleep is
associated with a global reduction in both mean and radial kurtosis. This
reduction in kurtosis (diffusion non-Gaussianity) is in accord with our
prior hypothesis, and suggests that the sleep-associated expansion of the
interstitial space reported in rodents may also be occurring in humans.
In further support of this, we also observed region-wise reductions in
radial kurtosis in regions known to be involved in sleep-onset and slow
wave generation (e.g., brainstem, thalamus) as well as areas that are
highly metabolically active during wakefulness e.g., regions associated
with the default mode network (DMN).

Diffusion kurtosis as a measure of deviation from Gaussian diffu-
sion has previously been associated with tissue complexity (Jensen and
Helpern, 2010; Szczepankiewicz et al., 2016). The decrease in kurtosis
we observed indicates that water diffusion is becoming more Gaussian
(Ozarslan et al., 2013) during sleep, as would be hypothesised to oc-
cur with a sleep-associated increase in the interstitial volume fraction.
To further investigate the origin of this reduction in diffusion kurto-
sis, in particular whether this was likely driven by changes within the
interstitial domain or alternately an increase in fluid exchange across
compartments (Jelescu et al., 2022; Olesen et al., 2022) we additionally
completed a MAP-MRI analysis. This revealed a sleep-associated reduc-
tion in Mean Squared Displacement (MSD) in the significant clusters
which would be consistent with a reduction in intracellular volume but
not an increase in exchange (which would lead to either no change or
an increase in MSD). Furthermore, we also observed a non-significant
sleep-associated reduction in the Return-To-Origin-Probability (RTOP)
indicative of an increase in the volume of the tissue porous matrix,
of which the interstitial space is a component. Indeed, RTOP is a mi-
crostructural index inversely correlated to the tissue mean pore volume
(Menon et al., 2020). Together, these two observations support the hy-
pothesis that the observed reduction in kurtosis is likely to originate
from an increase of the interstitial volume during sleep, in agreement
with rodent findings (Xie et al., 2013; Ding et al., 2016). The corre-
lation matrices (Supplementary Figs. 2-5) showed a general negative

relationship between MK/RK and MSD across all clusters, but the mag-
nitude of association varies between clusters. This suggests that DKI
and MAPMRI may be capturing unique aspects of the brain structure.
Additionally, we saw a positive relationship between MSD and CSF vol-
ume in the occipital and posterior cingulate clusters, but no relationship
with RK. Conversely, there was a positive relationship between MK/RK
and CSF volume in the thalamic clusters, but no relationship with
MSD. The interpretation of these results may require further study and
investigation.

Our VBM did not reveal any significant changes in tissue volumes
at the CSF-GM matter interfaces. This supports our interpretation of the
diffusion kurtosis findings, indicating that the observed changes in mean
kurtosis were not influenced by partial volume changes such as an in-
crease in CSF volume and a reduction in grey matter volume. However,
we did find significant changes in the volume of WM and CSF in the
frontal periventricular white matter region. Specifically, an increase in
WM volume and a corresponding decrease in CSF volume. The signifi-
cance of these volumetric findings at this point is unclear and requires
further investigation, which we defer to future work.

To our knowledge, only one previous study has used diffusion
weighted MRI to investigate sleep-associated changes in interstitial vol-
ume in humans (Demiral et al., 2019). These authors reported a signif-
icant increase in the “slow” ADC of the cerebellum and the temporal
lobe and suggested that this may be related to an increase in inter-
stitial volume during sleep. In contrast to this study, we did not ob-
serve any significant changes in MD estimated from the DKI analysis.
However, this may relate to the greater (~2 fold) sensitivity of kur-
tosis measures to microstructural changes than diffusivity (Hui et al.,
2012) and the fact that ADC (or MD) measurements that use a Gaus-
sian diffusion representation for b values up to 1000s/mm? may be
biased by unaccounted kurtosis effects. In support of this, DKI repre-
sentations have also been shown to provide more accurate estimates of
ADC (or MD) and other DTI indices (Lanzafame et al., 2016). Addition-
ally, while Demiral et al. (2019) discovered a marked increase in cere-
brospinal fluid (CSF) volume (1.3%) during sleep, our findings did not
indicate a statistically significant variation in tissue volumes between
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Table 3

MAP-MRI results.

Temporal cluster

Thalamic cluster

Posterior cingulate cluster

Cuneus cluster

Cohen’s d

% change

Sleep

% change  Cohen’sd  Wake

Sleep

% change  Cohen’sd  Wake

Sleep

% change  Cohen’sd  Wake

Sleep

Wake

0.80
0.

-1.63
-0.80

1.44

1.47

0.21
0.24

~0.44
~1.54

1.79

1.80

0.45
0.18

—-0.94"
-1.11

1.85

9.13

1.86
9.27

0.61
0.19

-1.18
-0.94

1.65

1.67

MSD (10~%)
RTOP

14

13.43

13.60

11.10

11.34

11.03

11.22

Summary table of Mean Squared Distance and Return to Origin Probability estimated with the MAP-MRI technique;.

* Uncorrected statistical significance p< 0.05;.

2.0 huge

0.80 large, d = 1.20 very large and d

0.20 small, d = 0.50 medium, d =

0.01 very small, d =

** FDR corrected statistical significance; Cohen’s d (Sawilowsky, 2009): d

effect size.
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Table 4
Summary of brain tissue volumes during wake and sleep (Mean + Standard
deviation).

Wake Session Sleep Session p-two tailed

GM (ml) 744.6 + 78.4 742.1 + 80.7 0.360
Brain Volumes WM (ml) 544.5 + 93.0 546.3 + 90.1 0.167
CSF (ml) 262.3 + 36.5 258.6 + 36.6 0.052

the wake and sleep states. Specifically, we noticed a slight decrease in
CSF volume (—0.8%) during sleep, but it was not found to be statistically
meaningful.

In addition to predicting a global reduction in GM and WM kurtosis
during sleep we also hypothesised that changes would be localised to
areas known to exhibit slow wave generation during sleep onset and/or
areas such as the default mode network (DMN) that are particularly
metabolically active during wakefulness (Raichle et al., 2001). Our re-
gional analyses partially supported this hypothesis, revealing a symmet-
ric pattern with two large clusters showing a reduction in MK/RK that
each appeared to form a continuous path, the first running from the
right thalamus, along the third ventricle through the midbrain to the
cerebellum and the second running from the posterior cingulate gyrus
to precuneus and then the cuneus bilaterally. The regions showing a sig-
nificant decrease in kurtosis have also been functionally related to sleep
onset. For example, the thalamus has been shown to be involved in delta
rhythm generation via disfacilitation of the cortex (Steriade and Amz-
ica, 1998). Connections between brainstem nuclei and the thalamus are
believed to be involved in sleep state switching and the medial thalamus
acts as a hub for natural sleep initiation as well as for the initiation of loss
of consciousness after anaesthesia (Saper et al., 2010; Baker et al., 2014;
Gent et al., 2018). ROI analysis revealed a significant reduction in dif-
fusion kurtosis in the Locus Coeruleus and Raphe nuclei. These findings
are particularly intriguing as the Locus Coeruleus is the main source of
noradrenaline in the mammalian CNS, a crucial neurotransmitter for at-
tention and arousal (Aston-Jones and Waterhouse, 2016). Noradrenaline
has been shown to be a key regulator of the glymphatic system, and re-
duced noradrenaline signalling has been linked to an expansion of inter-
stitial space and increased cerebrospinal fluid production (Aston-Jones
and Waterhouse; Xie et al., 2013; Nilsson et al., 1992). The Raphe nu-
clei contain serotoninergic neurons, and inhibition of these neurons is
associated with decreased anxiety and deep relaxation (Andrade et al.,
2013). Furthermore, ROI analysis of Thalamic nuclei showed that the
greatest decrease in diffusion kurtosis in the anterior pulvinar and lat-
eral posterior nucleus, which have extensive connections with the pos-
terior parietal cortices (Behrens et al., 2003). While these nuclei are not
known to be directly involved in sleep regulation, they are part of the
default mode network, which shows particularly high metabolic activity
during wake (Raichle et al., 2001).

It is worth noting that while the thalamus and brainstem are involved
in sleep onset and slow wave generation, a recent study investigating the
haemodynamic response to early stage showed that slow waves of EEG
correlated with high frequency haemodynamic fluctuations in frontal
areas (Song et al., 2022). On the other hand, sleep spindles correlated
with slow haemodynamic fluctuations in the posterior areas (which co-
incide with our clusters).

The second observed cluster included the posterior cingulate, pre-
cuneus, middle temporal gyrus and parietal cortex, key nodes of
the DMN that are highly metabolically active during wakefulness
(Raichle et al., 2001). These areas have been shown to undergo deacti-
vation during sleep, anaesthesia induced loss of consciousness and veg-
etative states (Braun 1997; Maquet et al., 1997; Andersson et al., 1998;
Fiset et al., 1999; Laureys et al., 1999). Interestingly, precuneus, poste-
rior cingulate and medial parietal cortices are also prone to the effects of
sleep deprivation, with reports of a ~1.7% decrease in cortical thickness
in these areas after 23 h of sleep deprivation (Elvsdshagen et al., 2017).
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The posterior cingulate cortex and precuneus have also been shown
to be particularly vulnerable to metabolic challenges i.e., ischaemia and
carbon monoxide poisoning and are one of the earliest areas to be af-
fected by Alzheimer’s disease (Raichle et al., 2001; DeVolder, 1990;
Minoshima et al., 1997) with amyloid beta deposition apparent even
in early-stage Alzheimer’s disease (Palmqvist et al., 2017). In humans,
a single night of sleep deprivation has been shown to significantly re-
duce amyloid beta clearance (Shokri-Kojori et al., 2018). It is therefore
noteworthy that the regions where we observed the most statistically
robust sleep-associated reductions in kurtosis co-located with areas that
are particularly vulnerable to both metabolic challenges and amyloid
deposition in Alzheimer’s disease. Based on the local control of sleep
homoeostasis these areas might “need” more rest after sleep deprivation
this might be the reason for increased glymphatic activity as indicated
by significant reduction in kurtosis (Kattler et al., 1994; Krueger and
Tononi, 2011).

Sleep-associated reductions in kurtosis also showed a posterior-
anterior gradient with greatest reductions observed in posterior regions
of the brain. It is therefore noteworthy that a recent study combining
MRI and EEG showed increased vasomotor pulsations and slow wave
power during early non-rapid eye movement (NREM) sleep in a simi-
lar pattern of posterior brain regions (Helakari et al., 2022). Vasomotor
pulsation is one of the main pulsatile forces believed to drive CSF flow
and promote fluid transport (Yamada et al., 2013; Illif et al., 2013). It
is therefore encouraging that an independent group showed plausible
glymphatic system related changes in the similar brain areas as us with
a completely different MRI technique. Together these observations sug-
gest that during sleep there is increased CSF flux along the perivascular
space which is accompanied by the expansion of interstitial space and
hence enhanced glymphatic clearance.

4.1. Limitations of the study

Our study has a number of limitations. Firstly, we were unable to de-
couple the main effects of sleep, sleep deprivation, and use of zolpidem
or their interactions. There is currently no data on the effects of zolpi-
dem on diffusion measures. However, per-clinical studies showed that
increase in interstitial space volume during sleep is not dependant on
how sleep is induced, i.e., naturally or with pharmacological interven-
tion (Xie et al., 2013; Ding et al., 2016). Secondly, we did not observe
pre-scan sleep directly but instead relied on actigraphy data to check
compliance with the sleep requirements. This showed that all but 2 par-
ticipants complied with full sleep deprivation, and the 2 participants
who showed some sleep during the sleep-deprivation procedure did not
differ on indices of sleepiness or sleep during the scan session. A third
limitation of the study is an absence of simultaneous EEG recording due
to the nature of pulse sequences being used. This meant that we were
unable to electrophysiologically confirm sleep in the scanner or directly
relate our findings to slow wave activity as has been done in rodents
(Xie et al., 2013; Ding et al., 2016; Hablitz et al., 2019). Nevertheless,
our indirect measures of sleep during scanning such as loss of muscle
tone (button presses) suggests that participants achieved sleep in the
scanner. In this regard, muscle tone has previously been used as an ap-
proximation for sleep onset (Ogilvie, 2001) and has shown good corre-
lation between sleep onset and stage 2 sleep measured by polysomnog-
raphy (Viens et al., 1988). It is worth mentioning that our findings are
based on cluster level statistics, which is less stringent than voxel-wise
correction for multiple comparisons. We chose this approach, as this
is the first study investigating the dependency of diffusion gaussianity
on sleep, and we wanted to maximise sensitivity, given the relatively
small sample size. In order to minimise the risk of false positives, we
followed published guidelines for cluster-forming uncorrected thresh-
old (Woo et al., 2014). Finally, we observed that some DKTI parameters,
specifically KFA, are very sensitive to noise (particularly in GM). This,
however, was not the case for mean and radial kurtosis, on which our
findings are reliant.
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5. Conclusion

Overall, we report a sleep-associated reduction in diffusional kurto-
sis in whole brain GM and WM which is consistent with the hypothesis
of a relative increase in the interstitial fluid volume fraction during sleep
which may facilitate glymphatic clearance. Importantly, we did not ob-
serve significant changes in any DTI index, suggesting that kurtosis can
be more sensitive than classical diffusion measures to sleep related mi-
crostructural changes. Reductions in kurtosis were localised to brain ar-
eas associated with slow wave generation (thalamus, brainstem) and
default mode network regions, which might be related to an increased
glymphatic function during recovery sleep as a result of prolonged ac-
tivity during wake. Post-hoc analysis with higher-order representations
(MAP-MRI) suggests that the observed changes in kurtosis during sleep
likely originate from changes in the intra/extracellular domain rather
than differences in exchange across compartments i.e. changes in cell
membrane permeability.
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