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A B S T R A C T

Acute sleep deprivation is known to impair vigilance performance and alter brain physiology. This study in
vestigates structural, physiological and cognitive effects of one night of sleep deprivation (SD) and subsequent 
recovery.

Thirty healthy participants underwent (18M/12F, mean age 28.0 ± 4.7 years, range 20–38) a multimodal 
assessment including 7T MRI, plasma biomarker analysis, and Psychomotor Vigilance Task (PVT) testing at three 
time points: baseline, after 24 h of SD, and following a 72-h recovery period.

Our results demonstrate that SD induced a significant increase in total perivascular space (PVS) volume (from 
6711.5 mm3 to 7475.3 mm3; p < 0.001), a marker of impaired glymphatic function, which completely 
normalized after recovery. These macrostructural changes were accompanied by reversible microstructural al
terations, including decreased T1 relaxation times and shifts in quantitative susceptibility mapping (QSM) in 
multiple brain regions, indicative of dynamic fluid shifts. Systemically, SD led to an increase in pro-inflammatory 
markers, notably MMP-9 (from 52.3 pg/mL to 69.2 pg/mL; p < 0.05), and changes in multiple peripheral bio
markers. Behaviorally, participants exhibited significantly more attentional lapses (slowest 10 % RT: 386.4 
ms–410 ms; p < 0.05), which were also reversed upon recovery.

In conclusion, a single night of SD triggers a cascade of interconnected and fully reversible physiological 
changes, likely initiated by transient glymphatic disruption. Healthy individuals are able to recover mostly from 
one night of SD, suggesting that adverse effects of SD, when not in a chronic state, can potentially be reversed.

1. Introduction

Sleep is fundamental for maintaining brain homeostasis and plays a 
crucial role in waste clearance, with perivascular spaces (PVS) thought 

to play a pivotal role in this process [1–4]. This system facilitates the 
removal of toxins from the brain, with cerebrospinal fluid (CSF) flowing 
into the PVS and mixing with interstitial fluid (ISF), which then drains 
through perivenous and periarterial spaces [3–8]. Sleep disturbances, 
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ranging from acute deprivation to chronic disorders like insomnia, have 
well-documented psychophysiological consequences, including 
impaired vigilance, memory consolidation, and emotional regulation. 
Traditionally, sleep-related brain alterations have been assessed using 
electroencephalography (EEG), which reveals changes in brain syn
chronization and cortical excitability [9–12]. This vital process pri
marily occurs during sleep, highlighting the importance of adequate 
sleep for brain health.

Conversely, sleep deprivation is detrimental to health and has been 
linked to various neurological disorders, including Alzheimer’s disease 
(AD) [13,14]. Animal models further demonstrate that chronic sleep 
deprivation actively drives neuropathology by triggering potent neuro
inflammation via glial cell activation in the hippocampus [15]. This 
sustained cellular stress impairs synaptic plasticity essential for memory 
[16] and can ultimately lead to irreversible neuronal injury through 
mitochondrial damage and apoptosis [17]. A leading theory for these 
destructive effects on brain health points to the disruption of the brain 
clearance [5]. Sleep deprivation is known to impact both the immune 
and glymphatic systems [13,18]. Studies in mice have shown an asso
ciation between sleep deprivation and the activation of proin
flammatory cytokines such as TNF-a [19]. However, a recent 
meta-analysis of human studies did not find changes in inflammatory 
proteins after a single night of sleep deprivation [20].

Directly detecting changes in the glymphatic system is challenging 
[21]. Therefore, PVS enlargement is commonly used as a proxy for 
assessing glymphatic function [22,23]. PVS can be exquisitely delin
eated and visually assessed using 7T MRI [24,25] The superior spatial 
resolution and high signal-to-noise ratio of ultra-high-field MRI are 
essential for the ’exquisite delineation’ and accurate automated and 
semi-automated segmentation strategies that provide metric and 
morphological features to estimate the amount of fluid present in the 
PVS [22,26–28], which is more challenging at lower field strengths [25]. 
PVS enlargement is also observed in aging and various neurological 
disorders, although its precise role remains under investigation [18,
29–32]. For example, PVS are significantly enlarged in patients with 
chronic insomnia, who also exhibit signs of cognitive impairment [5].

To date, few human studies have investigated the impact of a single 
night of sleep deprivation on brain health [33,34]. We aimed to address 
this gap and further our understanding of sleep deprivation’s effects on 
health, as well as to explore the reversibility of adverse effects. Our study 
investigates whether short-term sleep deprivation has a measurable 
negative impact on healthy individuals, and if so, whether these effects 
are reversible with sleep restoration. We hypothesize that transient 
adverse effects of sleep deprivation can be observed in healthy in
dividuals, but that these effects can quickly recover once sleep is 
restored. By examining PVS morphology, peripheral biomarkers, reac
tion time and expecting changes in tissue composition, this exploratory 
study seeks to further elucidate the impact of sleep deprivation on PVS 
and the immune system, both of which are key factors in the develop
ment of neurological disorders. While PVS enlargement is a widely used 
proxy for impaired glymphatic function, it is an indirect measure. A key 
strength of our study’s longitudinal design is that by tracking changes in 
PVS volume relative to each participant’s own baseline, we control for 
inter-individual confounds in baseline PVS burden, isolating the specific 
effect of sleep deprivation.

2. Material and methods

2.1. Participants/subjects

Thirty healthy participants were recruited from June 2024–January 
2025 and enrolled in this study. Healthy subjects between the ages of 
20–40 years, female and male, with any background, left and right 
handedness were eligible. Participants were recruited from the local 
university and community via posted flyers and internal mail lists. 
Contraindications included sleep disorders, such as sleep apnea, 

medication intake, chronic illnesses, epilepsy, and pregnancy as well as 
general MRI contraindications such as tattoos, tinnitus, pregnancy, 
metallic implants, and claustrophobia. As part of this screening, par
ticipants completed a questionnaire which included self-reporting on 
any known sleep problems or sleep disorders (see Table 1, ’Sleep Dis
order’). Participants who reported a known sleep disorder were 
excluded. No further clinical examinations or specific questionnaires 
were performed. All participants provided written informed consent. 
The study was approved by the local Ethics Committee (25/24, 
Addendum April 18, 2024) and conducted according to the Declaration 
of Helsinki.

2.2. Experimental design

Participants were supervised by medical staff in order to ensure the 
safety and health of participants, as well as to confirm that the partici
pants were awake for the allocated 24h of sleep deprivation.

The first two MRI scans were taken 24h apart, with a minimum of 
24h of sleep deprivation between the first two scans. The third and final 
MRI scan took place three days after the second scan. Blood samples 
were also collected at each MRI timepoint. Between the first and second 
scan, participants were asked to eat and drink normally, and to avoid 
high-intensity sports activities (short walks were permitted) and only 
low caffeine intake (less than in everyday consumption). No sleep re
strictions were placed between the second and third scan, and partici
pants were asked to eat and drink as they normally would. Exercise was 
to be kept in moderation. Participants were asked to refrain from alcohol 
during the testing week. To minimize circadian variations, all three 
measurement sessions (0h, 24h, 96h) were scheduled at the same time of 
day for each participant. Blood samples were collected immediately 
after the MRI scan. The study design is shown in Fig. 1.

2.3. MRI protocol

Images were acquired on a whole body 7T Plus MRI scanner 
(Siemens Healthineers, Erlangen, Germany; gradient strength: 70 mT/ 
m, slew rate: 200 T/m/s) using a 32-channel receive head coil (8Tx/ 
32Rx), applying equal imaging protocol settings at all time points. 
Following an initial localizer scan, we acquired a 3D high-resolution T1- 
weighted magnetization prepared two rapid gradient echo (MP2RAGE) 
sequence (TR/TE = 4800/2.01 ms, TI1/TI2 = 900/2750 ms, matrix size 
= 320 x 320 x 256, α1/α2 = 5/3◦, acquisition time = 744 s). For 

Table 1 
Baseline Demographics and Characteristics of Study Participants (N = 30). 
Values are presented as mean ± standard deviation or n (%). 1The value for sleep 
disorder was constant (2.0) across all participants, indicating no known sleep 
disorders within the sample.

Characteristic Value

Age (years)
Mean ± SD 28.0 ± 4.7
Median 27
Min/Max 20/38

Gender and age distribution
Men 18 (60 %)

Mean ± SD 27.3 ± 4.6
Median 26
Min/Max 20/37

Women 12 (40 %)
Mean ± SD 29.2 ± 4.9
Median 27.5
Min/Max 23/38

Children (n) 0.17 ± 0.46
Sleep Disorder All participants reported the same status1

Sport per week (sessions) 2.8 ± 1.5
Alcohol consumption (units/week) 0.6 ± 0.6
Alcohol consumption (units/month) 2.4 ± 2.6
Smoker/Non-smoker 2/28
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susceptibility mapping, a 3D multi-echo, ASPIRE-based gradient echo 
(GRE) sequence [35] was used (TR = 25 ms, TE = 5, 10, 15, 20 ms, 
matrix size = 320 x 320 x 240, α = 10◦, acquisition time = 849 s). 
Finally, a 3D T2-weighted (T2w) SPACE sequence was acquired (TR/TE 
= 5500/458 ms, matrix size = 320 x 320 x 240, variable α = 120◦, 
acquisition time = 479 s). All three sequences had an isotropic spatial 
resolution of 0.7 x 0.7 × 0.7 mm3.

2.4. Psychomotor Vigilance Task

The impact of sleep on vigilance performance was measured using 
reaction time assessments from the Psychomotor Vigilance Task (PVT) 
[36], conducted four times over the five-day period: twice on day 1 (0h 
and 12h), once on day 2 (24h), and once on day 5 (96h). The test was 
performed on a clinic provided iPad (Apple Inc., Cupertino, CA, USA) 
with the application Nasa PVT+ (NASA Ames Research Center) [37].

2.5. Data analysis

2.5.1. PVS segmentation
For the automated segmentation of PVS, the nnU-Net [38] frame

work was employed [39,40]. The network was trained using three 
manually segmented T2w datasets (same sequence as described in 
Methods) acquired previously from a healthy subject. The detailed 
procedures for PVS annotation included several steps. Initially, a group 
meeting was convened to unify opinions regarding the definition of PVS 
and the visual threshold required for delineating a specific PVS. PVS 
segmentation was performed by a doctoral student with extensive 
experience in PVS segmentation (>2 years of experience; various MRI 
studies). These segmentations underwent group meetings and final 
corrections by a senior radiologist (>10 years of experience). The ob
servers used 3D Slicer (v5.6.2, https://www.slicer.org) [41] with an 

oversampling factor of 3 and the level tracing segmentation tool [42] to 
segment PVS on a voxel basis. Segmentation was initially performed on 
the sagittal slices (whole brain) and then verified using the axial and 
coronal slices. To enhance the robustness and generalizability of the 
model, the training data was substantially increased through data 
augmentation using the torchio library [43]. The augmentation pipeline 
included the application of random elastic deformations, simulated 
bias-field artifacts, motion artifacts, and the addition of random noise. 
The nnU-Net model was trained using the T2w images as the input 
channel and the corresponding manual PVS segmentations as the ground 
truth label maps. Following training, the model was used to generate 
PVS predictions for all T2w datasets in the study (see Fig. 2). Finally, the 
PVS volume was calculated for different ROIs (whole brain, white 
matter, hippocampus and basal ganglia) from these automated seg
mentations. From all labels available in the Desikan-Killiany-Tourville 
(DKT) atlas [44,45], we chose these regions as PVS occur most 
frequently in these regions, thus rendering them most relevant in the 
context of our study. The PVS values presented here are total volumes 
from both hemispheres, i.e. left and right white matter, hippocampus 
and basal ganglia.

2.5.2. QSM and T1
Quantitative Susceptility Maps (QSM) were reconstructed from the 

multi-echo GRE data using the QSMbox toolbox [46]. Quantitative T1 
maps were directly obtained from the MP2RAGE sequence [35]. To 
perform region-of-interest (ROI)-based analysis, whole-brain segmen
tation was conducted on the T1-weighted images using FastSurferCNN 
[47], which provides cortical and subcortical labels based on the DKT 
atlas. The resulting segmentation masks were then registered to the in
dividual QSM and T1 map spaces using FSL FLIRT [48]. Finally, for each 
ROI, the mean magnetic susceptibility and T1 relaxation time were 
calculated and reported as mean ± standard deviation.

Fig. 1. Experimental study design. The flowchart illustrates the longitudinal study protocol. 7T MRI, the NASA Psychomotor Vigilance Task (PVT) and blood 
samples, were collected at three primary time points: at baseline, following 24h of total sleep deprivation (SD) and after a recovery phase. An additional PVT was 
performed midway (12h) through the sleep deprivation period. (This figure was created in https://BioRender.com.).
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2.5.3. Peripheral biomarker assessment
Plasma was obtained by centrifuging whole blood at 1500 g for 10 

min, aliquoted, and stored at − 80 ◦C until analysis. After collection of all 
study samples, plasma was thawed and centrifuged at 400 g for 10 min 
at 4 ◦C to remove residual debris. Concentrations of circulating media
tors were assessed using bead-based multiplex immunoassays (LEG
ENDplex™, BioLegend, Koblenz, Germany) according to the 
manufacturer’s protocol and as previously described [49,50], with the 
following panels applied: the Vascular Inflammation Panel, comprising 
myoglobin, MRP8/14, NGAL, MMP-2, osteopontin (OPN), MPO, serum 
amyloid A (SAA), IGFBP-4, ICAM-1, VCAM-1, MMP-9, and cystatin C; 
and the Neuroinflammation Panel, including VILIP-1, CCL2/MCP-1, 
sTREM-2, BDNF, TGF-β1, VEGF, IL-6, sTREM-1, β-NGF, IL-18, TNF-α, 
sRAGE, and CX3CL1. The assay is based on fluorescent bead populations 
coated with capture antibodies specific to each analyte. Following in
cubation with plasma, biotinylated detection antibodies were added, 
forming bead–analyte–antibody complexes, which were subsequently 
labeled with streptavidin–phycoerythrin. Samples were acquired on an 
Attune NxT flow cytometer (Thermo Fisher Scientific, Dreieich, Ger
many) and processed using the LEGENDplex Data Analysis Software 
Suite.

2.5.4. Statistics
All statistical analyses were performed using Python with the stats

models and seaborn libraries. Prior to analysis, outliers were managed 
on a per-timepoint basis using the Median Absolute Deviation (MAD) 
method. Any data point with a modified Z-score greater than 3.5 was 
excluded from its respective analysis. To assess the effect of time on the 
outcome measures, we used a Linear Mixed-Effects Model (LMM). In this 
model, ’time’ (0h, 24h, 96h) was modeled as a fixed effect, and a 
random intercept for ’participant’ was included to account for repeated 
measures and individual baseline differences. The logarithmic trans
formation of the metric under consideration (e.g. PVS) was applied 
where necessary to satisfy the assumptions of the LMM regarding normal 
distribution and homogeneity of variances, thereby ensuring the statis
tical validity of the analysis. Alpha was set at 0.05 and asterisks indicate 

level of significance (*p < 0.05, **p < 0.01, and ***p < 0.001) in the 
realm of our exploratory study.

3. Results

A total of 18 men (60 %) and 12 women (40 %), with a mean age of 
28.0 ± 4.7 years were included. Key demographic and baseline char
acteristics of the study population are summarized in Table 1.

3.1. PVS

We investigated the impact of sleep deprivation and subsequent re
covery on PVS volume across the entire brain and separately for white 
matter, hippocampus and the basal ganglia (see Fig. 3). The total PVS 
volume in the whole brain increased significantly from baseline to the 
24h sleep deprivation timepoint (6711.5 ± 2643.2 mm3 vs. 7475.3 ±
2545.4 mm3; p < 0.001) and subsequently decreased following the re
covery period at 96h (6721.4 ± 2884.5 mm3; p < 0.01). No significant 
difference was observed between baseline and the 96h recovery time
point, suggesting a return to baseline. In contrast, white matter PVS 
volume did not show a significant change after sleep deprivation but did 
show a significant decrease during recovery (5961.8 ± 2484.1 mm3 vs. 
6662.1 ± 2417.2 mm3 and 5362.5 ± 2892.6 mm3; p < 0.01 when 
comparing baseline to after recovery). In the basal ganglia the volume 
increased significantly from baseline to the 24h sleep deprivation 
timepoint (530.5 ± 141.4 mm3 vs. 552.6 ± 133.2 mm3; p < 0.05) and 
significant decrease between the 24h and 96h timepoints (552.6 ±
133.2 mm3 vs. 495.9 ± 126.5 mm3; p < 0.001). In addition, a significant 
decrease was observed between 0h and 96h (530.5 ± 141.4 mm3 vs. 
495.9 ± 126.5 mm3; p < 0.05). The hippocampus showed a significant 
change after sleep deprivation (10.4 ± 7.1 mm3 vs. 12.3 ± 6.7 mm3; p <
0.05) but not during recovery.

3.2. QSM

To assess changes in tissue’s magnetic susceptibility, particularly 

Fig. 2. Example of PVS segmentation result. The images demonstrate the output of the automated nnU-Net PVS segmentation on a representative T2w dataset. The 
red overlays indicate the segmented PVS in all three anatomical planes (axial, coronal, sagittal). (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.)
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those related to iron content, we performed QSM (see Fig. 4). The 
analysis revealed a significant decrease in magnetic susceptibility 
following 24h of sleep deprivation in several key brain regions. Specif
ically, susceptibility was significantly changed in the cerebral white 
matter (− 0.0049 ± 0.0017 vs. − 0.0053 ± 0.0016; p < 0.05), cerebral 
cortex (− 0.0003 ± 0.0013 vs. 6.4378*10− 5 ± 0.0014; p < 0.01), cere
bellar white matter (0.00185 ± 0.00263 vs. 0.00223 ± 0.00256; p <
0.05), pallidum (0.08242 ± 0.00381 vs. 0.08418 ± 0.0143; p < 0.01) 
and ventral diencephalon (ventralDC) (0.00495 ± 0.00523 vs. 0.00585 
± 0.00504; p < 0.05). Other regions were also examined, but did not 
show any significant changes (see Supplementary data).

3.3. T1 relaxation time

To further probe tissue property changes, we analyzed the 
MP2RAGE-based maps of T1 relaxation time (see Fig. 5). Sleep 

deprivation induced a significant decrease in T1 relaxation times in 
several cortical and subcortical grey matter regions. At the 24h time
point, values of T1 time were significantly reduced in the cerebellar and 
cerebral cortex (1990.3 ± 52.3 ms vs. 1975.5 ± 43.5 ms and 1951.1 ±
42 vs. 1942.8 ± 40.5 ms; p < 0.05 each), hippocampus (1862.4 ± 76.8 
ms vs. 1849.5 ± 57.1 ms; p < 0.05), inferior lateral ventricle (Inf-Lat- 
Vent) (2798.8 ± 140.2 ms vs. 2761.2 ± 141.4 ms; p < 0.001), pallidum 
(1177.7 ± 37.2 ms vs. 1174.4 ± 36.4 ms; p < 0.05) and thalamus proper 
(1323.6 ± 36.6 ms vs. 1316.7 ± 33.1 ms; p < 0.01). In the cerebellar 
cortex (1996.9 ± 43 ms; p < 0.001), hippocampus (1864.9 ± 60.9 ms; p 
< 0.05), Inf-Lat-Vent (2799.9 ± 124.7 ms; p < 0.001) and thalamus 
proper (1324.6 ± 33.9 ms; p < 0.001), these values subsequently 
increased significantly after the recovery phase at 96h when compared 
to after sleep deprivation. Other regions did not show any changes over 
time (see Supplementary data).

Fig. 3. PVS volume changes following sleep deprivation and recovery. Violin plots show the distribution of data points for each timepoint. Statistical comparisons 
were performed using a linear mixed-effects model. Significance levels are denoted as ns (not significant), * (p < 0.05), ** (p < 0.01) and *** (p < 0.001).

Fig. 4. Regional brain changes in Quantitative Susceptibility Mapping (QSM). Violin plots show the distribution of mean QSM data points for each timepoint. 
Statistical comparisons were performed using a linear mixed-effects model. Significance levels are denoted as ns (not significant), * (p < 0.05), and ** (p < 0.01).
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3.4. NASA PVT

To assess the behavioral impact of sleep deprivation, we analyzed the 
performance on the PVT (see Fig. 6). While the mean reaction time 
showed no significant changes across the study duration, a more 
detailed analysis revealed specific deficits in sustained attention. The 
reaction times of the slowest 10 % of responses, indicative of attentional 
lapses, were significantly prolonged at the 24h sleep deprivation time
point compared to the 12h mark (386.4 ± 59.1 ms vs. 410 ± 74.7 ms; p 
< 0.05). This performance deficit was subsequently reversed following 
the recovery period, with reaction times at 96h being significantly faster 
than at 24h (410 ± 74.7 ms vs. 391.1 ± 54 ms; p < 0.05). The fastest 10 
% of responses showed a slight but significant slowing at 24h compared 
to baseline (280.7 ± 18.3 ms vs. 289.8 ± 24.4 ms; p < 0.05).

3.5. Peripheral biomarker analysis

To investigate the systemic response to sleep deprivation, we 
analyzed a panel of plasma biomarkers reflecting neurotrophic support, 
vascular dynamics, tissue remodeling, and inflammation (see Figs. 7 and 
8). The results revealed a heterogeneous systemic response with distinct 
timelines for different markers. Following 24h of sleep deprivation, we 

observed a significant increase in factors associated with neuroplasticity 
and neurovascular dynamics, potentially indicating an adaptive 
response (see Fig. 7). Brain-Derived Neurotrophic Factor (BDNF), 
β-Nerve Growth Factor (β-NGF) and Vascular Endothelial Growth Factor 
(VEGF) were all significantly elevated at the 24h timepoint compared to 
baseline (179.5 ± 27 pg/mL vs. 231.9 ± 38.9 pg/mL, 5.4 ± 1.1 pg/mL 
vs. 5.9 ± 1.7 pg/mL and 3.5 ± 0.5 pg/mL vs. 5.3 ± 3.1 pg/mL; p < 0.05 
each). In parallel, we observed dynamic changes in markers related to 
vascular function and tissue remodeling (see Fig. 8). Osteopontin (OPN) 
significantly decreased from baseline to 24h (315 ± 94.1 pg/mL vs. 
275.3 ± 80 pg/mL; p < 0.01) before increasing during recovery (317.1 
± 93.6 pg/mL; p < 0.01), while Matrix Metalloproteinase-9 (MMP-9) 
increased after sleep deprivation (52.3 ± 14.5 pg/mL vs. 69.2 ± 23.5 
pg/mL; p < 0.05) and decreased after the recovery phase (54.6 ± 16.4 
pg/mL; p < 0.05). Finally, several markers associated with inflammation 
and cellular stress exhibited a delayed response, with significant in
creases occurring primarily after the recovery period. Myeloperoxidase 
(MPO) and Cystatin C significantly increased after the recovery phase 
compared to both sleep deprivation and baseline (MPO: 249.6 ± 34.7 
pg/mL vs. 228.6 ± 25.4 pg/mL and 219.6 ± 24.5 pg/ml; Cystatin C: 
1927.6 ± 617.9 pg/mL vs. 1760.4 ± 477.7 pg/mL and 1781.1 ± 478.9 
pg/ml, respectively; p < 0.05 for all comparisons). Similarly, myoglobin 

Fig. 5. Regional brain changes in quantitative T1 relaxation times.Violin plots show the distribution of mean T1 data points for each timepoint. Statistical com
parisons were performed using a linear mixed-effects model. Significance levels are denoted as ns (not significant), * (p < 0.05), ** (p < 0.01) and *** (p < 0.001).

Fig. 6. Psychomotor Vigilance Task (PVT) performance across timepoints. The figure displays the mean reaction time, as well as the slowest 10 % and fastest 10 % of 
responses, which are indicative of attentional lapses. Statistical comparisons were performed using a linear mixed-effects model. Significance levels are denoted as ns 
(not significant) and * (p < 0.05).
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increased during the recovery phase compared to after sleep deprivation 
(329.2 ± 41.7 pg/mL vs. 478 ± 239 pg/mL; p < 0.05). All other markers 
did not show significant changes over time (see Supplementary data).

3.6. Correlation network analysis of multimodal changes

Correlation network analysis (see Fig. 9) showed numerous strong, 
mainly positive Pearson’s correlations after 24h sleep deprivation, 
particularly within neuroanatomical variables. QSM and T1 metrics 

formed dense, highly intercorrelated clusters (|r| > 0.6), including 
central PVS-associated nodes, indicating a global, synchronous volu
metric response. In contrast, blood biomarkers and PVT measures 
showed few strong correlations and remained largely isolated.

During recovery (Δ 96h–24h), the network reorganized substan
tially. Dense QSM clusters and tight PVS couplings dissolved, suggesting 
decoupling and normalization. New, distinct correlations appeared 
within T1 measures, consistent with regenerative processes. PVT and 
blood measures remained isolated.

Fig. 7. Plasma concentrations of BDNF, VEGF and β-NGF. Data are presented as individual measurements, with bars indicating the group mean and error bars 
representing the standard error of the mean. Statistical significance was determined using a linear mixed-effects model. Significance levels: ns (not significant), * (p 
< 0.05).

Fig. 8. Plasma concentrations of Myoglobin, OPN, MPO, MMP-9 and Cyastin C.Data are presented as individual measurements, with bars indicating the group mean 
and error bars representing the standard error of the mean. Statistical significance was determined using a linear mixed-effects model. Significance levels: ns (not 
significant), * (p < 0.05), ** (p < 0.01).

Fig. 9. Biomarker and brain morphometry correlation networks. The networks display significant Pearson’s correlations (|corr| > 0.6) in A (Δ24h-0h) and B (Δ96h- 
24h). Nodes are colored by modality (PVS: violet; QSM: blue; T1: red; vascular blood: green; neuro blood: grey; PVT: yellow). Lines indicate a significant positive 
(red) or negative (blue) correlation, with line thickness representing the correlation strength. (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.)
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4. Discussion

The most direct indication of impaired glymphatic clearance is the 
significant increase in total PVS volume after 24h of sleep deprivation. 
PVS are an essential component of the glymphatic system, and their 
enlargement indicates impaired drainage and a resulting accumulation 
of interstitial fluid [51,52]. The fact that this volume completely 
normalized after a three-day recovery period underscores the revers
ibility of this process and the ability to restore homeostasis. The regional 
heterogeneity of the changes, with clear effects throughout the brain, 
basal ganglia and the hippocampus, suggests that different areas of the 
brain have different levels of vulnerability, which might be due to dif
ferences in metabolic activity, vascular density or susceptibility [53].

Particularly revealing was the inverse relationship between PVS in
crease and significant shortening of T1 relaxation times in several 
cortical and subcortical regions after sleep deprivation. This finding 
indicates acute tissue dehydration and supports the hypothesis of fluid 
shift from the brain parenchyma into the expanding PVS. The overshoot 
measurable after the recovery phase indicates compensatory rehydra
tion and underscores the elasticity of the osmotic balance. In addition, 
QSM measurements showed small, equally reversible shifts in magnetic 
susceptibility, which are likely due to temporary changes in local water 
and iron content as a result of osmotic stress. There was a slight decrease 
in cerebral white matter, consistent with water retention due to simul
taneous PVS dilation. The inverse correlation between Δ24/0-PVS and 
Δ24/0-QSM-white matter supports this fluid shift model. Overall, QSM 
shows that even a single sleepless night triggers measurable but 
completely reversible micro changes without indicating structural 
damage.

Our correlation network analysis (Fig. 9) provides further support for 
this model of a global fluid shift. After 24h of sleep deprivation (Δ24h- 
0h), we observed a dense clustering of PVS, T1, and QSM metrics, sug
gesting a global, synchronous physiological event consistent with a 
widespread fluid shift. This tight coupling almost completely dissolved 
during the recovery phase (Δ96h-24h), indicating a ’decoupling’ and 
normalization of these individual components as homeostasis was 
restored. This network-level reorganization from a highly correlated 
state (stress) to a sparse state (recovery) aligns with our interpretation of 
a transient, fully reversible physiological cascade.

The results of our peripheral biomarker analysis complement these 
imaging findings, offering insights into the complex systemic response to 
sleep deprivation. The transient increase in MMP-9 following 24h of 
sleep deprivation is particularly noteworthy. Given that MMP-9 is 
known to modulate the function of aquaporin-4 (AQP4) water channels, 
which are integral to glymphatic transport [54], this finding may offer a 
potential mechanistic link to our observation of PVS enlargement. While 
long-term elevation of MMP-9 is associated with pathology [54], its 
acute increase here could speculatively contribute to a temporary 
disruption in glymphatic clearance. Beyond MMP-9, the biomarker 
panel revealed a multi-faceted response with distinct temporal profiles, 
rather than a simple inflammatory cascade. The immediate rise in 
neurotrophic factors, including BDNF and β-NGF, is likely not a sign of 
neuroinflammation but rather an adaptive plasticity response, possibly 
aimed at promoting cellular resilience against the stress of sleep loss. 
This initial neuroprotective signature was contrasted by changes in 
vascular and stress-related markers. The dynamic shifts in VEGF and 
OPN underscore the concurrent impact on neurovascular dynamics. 
Furthermore, the delayed increase of the pro-inflammatory marker MPO 
and tissue stress markers like myoglobin and Cystatin C, which peaked 
only after the recovery period, suggests a second wave of metabolic and 
cellular stress that persists even after sleep is resumed. Collectively, 
these findings delineate a biphasic systemic response characterized by 
an initial, adaptive neurotrophic phase that is succeeded by a prolonged 
period of systemic vascular and metabolic stress.

Finally, this physiological cascade manifests itself at the functional 
level [55]. Although the average reaction time remained unaffected, 

sleep deprivation led to a significant slowing of the slowest 10 % of 
responses in the PVT, a classic sign of increased attention deficits 
(“lapses”) [56]. This cognitive impairment, which returned to normal 
[57] in parallel with the physiological markers, can be considered a 
direct behavioral correlate of disturbed cerebral homeostasis.

In summary, our multimodal findings deliver a coherent picture: 24h 
of sleep deprivation seems to primarily disrupt glymphatic function, 
which is reflected in PVS enlargement. This is accompanied by sec
ondary, dynamic fluid shifts and microstructural adaptations that can be 
detected using quantitative T1 and QSM imaging. An increase in MMP-9 
provides a possible mechanistic explanation, while vigilancetests reveal 
the functional deficit of this cascade. The complete reversibility of these 
effects underscores the resilience of the young, healthy brain.

5. Limitations

Our study has limitations. First, a longer sleep deprivation phase and 
several MRIs to monitor progression would have been more helpful to 
elicit detailed dynamic information for changes. For example, it would 
allow us to see if the changes (e.g. in PVS) plateau after 24h or continue 
to worsen, providing greater insight into the rate of change and the 
coping capacity of the system. However, the participants’ discomfort 
with longer periods without sleep and the repetitive MRI scans also 
needed to be considered; therefore, we chose to compromise. Second, 
although the participants were verbally instructed not to consume 
alcohol and to avoid caffeine consumption that could affect their routine 
sleep-wake cycle and glymphatic activity, we cannot rule this out 
completely as they were not strictly watched or recorded during the 
recovery phase. Third, we did not track the subjects’ sleep either before 
the start of sleep deprivation or afterwards and therefore cannot draw 
any conclusions about sleep quality and immediate sleep behavior. 
Fourth, as this was an exploratory study combining novel 7T MRI, 
biomarker etc, a formal a priori power analysis was not performed. 
Fifthly, with regard to the PVT results, it cannot be ruled out that a 
training effect may have had an impact on the test subjects. The test 
subjects carried out a demo session before the start, but it can be 
assumed that the test subjects were prepared for the test at different 
speeds and to different degrees. Lastly, it remains unclear whether our 
findings are valid in elderly people or patients with disease affecting 
brain homeostasis. Further studies are warranted to investigate the ef
fects of sleep deprivation in such cohorts.

6. Conclusions

Sleep deprivation leads to rapid, reversible changes in PVS volume, 
which are linked to microstructural tissue changes detectable with 
quantitative MRI. Systemic inflammatory markers and sustained atten
tion measures provide additional evidence. These findings reinforce the 
concept that glymphatic function is a central regulator of sleep- 
dependent brain homeostasis.
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