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Abstract

Introduction: As an emergency physician working night shifts, I became interested in the
possible toll of irregular sleep on brain health, prompting exploration into strategies to
mitigate long-term cognitive risks. The Glymphatic System, a brain-wide waste clearance
mechanism most active during deep sleep, is disrupted by shift work-induced sleep
deprivation, potentially increasing neurodegenerative disease risk. Inspired by studies on
meditation’s brain-preserving effects in aging monks, this thesis investigates whether
lifestyle interventions - beyond sleep - can enhance glymphatic function to support brain
health in shift workers.

Aims: This review aims to examine how lifestyle factors, including physical activity,
nutrition, environmental adjustments, stress reduction, sleep optimization, and
pharmacological interventions, can positively influence glymphatic function in night shift
workers. Specific objectives include summarizing current knowledge on glymphatic
impairment due to sleep disruption, evaluating interventions that can have a positive
impact glymphatic function, assessing their applicability in daily life of shift workers
through personal experience, and identifying possible future research.

Methodology: A systematic literature search was conducted on PubMed, covering the last
10 years, using dual-keyword combinations. From 114 identified articles, 54 were included
based on relevance to glymphatic function and Alzheimer’s disease, focusing on practical
interventions. Studies were analyzed for evidence on exercise, nutrition, body position,
respiration, stress reduction, and pharmacological options to enhance glymphatic
clearance.

Results: Shift work impairs glymphatic function through reduced cerebrospinal fluid (CSF)
flow and aquaporin-4 (AQP4) dysfunction, increasing amyloid-f3 accumulation and
cognitive risks. Aerobic exercise and high-intensity interval training enhance CSF
dynamics and AQP4 expression, directly improving clearance. Nutrition (e.g., omega-3s,
intermittent fasting) and low alcohol intake support AQP4 function, while lateral sleeping
and deep respiration boost venous outflow and CSF flow. Meditation and weighted
blankets reduce stress and enhance deep sleep, indirectly aiding clearance. Blue light and
music show promise but require further study.

Discussion: Lifestyle interventions like exercise, nutritional strategies, lateral sleeping, and
stress reduction via meditation offer feasible strategies for shift workers to enhance
glymphatic function, potentially mitigating cognitive decline. While pharmacological
options (e.g., metformin, melatonin) are speculative, they warrant investigation. Larger
human studies are needed to confirm efficacy and tailor interventions for 24/7 societies,
informing preventive healthcare guidelines.

Keywords: Glymphatic Function, Shift Work, Lifestyle interventions, Sleep Disruption,
Cognitive Decline
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Abstract

Inleiding: Als spoedarts met frequente nachtshiften stelde ik me vragen over de impact van
onregelmatige slaap op de hersengezondheid, wat me aanzette tot onderzoek naar
strategieén om langetermijnrisico ivim cognitief functioneren te beperken. Het glymfatische
systeem, een detoxifiéreingsmechanisme in de hersenen, dat het meest actief is tijdens
diepe slaap, wordt verstoord door slaaptekort, wat het risico op neurodegeneratieve ziekten
kan verhogen. Geinspireerd door studies over de hersenbeschermende effecten van
meditatie bij oudere monniken, onderzoekt deze thesis of leefstijlinterventies, naast slaap,
de glymfatische functie kunnen verbeteren bij nachtwerkers.

Doelstellingen: Deze review beoogt te onderzoeken hoe leefstijlfactoren, zoals fysieke
activiteit, voeding, omgevingsaanpassingen, stressreductie, slaap- of nap-optimalisatie en
farmacologische interventies, de glymfatische functie positief kunnen beinvloeden bij
nachtdienstwerkers. Specifieke doelen zijn het samenvatten van de kennis over
glymfatische verstoring door slaaptekort, het evalueren van de impact van deze
interventies, het beoordelen van hun toepasbaarheid voor nachtwerkers vanuit de eigen
ervaring en het identificeren van mogelijk toekomstig onderzoek.

Methodologie: Een systematisch literatuuronderzoek werd uitgevoerd op PubMed, over de
afgelopen 10 jaar, met duale zoektermen.Van 114 geidentificeerde artikelen werden er 54
opgenomen op basis van relevantie voor glymfatische functie en Alzheimer, gericht op
praktische interventies. Studies werden geanalyseerd voor beweging, voeding,
lichaamshouding, ademhaling, stressreductie en farmacologische opties voor verbetering
van de glymfatische klaring.

Resultaten: Nachtwerk verstoort de glymfatische functie door verminderde cerebrospinale
vloeistof (CSF)-stroom en aquaporine-4 (AQP4)-dysfunctie, wat beta-amyloidophoping en
cognitieve risico’s verhoogt. Aerobe oefeningen en hoge-intensiteit intervaltraining
verbeteren CSF-dynamiek en AQP4-expressie, wat de klaring direct bevordert. Voeding
(bijv. omega-3, vasten) en matig alcoholgebruik ondersteunen AQP4-functie, terwijl
zijdelings slapen en diepe ademhaling de veneuze uitstroom en CSF-stroom versterken.
Meditatie en verzwaringsdekens verminderen stress en verbeteren diepe slaap, wat indirect
klaring ondersteunt. Blauw licht en muziek zijn veelbelovend maar vereisen verder
onderzoek.

Discussie: Leefstijlinterventies zoals beweging, zijdelings slapen en stressreductie door
meditatie bieden haalbare oplossingen voor nachtwerkers om glymfatische functie te
verbeteren, mogelijks de cognitieve achteruitgang verminderend. Farmacologische opties
(bijv. metformine, melatonine) zijn speculatief en vragen om verder onderzoek.
Grootschalige studies zijn nodig om effectiviteit te bevestigen en interventies voor 24/7-
samenlevingen te optimaliseren, ter ondersteuning van preventieve gezondheidsrichtlijnen.

Trefwoorden: Glymfatische functie, ploegendienst, leefstijlinterventies, slaapverstoring,
cognitieve achteruitgang.
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Mepiinyn

Ewoayoyn: Qg 1atpdg enetydvimv mepIoTatikdv Tov epyaletal oe voytepvég Bapoteg,
AVETTLEN EVOLOPEPOV Y10 TIC TOOVEG EMTTMGELS TOV OKOVOVIGTOV VITVOV GTNV LYEIR TOV
EYKEPALOL, YEYOVOG TTOL LLE OONGE VO SIEPEVVIICM CTPATNYIKES Y10 TN HEIMOT TV
LOKPOTTPOBECUOV YVOSTIK®V KIvOUVeV. To YAeppikd cvotnpa, £vag Unyovicpog
amopdKpuvons amoPANTOV oe OO TOV EYKEPAAO TTOV gival To evepyd Katd tov fabv vrvo,
dtapdocetal amd T GTEPTON VITVOL TOV TPOKAAEITOL OO T VUYTEPIVY| EpYasia,
avEAVOVTOG SLVNTIKA TOV KIVOLVO VEVPOEKPLMGTIKAOV vOomv. Epmvedpevn and peréteg
Y10l TOL EYKEPOAOTPOGTATEVTIKA OMOTEAEGLOTO TOV OLOAOYIGHOD GE NAIKIOUEVOLG
povoyovg, 1 TOPOVGH EPYOGia SlEPELVA KaTd TOGO TapeUPacelg otov Tpdmo {wnc—mépav
TOV VTVOU—UTOPOVV VO, EVIGKDCOVV TN AEITOLPYIR TOV YAEUPIKOV GUGTHHOTOS MOOTE VAL
VIOoGTNPIEOVY TNV EYKEPAAIKY] VYEID o€ £pYAlOUEVOLS e PAPIIES.

Yxonog: H mapovoa avackdnnon anockonel otnyv ££T061 TOL TPOTOL E TOV OTOT0
napdyovteg Tpdmov LG, OTMG 1) COUATIKY OpacTnploTnTa, 1 STPOPT], Ot
TEPPAALOVTIKEG TPOGAPLOYEG, 1| LEIWON TOL GTPEG, 1 PEATIGTOTOINGN TOL VTVOL Kol Ot
QOPUOKOAOYIKEG TOPEUPATELS, EMNPEAlOVV TN AgtTOoVpYin TOL YAEUPKOD GLGTHIOTOG GE
voytepvovg epyalopevous. Eidikol atoyol meptlapfavouv tn chvoyn g vapyovcag
YVOONG GYETIKA LE TNV £E00HEVIION TOV YAEUPIKOD GUGTHUATOG AOY® dtTapaynG VITVOL,
v a&oAdynon tapeppdocwv pe mbavn Oetikn enidpaom, TV EKTipNom g
EPAPHOCIUOTNTAS TOVG otV Kanuepwv {on epyalopévov pe Bapdieg péoa amnd
TPOCHOTIKN EUTELPIO KOL TOV EVIOTIGUO TOOVOV LEAAOVTIKOV EPEVVITIKAOV KATEVOOVOEMV.

MebBodoroyia: Atevepynnke cvotnpatikny avalnmmon Bipioypapiog ot Pdon dedopévev
PubMed, xaAvmtovtag to tedevtaia 10 £, pe yprion cuvovaou®V SA®V AéEewv-
KAewdwwv. Ao ta 114 gvtomiopéva dpbpa, emdéydnkav 54 pe Bdon tn cuvaesia pe ™
Aertovpyio TOL YAEUEKOD GLGTHLATOG Kot T vOco Alzheimer, divovtog Epepoaon og
TPOKTIKEG TopepuPdoets. Ot peréteg avarlvdnkay yio evoeiEelg oxeTikd e v emidpacn g
doxnong, g S1aTPoPNG, TNG OTACTG CAOUATOC, TNG OVOTVONG, TNG LEIMONG TOV GTPES Ko
TOV QOPLUKOAOYIKOV ETAOYMV GTNV EVIoYLON TNG YAELPIKNG KdBaponc.

Amnoteléopata: H epyacia o Bapdieg ennpedlet apvnTikd T AEITOLPYIO TOV YAEUPIKOV
CULGTNUOTOG LEG® HEWUEVNG pOTG eYKEPaAovTIaiov VYpoL (ENY) kot dusiettovpyiog
g axovamopivns-4 (AQP4), avEdvovtag ™ cLGGMPELOT P-OHLAOEIBOVE KOl TOVG
YVOOTIKOVG Ktvdhvous. H aepofia doknomn kot 1 SIOAEIUHOTIKY TPOTOVIOT VYNANG
évtaong evioyvovv ) porn tov ENY kat v ékepaon g AQP4, BeAtidvovtag dueca v
amopdrkpouvon arofAntev. H dtatpoen (m.y. opéya-3, dtadeimovsa vnoteio) Kot 1) xounAn
KatavdAmon aAkood vrootnpifovv T Asttovpyio g AQP4, evd | mAdylo 6tdon vITVoL
Kot 1 Pabid avoamvon evicyvovv ) eAefikn expon kot t pony ENY. O dwodoyiopdg kot ot
Baptég kovPEPTeg HEWDVOLV TO (YOG Kol EVicyvovv Tov Babv vvo, Bonbovtag upeca
oV KaBapon. To pumhe emG Kot 1 LOVGIKT SEIYVOLV VTOGYOUEVO ATOTEAECUATO AALL
ATTOLTOVV TEPULTEP® LEAETT).

Yvlimon: MoapepPaoeirg otov tpémo {ong, 6mwg n AokNon, N SIUTPOPIKY] GTPUTIYIKN, 1|
Ay GTAGT VTVOL Kol 1 LEIOT) TOV OTPEG LEG® O10A0YIGHOD, ATOTEAOVV EQUPUOGIIEG
TPOCEYYIGELS Y10, TNV EVIGYLOT TNG YAEUPIKNG AEITOVPYING GTOVG £pYAlOUEVOLS e PAPIIES,
pe SuvnTikd 0QEAN oTNV TPOANYT TNG YVOOTIKNG EKTTMOONG. AV KOl Ol POPLOKOAOYIKEG
emAOYEG (.. net@opuivn, pedatovivn) moapapévoovy vrobetikéc, a&ilovv mepartépm
dlepevvnon. Arartovvtol HeyoldTepeg LeAETEG e avOpOTOVG Yo va emPefoimbei
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OTTOTEAECUATIKOTNTO KO VO, TPOGOPLOGTOVV Ol TOPEUPACELS G KOWmVies e 24wpn
Aertovpyioa, GLUPAALOVTOC GTN SLUUOPPOGCT] KOTELOLVTPLOV 0INYIDV TPOANTTIKNG
LLTPIKNG.

A€Eerg -khedud: Iheppkn Aertovpyia, epyacio og Bapdiec, mapepPacelg otov Tpdémo {ong,
dtaTapayn VIVOL, YVOOTIKY EKTTMON
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1. Introduction

My work as an emergency physician involves regular night shifts. That means long and tiring 12
and 24 hour shifts. Throughout my career it got me thinking about the impact on my body and brain,
not just in the short term but also in the long run. The question raised how to maintain good health
as [ age.

In 2019 I came across a science book discussing meditation and its impact on brain health in
Tibetan monks as older individuals who meditate regularly. The studied monks displayed
remarkably youthful and well-preserved brain structures.

This made me reflect on the effects of chronic night shifts on the brain. Do they lead to structural or
functional alterations and can practices such as meditation potentially mitigate or reverse these
changes?

Back in 2019 I asked this questions to a neurologist who focuses on consciousness and brain
aging. His honest advise was : “Try to get enough sleep. I'm afraid meditation can’t compensate for
sleep loss.”

Well, that can be quite challenging to attain when working night shifts.

This led me to explore methods to enhance brain function. Not by substituting sleep but as a
supplement. Methods that came across my mind were physical activity, balanced diet,
surroundings, meditation, and in some cases even supplements or medication on indication.

In fact it was one important of the many reasons why I joined this masters program.

Throughout our Lifestyle Medicine Masters, we encountered the Glymphatic System. A brain
cleansing mechanism that has been identified more recently. It's especially active during deep
sleep, playing a vital role in eliminating toxins and preserving cognitive well being.

With individuals experiencing ongoing disruptions in their sleep patterns, decreased glymphatic
clearance could potentially play a part in neurodegenerative developments.

While obviously getting sleep is crucialy important, the question arises wether there are alternative
ways to support the Glymphatic System.

Could engaging in activities or making dietary changes affect its function positively? Or can creating
a conducive living environment or practicing meditation techniques help enhance its efficiency too?
Or is it possible to enhance the quality of our sleep that remains or make short naps more effective
in terms of clearance?

Finally: Are there specific supplements or medications that could be beneficial to aid glymphatic
function?

This review delves into these inquiries to explore strategies beyond sleep for safeguarding brain
health among individuals engaged in night or shift work schedules. It originates from a personal
need but seeks to enrich the ongoing dialogue in the fields of medicine and public health regarding
the preservation of brain function, in a 24/7 society.
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2. Aims — Significance

General objective

Science has documented multiple severe sleep deprivation effects which include cognitive impairment and
elevated chronic illness risks.

Sleep deprivation creates negative effects on both the brain and all major physiological systems in the body.
Health problems caused by sleep deprivation are not only brain related but also extend to cardiovascular
health, metabolism, immune function and reproductive systems.

This review examines how lifestyle elements such as physical activity, nutrition and supplements,
environmental factors, stress reduction and sleep or napping optimization can positively affect glymphatic
function in people who work irregular night shifts.

Specific objectives

1. To provide an overview of current knowledge regarding the Glymphatic System and the impact of
disrupted sleep on its brain-cleansing function.

2. To summarize the potential influence of physical activity, nutrition, environmental factors (e.g.
light, sound, temperature), stress reduction techniques (such as meditation), strategies to optimize
sleep or naps and supplements/medication on the functioning of the Glymphatic System.

3. To assess, from a personal view, to which these lifestyle interventions, including sleep or nap
optimization, are applicable to the daily lives of shift workers.

4. To formulate potential options for future research.

Relevance of the research

The nature of shift work disrupts sleep patterns which leads to negative impacts on brain health throughout
the long term. The discovery of the Glymphatic System provides new insights about how sleep functions to
clean the brain while preventing neurodegeneration. People who cannot achieve sufficient sleep can consider
alternative lifestyle elements that enhance sleep quality, nap effectiveness and certain pharmacological
interventions to support the Glymphatic System.

This review aims to advance knowledge about practical interventions that promote brain health for night
workers while motivating additional research and public awareness among medical professionals and society
members. The acquired knowledge shows potential to help create guidelines in the future which address the
needs of 24/7 societies.

14
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3. Literature Review

Multiple studies have proven that night shift work leads to obesity, arterial hypertension
and cardiovascular issues which together can lead to the metabolic syndrome. Also cancer
is a known risk of night shift work.

While it’s worth mentioning, this work doesn’t expand on this, since there’s already
extensive scientific literature on these themes.

This thesis specifically examines the Glymphatic System which functions as a brain
clearance mechanism disrupted by sleep deprivation.

Since it’s only discovered recently, the Glymphatic System remains understudied
regarding its role in this context, which makes it essential to investigate its broader health
effects on night shift workers.

The process of brain clearance involves the elimination of soluble proteins and waste
metabolites from neural tissues. The removal of waste occurs through multiple
physiological pathways (Fig.1) which include extracellular enzymatic degradation and
cellular uptake by neurons and nonneuronal cells and transport across the blood-brain
barrier to blood circulation, microglia phagocytosis and Glymphatic System clearance’.

=

amyloid-B

a-synuclein

t 1

oe ® > U
Q e Nk
& ORI
A >
Enzymatic Cellular Glymphatic BBB Microglial
degradation uptake clearance clearance phagocytosis
CSF-ISF flow
P el
1 § !
1 [ \ [\’L‘y :
1 =
] ’ G [ ) | 1 | 1
{ o 1

: AQP4 ‘L“‘.\’ ]
I Respiration Cardiovascular and Sleep oscillations: AQP4 expression  Body position and !
! vasomotor pulsations SWS + SWA (0.5—4.5 Hz) and polarization movement :
\

_____________________________________________

Fig. 1 (van Hattem et al.)
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3.1. Link between shift work and risk for impaired brain health.

The irregular work schedules of shift workers create substantial risks to brain health and
cognitive function through two main mechanisms which involve glymphatic dysfunction
and circadian misalignment. This review examines how exercise together with nutrition,
environmental elements and mind-body practices affect glymphatic function to reduce
risks for shift workers. Understanding the link between shift work and impaired brain
health is essential to this exploration.

Acute sleep deprivation during night shifts leads to brain structural changes that negatively
affect cognitive health.

The 2021 research by Zhang's team demonstrated that one night of shift work under sleep
deprivation reduced gray matter density in anterior and posterior brain regions and
decreased cerebrospinal fluid volume which impaired amyloid-beta peptide clearance
through glymphatic pathways thus increasing cognitive decline risk?02/07/2025 18:05:00.

Ripperger explains that shift work sleep disturbances prevent the Glymphatic System from
properly removing toxic waste including lactate and reactive oxygen species which results
in neuronal damage and memory loss®, which- honestly- is a bit alarming.

The body clock chronically desynchronized represents a key characteristic of shift work
which intensifies these health risks. Roenneberg explains that when the Suprachiasmatic
Nucleus and peripheral clocks become desynchronized because of irregular sleep patterns
and insufficient environmental synchronizing signals, it leads to higher rates of
neurodegenerative diseases including Alzheimer’s and reduces cognitive performance®.

Experimental evidence reinforces this, showing that misaligned sleep-wake cycles reduce
cognitive function due to disrupted circadian regulation®.

By focusing on modifiable factors like exercise and nutrition, this review aims to identify
strategies to enhance glymphatic function and cognitive resilience in shift workers,
addressing a gap in occupational health.

The Glymphatic System

The Glymphatic System functions as a newly identified network which extends throughout
the brain to remove metabolic waste products in order to preserve central nervous system
(CNS) homeostasis. It depends on glial cells to function like the lymphatic system thus
enabling the convective movement of cerebrospinal fluid (CSF) and interstitial fluid (ISF)
to remove neurotoxic substances including amyloid-beta (Af) and lactate from brain
tissue’.

The discovery of this system transformed our knowledge about brain clearance processes.
It has a protective role against cognitive decline and neurodegenerative diseases.

The following section describes the Glymphatic System's anatomical structure together
with its functional processes and its importance for brain health to establish a basis for
studying its responses to lifestyle and environmental factors.
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Structure of the Glymphatic System (Fig 2., Fig 3.)

The Glymphatic System works via a network of perivascular spaces surrounding cerebral
blood vessels, guided by star-shaped brain cells called astrocytes, a type of glial cell. These
spaces, formed by the endfeet of astrocytes enveloping arteries and veins, create a
paravascular pathway for fluid exchange. The system has three key anatomical
components:

- Para-arterial inflow: CSF enters the brain along the perivascular spaces surrounding
penetrating arteries, driven by arterial pulsation and hydrostatic pressure. Special
water channels, Aquaporin-4 (AQP4), found all over the ends of astrocytes,
facilitate rapid CSF influx into the brain parenchyma.

- Interstitial exchange: Within the brain tissue, CSF mixes with ISF, flushing soluble
waste products, such as AP and tau proteins, from the interstitial space. This
exchange occurs across the neural matrix, supported by the porous extracellular
matrix.

- Para-venous outflow: Polluted ISF is cleared from the brain via perivascular spaces
surrounding veins, exiting toward cervical lymph nodes or returning to the systemic
circulation. Astrocytes again play a critical role, channeling fluid through AQP4-
mediated transport.

It’s kind of fascinating how this all comes together.

The Glymphatic System functions as a moving brain-wide system of pipes.

As described later on in this review the Glymphatic System predominantly is active during
deep sleep or slow wave sleep®.

A functional magnetic resonance imaging study showed that slow wave activity (SWA)
occurs before waves of CSF flow in the sleeping human brain. The authors propose that
SWA causes slow oscillations in cerebral blood volume which results in CSF flow into and
ISF flow out of the brain’.

The perivascular spaces create tunnels which encircle blood vessels while astrocytic
endfeet function as protective barriers. The parenchyma contains neurons and other glial
cells which receive the CSF-ISF mixture as it flows through the surrounding tissue. This
complex brain structure enables efficient waste removal while preserving the sensitive
conditions of the brain microenvironment.
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Outline of the Glymphatic System. This figure illustrates that perivascular clearance comprises perivascular
drainage and glymphatic pathways. (1) Cerebrospinal fluid flows into the brain parenchyma via the
periarterial space, which is the perivascular space surrounding the parenchymal arteries. From this
perivascular space surrounding the artery, cerebrospinal fluid enters the interstitium of the brain tissue via
aquaporin 4 (AQP4)-controlled water channels. These are distributed in the end feet of astrocytes that
constitute the outer wall of the perivascular space. (2) Cerebrospinal fluid entering the interstitial fluid flows
by convection, and the cerebral spinal fluid (CSF)-interstitial fluid (ISF) exchange within the brain
parenchyma. (3) After washing the waste proteins from the tissue, it flows into the perivenous space, which is
the perivascular space around the deep-draining vein, and is subsequently discharged outside the brain.
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The glymphatic and meningeal lymphatic pathways for central solute clearance and their major components.
Cerebrospinal fluid (CSF) enters the brain by moving from the subarachnoid space (superior image) into the
space surrounding penetrating arteries (i.c., the periarterial or Virchow-Robin space, as shown in the
amplified image), mostly driven by the convective force originated from pulsatile penetrating arteries. From
the periarterial space, convective and diffusive forces guide the CSF inflow into the brain parenchyma, aided
by polarized aquaporin 4 (AQP4) water channels expressed at astrocyte endfeet. CSF moves along the
parenchyma towards the perivenous space, mixing with the interstitial fluid (ISF) and carrying the metabolic
waste. The respiration cycle has been suggested as the main force driving CSF-ISF movement through the
perivenous space. From the perivenous space, CSF-ISF and the metabolic waste exit the brain mostly through
the meningeal lymphatic system (green circles, upper image) that drain into the deep cervical lymph nodes,
although outflow along the olfactory, cranial, and spinal nerves into other cervical lymph nodes are also
observed.

Mechanisms of Glymphatic Function

Let’s dive a bit deeper into how this whole system works.
The Glymphatic System works by coordinating fluid movement and cell activity,
especially during sleep. The primary mechanisms include:

- The clearance process of Glymphatic System depends on CSF movement between
para-arterial and para-venous spaces which occurs through convective flow
mechanisms driven by arterial pulsations, respiratory cycles and pressure gradients.
The flowing motion of CSF between spaces enables the removal of waste products
from the interstitial space thus preventing their accumulation.

- AQP4- dependent transport: AQP4 channels on astrocytic endfeet regulate the
influx and efflux of CSF and ISF. Studies in AQP4-knockout mice demonstrate
significantly reduced glymphatic clearance, underscoring the channel’s critical
role®.
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- Sleep-dependent activation: Glymphatic function is markedly enhanced during
sleep, particularly during slow-wave sleep, when the interstitial space expands by
up to 60%, facilitating greater CSF-ISF exchange®. This expansion is thought to be
mediated by reduced noradrenergic activity, which relaxes astrocytic processes.
The opposite occurs when the body remains awake or experiences sleep deprivation
because this reduces glymphatic activity which results in waste accumulation.

- Astrocytes function as sensors and coordinators which control fluid movement
through their ability to detect local metabolic needs and circadian signals. The
circadian clocks of astrocytes could control AQP4 expression to establish a
temporal connection between glymphatic function and brain temporal
organization®.

Significance for brain health

The Glymphatic System functions to eliminate brain waste products including Ap and tau
which are linked to neurodegenerative diseases such as Alzheimer’s. The impairment of
glymphatic function leads to higher AP accumulation and neuroinflammation and cognitive
deficits®. The system maintains brain homeostasis which enables it to protect neuronal
structures, synaptic operations and cognitive abilities thus making it a potential therapeutic
target for shift work neurobiological effects. It’s amazing what this system does for our
brains.
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3.2 Consequences of Sleep Deprivation and possible ways to enhance the
Glymphatic System

1. How the Glymphatic System is affected by sleep deprivation/ shift work.

Deep sleep is like a superpower for your brain’s cleanup crew. The space surrounding
brain cells increases by 60% which enables cerebrospinal fluid (CSF) to remove harmful
waste including B-amyloid protein®.

The Glymphatic System operates as a fluid network surrounding blood vessels to perform
this process which reaches its peak during stage 3 non-rapid eye movement (NREM) sleep
when slow brain waves indicate deep rest. The brain detox process occurs during the initial
part of the night but shift workers who experience disrupted sleep patterns miss this
opportunity which increases their risk of developing toxic substances that damage neurons.

The Glymphatic System operates on a variable schedule because it enhances its activity
during nighttime sleep. The fluid flow increases during sleep to remove waste more
effectively because astrocytes and aquaporin-4 (AQP4) receive signals that enhance their
function®.

Astrocytes also seem to clear out lactate, another waste product, during sleep, possibly
guided by their own internal clocks®. While we’re still piecing together how the brain’s
circadian rhythms fit into this, it’s obvious that good sleep keeps the brain’s waste
management system running smoothly.

Aging makes things trickier. Older adults experience shorter sleep duration with reduced
restfulness and their AQP4 channels become misaligned which slows down brain cleanup
processes®. The accumulation of B-amyloid and other waste products results in the
formation of plaques which damage brain cells and lead to memory loss and thinking skill
deterioration. Sleep isn’t just about feeling refreshed - it’s crucial for consolidating
memories and clearing out brain waste throughout life. The combination of aging with
health problems and medications disrupts sleep patterns which weakens glymphatic
function and makes things worse.

For shift workers, who already battle irregular sleep, this emphasizes why prioritizing rest
is so vital to protect their brains and minimize cognitive decline.
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Schematic of glymphatic pathway function in healthy and diseased brain. Conceptual framework for the
failure of glymphatic interstitial solute clearance after diffuse injury. A, In the healthy brain, cerebrospinal
fluid (CSF) from the subarachnoid space rapidly enters the brain along paravascular channels surrounding
penetrating arteries (green arrow) and exchanges with brain interstitial fluid (ISF). ISF and solutes are cleared
to paravascular spaces surrounding large caliber draining veins (orange arrows). Convective bulk fluid flux
between the paravascular CSF influx and ISF efflux pathways is facilitated by astroglial water transport
through aquaporin-4 (AQP4) expressed exclusively along perivascular astrocytic endfeet. This convective
bulk flow facilitates the clearance of interstitial solutes from the brain. B, Reactive astrogliosis that occurs
after diffuse injury, such as microinfarction or mild traumatic brain injury, causes the mislocalization of
AQP4 from the perivascular endfeet to the rest of the astrocytic soma. This results in the loss of efficient
interstitial bulk flow and the failure of glymphatic interstitial solute clearance, and may contribute to the
deposition of extracellular and intracellular protein aggregates (such as amyloid B or tau) after diffuse injury.
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2. Counteracting impaired Glymphatic System by

A. Exercise

Physical exercise improves glymphatic function which leads to better brain health and
decreased cognitive decline risk.

Research shows that voluntary wheel running for 6 to 8 weeks enhances the exchange
dynamics of CSF and ISF in both healthy middle-aged mice (7-8 months old) and
Alzheimer’s disease (AD) models that overexpress p-amyloid (APP/PS1)%1°.

This study shows that aerobic exercise in healthy middle-aged mice increases CSF
glymphatic influx, improves ISF solute clearance, and increases meningeal lymphatic
outflow to deep cervical lymph nodes, which results in reduced extracellular -amyloid
deposition and improved cognitive performance compared to sedentary controls’.

In young adult mice (2 months old), exercise increases CSF glymphatic influx during the
light cycle, when glymphatic activity is typically low, though this is not associated with
enhanced AQP4 expression or ISF clearance’. In voluntary wheel running, APP/PS1 mice
(5 months old) show increased glymphatic influx, reduced B-amyloid levels, and improved
cognitive performance, which is associated with increased expression of polarized
aquaporin-4 (AQP4) channels''. AQP4 knockout in these models eliminates exercise-
induced improvements in glymphatic clearance, B-amyloid reduction, and cognitive
outcomes, highlighting AQP4’s critical role!2.

However, the glymphatic influx in CSF does not improve with aerobic exercise in older
APP/PS1 mice (9 months old), indicating that exercise may not be beneficial for
glymphatic function in later stages of the disease!!.

These findings establish the Glymphatic System as a vital system which exercise uses to
fight cognitive decline especially for shift workers who experience sleep disruptions that
could reduce their glymphatic activity levels.

Regular physical activity also helps keep blood pressure stable and increases lymphatic
drainage, which supports the brain’s waste-clearing system. In animal studies, muscle
movement during exercise boosts the flow of lymph helping the body get rid of harmful
substances like f-amyloid. Exercise also improves blood flow in the brain, which helps
waste removal and supports overall brain health!?.

While exercise holds promise for mitigating glymphatic dysfunction in shift workers,
further research is needed to clarify its efficacy and mechanisms in humans'4.

Exercise also increases the natural flow of brain fluid through the protective layers
covering the brain (the dura). One area in particular - the lower parasagittal dura (PSD) -
shows the biggest improvement. Active adults have higher fluid outflow than those who
are inactive, and the PSD area shows the strongest flow in active people.

Physical activity leads to better CSF outflow measurements in sedentary adults which
indicates that exercise strengthens both glymphatic and perivascular clearance pathways'>.
These findings highlight exercise’s potential to optimize glymphatic function, offering a
promising intervention for shift workers whose disrupted sleep impairs waste clearance.
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Recent research (Yoo et al., 2025) provides evidence that increased putative glymphatic
and mLV flow is likely the potential mechanism underlying the neuroprotective effects of
exercise on cognition in humans. Therefore, their results highlight the importance of long-
term, regular exercise interventions in the general population, as well as in patients with
dementia'é.

High-intensity interval training (HIIT) enhances glymphatic clearance in Alzheimer’s
disease (AD)-like rat models by improving the removal of abnormal tau and f-amyloid
from the cortex and hippocampus to peripheral organs (including the kidney) which
supports cognitive function!”.

B. Nutrition

The process of astrocytic metabolism depends on nutrition which affects both glymphatic
clearance and brain health. Astrocytes act as a link between neurons and vasculature to
supply necessary energy and nutrients for neuronal function and to perform local
detoxification and waste recycling!®.

The nutritional state of the organism affects astrocytes’ metabolic flexibility, enabling
them to adapt to varying demands and potentially influence glymphatic clearance by
modulating aquaporin-4 (AQP4) channel activity and cerebrospinal fluid (CSF)-interstitial
fluid (ISF) dynamics.

For instance, diets rich in antioxidants (e.g., omega-3 fatty acids, polyphenols) may reduce
oxidative stress, supporting astrocytic function and enhancing glymphatic clearance of
neurotoxic waste',

The brain's Glymphatic System functions less efficiently when people consume diets that
are high in sugar or fat because these diets negatively affect astrocytic metabolism and
disrupt AQP4 polarization.

Similarly, oral administration of L-3-n-butylphthalide (NBP), a celery oil-derived
compound, acutely enhances arterial pulsatility in the brain, boosting CSF glymphatic
influx, ISF solute clearance, and meningeal lymphatic outflow to deep cervical lymph
nodes?’. These findings suggest that PUFA- and NBP-rich diets could support glymphatic
function, counteracting neurotoxic waste accumulation in shift workers and reducing
cognitive decline risk.

However, direct evidence linking specific nutritional profiles to glymphatic clearance
remains limited, necessitating further research to clarify these mechanisms.

The normalization of cortisol levels through nutritional strategies leads to better sleep
quality. The combination of elevated or deregulated cortisol levels with poor sleep or acute
sleep loss leads to impaired sleep quality which diminishes brain amyloid clearance
through the Glymphatic System thus increasing dementia and cognitive impairment risks.
The combination of omega-3 fatty acids and magnesium in specific diets helps control
cortisol levels while promoting sleep quality and waste removal through the Glymphatic
System which decreases dementia risk?!.

The amount of alcohol consumed determines the impact it has on lymphatic clearance.
High doses of ethanol (1.5 g/kg, binge level) cause mice to develop impaired glymphatic
function through reactive gliosis and AQP4 channel mislocalization which then disrupts
CSF-ISF dynamics and waste clearance.

24

Institutional Repository - Library & Information Centre - University of Thessaly
01/09/2026 13:48:36 EEST - 216.73.216.156



The glymphatic clearance process becomes more efficient when mice receive low doses of
ethanol (0.5 g/kg) after both short-term and prolonged exposure periods while AQP4
function remains intact.

The J-shaped relationship between alcohol consumption and glymphatic clearance
indicates that moderate drinking enhances waste removal from the brain but heavy
drinking causes damage to this process which leads to increased p-amyloid accumulation
and cognitive deterioration??.

Zinc functions as an essential dietary nutrient which supports glymphatic function. The
brain clearance system shows positive correlation with serum zinc levels in healthy
individuals which indicates zinc’s role in maintaining glymphatic function. The antioxidant
properties of zinc work through different molecules and enzymes to defend the Glymphatic
System against oxidative stress which damages clearance efficiency. Zinc’s ability to stop
amyloid and tau accumulation helps decrease the chances of neurocognitive disorders.
Research demonstrates that zinc functions as a nutrional agent which can improve
glymphatic clearance?.

Intermittent Fasting.

Intermittent fasting (IF) improves glymphatic clearance which serves as a dietary method
to support brain clearance in shift workers who experience sleep disturbances.

The Glymphatic System depends on AQP4 channels located in astrocytic perivascular
endfeet to perform AP clearance because AQP4 knockout mice demonstrate reduced
clearance efficiency by 55-65%. The AP clearance process improves through IF because it
restores AQP4 polarity?*.

The mechanism shows promise to combat glymphatic dysfunction in shift workers who
experience sleep-dependent clearance disruptions but it requires additional research about
IF's use in occupational health practices.

C. Environmental factors

Blue light

Research on 5XxFAD mice which model Alzheimer's disease shows that the brain's cleanup
system can be substantially enhanced by 40 hertz blue light exposure. The study shows that
low-intensity blue light therapy can restore the brain's Glymphatic System. The treatment
showed positive effects on memory in 4-month-old mice and motivation in 14-month-old
mice which both relate to better glymphatic drainage.

The brain fluid gatekeeper aquaporin-4 (AQP4) water channels on glial cells achieve
proper positioning through blue light exposure. The Glymphatic System operates more
effectively when aquaporin-4 channels are properly aligned because this leads to better A3
clearance and reduced hippocampal fatty deposits®®. The brain receives a plumbing
maintenance through this process which enhances its ability to remove waste products
effectively.
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Temperature:

No scientific evidence of direct influence on the Glymphatic System found, but sleep is
improved in a room with a slightly lower temperature.

The start of sleep occurs when core body temperature decreases regardless of the animal's
day-night activity pattern. The core and brain temperatures decrease during episodes of
non-rapid eye movement (NREM) sleep. The circadian temperature decrease triggers
animals to perform thermoregulatory behaviors which include nest building and curled
postures as they prepare for sleep. Research indicates that human and mammalian skin
warming directly decreases sleep latency and enhances NREM sleep duration. Research
that investigates the fundamental relationship between body cooling and sleep proposes
that pre-sleep thermoregulatory behaviors generate warm microclimates which directly
induce NREM sleep through particular neuronal pathways. The process of warming the
body triggers blood vessel expansion which helps to cool down the body. The neural
pathways that link NREM sleep onset with body temperature control become active
through behaviors such as warmth-seeking and nesting which reinforce the circadian
rhythm?¢

Weighted blankets

Weighted blankets present a comfortable solution to improve brain waste removal
particularly for individuals who experience chronic insomnia. The study conducted using
polysomnography (PSG) showed that heavy blankets improved sleep quality for 70% of
patients with psychophysiological insomnia according to BaSIQS and PSQI sleep quality
test scores. The real kicker? The participants achieved faster sleep onset (shorter sleep
latency) and longer N3 sleep duration after just 10 days of using the weighted blankets.
The brain's waste-clearing network known as the Glymphatic System operates at its peak
during N3 sleep to eliminate toxic substances including f-amyloid.

Weighted blankets enhance deep sleep duration which could lead to improved glymphatic
clearance and healthier brain maintenance. The study results indicate that weighted
blankets produce a restful sleep state which benefits all ages and genders since N3 sleep
duration increased without any age or sex differences. Your brain receives a superior
vacuum cleaning system through weighted blankets which removes waste during sleep.
The study failed to determine which patients would benefit most from the treatment and
the results showed no significant heart rate changes which makes the exact mechanism
unclear.

On the downside: Weighted blankets cause a small increase in obstructive apnea-hypopnea
index which could potentially make breathing problems worse for specific individuals.
People need to undergo either questionnaires or PSG tests for sleep apnea screening before
using weighted blankets because of this potential issue. Weighted blankets provide an easy
non-medical solution for deep sleep improvement which benefits the Glymphatic System
to reduce future cognitive problems for those who pass the screening?’.

Postural/ Body position:

Research findings indicate that the position of the body during sleep directly affects the
efficiency of glymphatic function. People with neurodegenerative conditions tend to spend
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more time sleeping on their backs while healthy individuals naturally sleep on their sides
because the back position may not be as effective for brain waste clearance.

A pilot sonographic study investigated internal jugular vein (IJV) flow through
observations of three healthy young volunteers and two patients with abnormal jugular
valves. The 1JVs remained open in healthy volunteers when they were in the supine
position but collapsed when they sat down. The right [JV stayed open while the left
partially collapsed in the right lateral position and the left IJV remained open while the
right partially collapsed in the left lateral position. The patients with abnormal valves
displayed both IJVs open in both lateral positions which indicated modified venous
dynamics. The lateral position creates less resistance in extracranial veins which leads to
better cerebral venous outflow and potentially improves glymphatic clearance. The natural
human tendency to sleep on our sides could be linked to this instinct because extended
back sleeping may increase the risk of neurodegenerative diseases®®.

MRI based research on cerebrospinal fluid (CSF) dynamics demonstrates that sleep
position influences fluid movement which is essential for glymphatic function. The supine
position produces greater CSF oscillation than the upright position because it enables faster
caudo-cranial diastolic flow and longer systolic phase duration. The Glymphatic System
can remove brain waste more effectively because spending more time in the supine
position during 24 hours leads to increased total CSF exchange®.

This suggests that supine sleeping, while less common in healthy individuals, still
facilitates waste clearance more effectively than upright postures.

The hierarchy of sleep positions for glymphatic efficiency receives additional evidence to
support its structure. The research used dynamic-contrast-enhanced MRI and fluorescence
microscopy and radioactive tracers to study CSF-interstitial fluid (ISF) exchange rates in
anesthetized rodents when they were placed in lateral, supine and prone positions. The
lateral position proved most effective, with superior AP clearance compared to supine or
prone postures. The prone position, where the head mimics an upright awake state, showed
slower clearance, greater tracer retention, and increased CSF efflux through larger cervical
vessels, indicating reduced glymphatic efficiency. The supine position performed better
than prone but was less effective than lateral®’. These findings suggest that lateral sleeping
optimizes both venous drainage and CSF-ISF exchange, making it the most efficient for
waste clearance, followed by supine, with prone being the least effective.

However, limitations temper these insights: the pilot study’s small sample (five
participants), lack of quantitative measures, and reliance on anesthetized rodents limit
generalizability to humans. Larger human studies with precise measurements are needed to
confirm the optimal sleep position for glymphatic clearance and to explore practical
interventions, such as sleep position training, to reduce neurodegenerative risk.

D. Respiratory

The brain functions through the interaction between cerebral blood flow and volume
changes which affect intracranial pressure and cerebrospinal fluid (CSF) dynamics. The
effects of respiration on cerebral blood flow and volume remain poorly understood despite
its significant influence on these processes. A study by Soderstrom et al. employed 4D
flow MRI to analyze 65 older adults (average age 75) quantified these effects’!. They
employed two measurement approaches which analyzed respiratory phase and raw
respiratory cycle duration. The measurements revealed that arterial blood flow into the
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brain exceeded venous outflow during exhalation but venous outflow exceeded arterial
blood flow during inhalation. The measurements of cerebral blood volume change due to
the respiratory cycle revealed a 0.83 mL [0.62, 1.13] variation for phase-based methods
and 0.78 mL [0.59, 1.02] variation for time-based methods which matched the cardiac
cycle's 1.01 mL [0.80, 1.30] variation. The research demonstrates that breathing controls
cerebral blood flow while producing vascular volume changes that match those of cardiac
activity thus establishing respiration as a critical factor in brain fluid dynamics®!.

Yang et al. found that respiration significantly influences the Glymphatic System, which
clears brain waste like amyloid-p. Low-frequency hemodynamic oscillations, driven by
breathing, facilitate cerebrospinal fluid (CSF) movement during wakefulness, supporting
glymphatic function beyond sleep®2.

The process of respiration affects glymphatic function by using pulsatile cerebrospinal
fluid (CSF) flow which results from different mechanisms. Researchers used steady-state
free precession (SSFP) with background magnetic field gradient to observe CSF movement
in healthy human subjects who performed intermittent deep breathing. The researchers
applied spatial tags to CSF compartments to measure how different mechanisms generated
pulsatile flow between cardiac and respiratory and slower cerebrovascular ("myogenic")
mechanisms. The study revealed that myogenic CSF flow generated by cerebral blood
volume changes produced substantially greater CSF displacement than the
cardiorespiratory ("barogenic") effects which reached their peak at 10.4 seconds after deep
inspiration. The research indicates that cerebrovascular activity controlled by respiration
functions as the primary force behind CSF pulsations which probably increases glymphatic
waste removal®3,

The process of respiration improves glymphatic function which is the brain's waste-
clearing mechanism by enhancing cerebrospinal fluid (CSF) movement. Researchers used
a custom nasal continuous positive airway pressure (CPAP) device to study breathing
effects on cerebrospinal fluid (CSF) flow in spontaneously breathing anesthetized rodents.
The device successfully opened the upper airway while increasing end-expiratory lung
volume and enhancing arterial oxygenation. The research demonstrated through MRI and
computational fluid dynamics that CPAP treatment increased CSF flow speed at the skull
base while improving regional glymphatic transport. The increased CSF flow rate was
directly related to elevated intracranial pressure (ICP) which showed higher ICP waveform
pulse amplitude that probably enhanced both CSF bulk flow and glymphatic waste
removal. The research demonstrates how respiratory support interacts with glymphatic
function which indicates that CPAP treatment could maintain brain waste clearance*.
Another good reason to use CPAP on indication.

Another study by Dreha- Kulaczewsky et al. investigated human CSF flow regulation by
employing high-resolution real-time magnetic resonance imaging with 0.75 mm spatial
resolution and 50 ms temporal resolution in healthy participants. The research showed that
inspiration functions as the main force behind CSF movement because CSF flow happens
during each inspiratory phase of forced breathing yet breath-holding eliminates this
process. The cardiac pulsations played a minimal role in the process. The decrease in
thoracic pressure during inspiration creates lower hydrostatic pressure in paravenous,
venous and lymphatic pathways which results in increased CSF movement and glymphatic
clearance. The respiratory-driven flow acts as an additional mechanism to support the
brain-wide transport of CSF through paravascular pathways?>.
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Slow, deep, and rhythmic yogic breathing, a core practice for self-regulation, supports
health by influencing the respiratory, cardiovascular, and cardiorespiratory autonomic
nervous systems. Further work is needed to investigate the influence of sustained yogic
breathing training on pulsatile CSF dynamics for CNS health3®.

E. Verbal hypnotic suggestions:

Research indicates that verbal hypnotic suggestions delivered prior to sleep can enhance
slow-wave sleep (SWS) and slow-wave activity (SWA)*’. The augmentation of SWS
through hypnotic suggestions has been observed across diverse groups, including both
genders, various age groups, and during both daytime naps and nighttime sleep. However,
the beneficial effects appear to be primarily limited to individuals with high
hypnotizability*®. In contrast, those with lower suggestibility may experience greater
benefits from nonverbal presleep interventions, such as soothing music*®. Furthermore,
auditory presentation of relaxation-related words (e.g., “relax,” “calm”) during NREM
sleep has also been shown to increase SWS duration?’.

F. Meditation
By attenuating stress:

The impact of chronic stress on glymphatic function and its underlying mechanisms
remains poorly understood.

Research by Wei et al. included four groups of adult mice: the chronic
unpredictable mild stress (CUMS)—treated group, CUMS simultaneously treated
with mifepristone (MFP) group, dexamethasone (DEX)-treated group, and control
group. The researchers evaluated stress response through measurements of body
weight changes and plasma corticosterone levels and behavioral tests. ELISA was
used to measure AP42 concentrations in cerebral tissue samples. The glymphatic
function was determined by using fluorescence tracer injection. The researchers
studied aquaporin-4 (AQP4) expression. They found that the glymphatic function
declined globally in CUMS-treated mice particularly affecting the anterior brain
region. The glucocorticoid receptor (GR) agonist DEX exposure led to decreased
glymphatic function alongside reduced AQP4 expression. The GR antagonist MFP
restored glymphatic function while simultaneously reversing the CUMS-induced
AQP4 expression and polarization changes. They concluded that the glymphatic
transport mechanism in the brain suffers impairment from chronic stress through
glucocorticoid signaling pathways that involve AQP4. Which indicates that GR
antagonist treatment shows promise for restoring glymphatic function which
chronic stress has suppressed.*
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G. Auditory stimuli:

Music:

The Glymphatic System shows potential for improvement through music and sound
interventions. Research indicates that sound through music causes the blood-brain barrier
(BBB) to open which leads to increased meningeal lymphatic vessel diameters and better
lymphatic flow to lymph nodes that enhances glymphatic waste clearance. The process of
BBB opening through this method has been shown to decrease A} accumulation in patients
with Alzheimer’s disease.

Music therapy enhances both mood and cognitive abilities in Alzheimer’s and dementia
patients which may be connected to better Glymphatic System performance. Most research
has focused on ultrasound technology yet there is insufficient data available about how
acoustic music affects BBB permeability and glymphatic flow thus requiring additional
studies.

Research should investigate how rhythm and pitch and intensity of music interact with
sleep patterns to maximize glymphatic clearance through validated imaging protocols and
diverse human trials that verify these effects across different age groups and sex and music
genres*!,

The practice of immersive sound meditation through meditation-based approaches helps
improve glymphatic function by lowering noradrenergic tone and creating slow-wave delta
oscillations which enhance brain waste clearance. This could delay cognitive decline and
prevent neurodegenerative disorders. Further research is needed to confirm these effects,
but such practices hold promise for maintaining brain health throughout life.*?

Closed- loop auditory stimulation:

The significance of SWA in glymphatic brain clearance has led to increasing interest in
Closed loop auditory stimulation as a potential method to stop neurodegeneration and
disease progression*. The neurophysiological effects of Closed-loop auditory stimulation
(CLAS) also known as phase-targeted/locked acoustic stimulation occur through the
delivery of acoustic tones during sleep which are based on electroencephalography (EEG)
recorded neuronal activity**.

CLAS could potentially enhance the brain's ability to remove neurotoxic proteins like
amyloid-f and tau by increasing SWA.

However the implementation of CLAS technology for home sleep intervention requires
further investigation to resolve several remaining questions.

The current research on CLAS has focused on short-term effects but the long-term impact
on sleep and cognitive functions remains poorly understood** and the extent of individual

and group differences in CLAS responses during home use needs further investigation*? +°
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Fig. 5 (Esfahani et al) Schematic illustration of a closed loop auditory stimulation (CLAS) setup in a
sleep study including a memory assessment as a cognitive task.

H. Olfactory stimuli:

The use of odors in olfactory stimulation serves to modify sleep patterns. Research on
healthy human subjects demonstrated that lavender oil exposure before or during sleep
enhances SWS*. The research indicates that exposure to scented oils through olfactory
stimulation leads to improved deep sleep quality.

Other stimuli like transcranial (Magnetic, Electrical, Ultrasound, Photobiomodulation)
have been studied®. The low feasibility to implement this in daily life, at this moment,
makes it out of the scope of this thesis.

I.  Pharmacological
- Metformin:

The accumulation of inflammatory factors and other metabolic waste may cause
central sensitization and impairment of the Glymphatic System. Research
showed that metformin significantly alleviated mechanical pain in painful
diabetic neuropathy (PDN) rats, possibly related to the restoration of AQP4
polarization in the Glymphatic System of the spinal cord of rats*’. Since its
effect on the AQP4 polarization, maybe it can have the same effect in the
central GS. Further research has to investigate.

31

Institutional Repository - Library & Information Centre - University of Thessaly
01/09/2026 13:48:36 EEST - 216.73.216.156



- Melatonin:

Melatonin levels rise during late afternoon and nighttime to activate both the
central circadian pacemaker in the hypothalamic suprachiasmatic nuclei and
thousands of peripheral cellular circadian clocks.

Melatonin functions as a chronobiotic agent through its "chronobiotic effect”
since it belongs to the endogenous family of chronobiotic agents. It provides
substantial cytoprotective benefits through its ability to neutralize free radicals
and decrease inflammation by reducing proinflammatory cytokines and low-
grade inflammation and preventing insulin resistance*®.

A transgenic mouse model of Alzheimer’s disease (AD) amyloidosis
demonstrates that melatonin helps eliminate amyloid-f through lymphatic
pathways which primarily use peripheral lymph nodes that connect to the
Glymphatic System*. Research indicates that melatonin supplementation could
enhance glymphatic activity thus providing therapeutic advantages for
Alzheimer's disease™. But as evidence regarding melatonin's ability to enhance
glymphatic clearance and reduce amyloid-f levels is still inconsistent , it
suggests only a limited therapeutic potential for humans®.

While research shows possible positive effects of GHB?!, certain anti-epileptics* and
dexmedetomidine®, T don’t include them as possible implementable strategies in daily life
from an ethical perspective.

Other medications are being studied but didn’t have a positive effect on the Glymphatic
System, some have a negative effect on brain health:

Benzodiazepines and non-benzodiazepines, antidepressants, atypical antipsychotics,
acetylcholinesteraseinhibitors®.

Possible future directions:
Glucocorticoid receptor antagonists (cfr reducing stress):
The brain's AQP4-mediated glymphatic transport becomes impaired by chronic
stress through glucocorticoid signaling. The GR antagonist shows promise as a
therapeutic agent to restore glymphatic function which chronic stress has
suppressed*’. Further research is needed. Strong side effects, but emphasizes

importance of reducing stress.

Oral central 02-receptoragonists like clonidine® (~ dexmedetomidine).
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Importance of Cardiovascular health:

Impaired Glymphatic Function and Pulsation Alterations in a Mouse Model of Vascular
Cognitive Impairment.

The main factors responsible for vascular cognitive impairment (VCI) and dementia are
large vessel disease and carotid stenosis. Research using rodent models, demonstrated that
bilateral common carotid stenosis (BCAS) leads to cognitive impairment via gradual
deterioration of the neuro-glial-vascular unit and accumulation of amyloid-f3 (AP) protein.
Since brain-wide drainage pathways (glymphatic) for waste clearance, including A}
removal, have been implicated in the pathophysiology of VCI via glial mechanisms, Li et
al. hypothesized that glymphatic function would be impaired in a BCAS model and
exacerbated in the presence of AP. Male wild-type and Tg-SwDI (model of microvascular
amyloid) mice were subjected to BCAS or sham surgery which led to a reduction in
cerebral perfusion and impaired spatial learning acquisition and cognitive flexibility. After
3 months survival, glymphatic function was evaluated. Their findings show that BCAS
influences VCI and that this is paralleled by impaired glymphatic drainage and reduced
vascular pulsation®?.

In light of this cardiovascular perspective, I would like to mention another potential
medication, although it may not be immediately applicable to the general population of
night shift workers. Nevertheless, it reinforces the importance of a healthy cardiovascular
system as part of enhancing glymphatic function:

Digoxine:

The combination of small vessel disease and carotid stenosis produces chronic
cerebral hypoperfusion which results in metabolic problems and white matter
damage and cognitive deterioration. The mouse model of chronic
hypoperfusion through bilateral common carotid artery stenosis produced
substantial white matter damage together with initial cognitive problems which
researchers linked to impaired glymphatic function and aquaporin 4 (AQP4)
polarization loss (Sun et al.). The administration of digoxin enhanced both
glymphatic transport and white matter structure and cognitive function but
TGN-020 blocked this protective effect thus validating the Glymphatic
System's involvement. Research demonstrates that blood flow to the brain
directly affects glymphatic function and white matter health which in turn
impacts cognitive processes thus making the Glymphatic System a potential
therapeutic target for brain injuries caused by hypoperfusion®.
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4. Methodology

A systematic literature search was conducted on PubMed, covering the last 10 years, using
dual-keyword combinations

Searching PUBMED, as well as additional sources from the reference lists of some of the
papers I found through the database searches.

68 + 46 identified articles
32 + 22 included based on relevance to glymphatic function and Alzheimer’s disease,
focusing on practical interventions.

The focus is primarily on those factors that directly have a positive impact on the
Glymphatic System.

Concerning pathologies, I only included Alzheimer’s Disease as its high prevalence has
prompted the majority of glymphatic research to date.

Although other interventions may also positively influence the Glymphatic System (as
shown in the figure below)*, I have limited the results and discussion to those applications
that are- now or potentially in the future- practically feasible in daily life.

For medication/supplements I only kept those with positive effect on the GS considering

their applicability (IV/ po) and without unethical application or dangerous adverse effects
(e.g. GHB, anti epileptics, ...)
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4.1. Literature Searching Plan

Searching PUBMED, as well as additional sources from the reference lists of some of the
papers I found through the database searches.

Using the keywords: Glymphatic, Brain waste, Shift work, Exercise, Posture, Respiratory,
Diet, Nutrition, Meditation, Temperature, Weighted blankets, Supplement

Comparing multiple versus dual keyword search I noticed I missed out on some articles
with the multiple word search. Although more extensive I decided to use the dual way.

Searching in the latest 10 years.

Glymphatic AND Shift work (n=8), included n=4, used n=1
Brain waste AND Shift work (n=7), included n=2, used n=2
Exercise AND Glymphatic (n= 33), included n=15, used n=6
Exercise AND Brain waste (n= 48), included n=7, used n=4
Nutrition AND Glymphatic (n= 17), included n=5, used n=2
Nutrition AND Brain waste (n= 62), included n=1, used n=1
Diet AND Glymphatic (n= 17), included n=6, used n=1

Diet AND Brain waste (n= 26), included n=3, used n=1

Posture AND Glymphatic (n=19), included n=5, used n=2
Posture AND Brain waste (n=8), included n=4, used n=2
Respiratory AND Glymphatic (n= 33), included n=4, used n=3
Respiratory and Brain waste (n= 45), included n=8, used n=4
Meditation AND glymphatic (n=1), included n=1, used n=1
Meditation AND Brain waste (n=1), included n=0, used n=0
Temperature AND Glymphatic (n=9), included n=4, used n=0
Temperature AND Brain waste (n=23), included n=0, used n=0
Supplement AND Glymphatic (n=15), included n=2, used n=1
Supplement AND Brain waste (n=20), included n=0, used n=0
Blue light AND Glymphatic (n=2), included n=1, used n=1
Blue light AND Brain waste (n=0), included n=0, used n=0
Weighted blankets AND Glymphatic (n=0), included n=0, used n=0
Weighted blankets AND Brain waste (n=0), included n=0, used n=0

*For each search I first included those only regarding the searched variable
Included n=72

4 doubles : -4 , n=68

Then a second screening by reading the full text

Used n=32

*Then by reading those I encountered other interesting references which I read and
included when relevant.

n=46

Also here a second screening by reading the full text:

Used n=22
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(By reading included articles I also found relevant information about searched subjects but
not found by the chosen keywords.)
Total used articles : n=54

From all used articles there are:

14 narrative reviews

27 mechanistic studies

8 experimental studies, of which 1 RCT
1 cross sectional

4 prospective cohort studies

Meta-analyses and systematic reviews I didn’t find, probabely because the discovery of
the Glymphatic System is too recent and there is no critical number of relevant research
(RCT’s) to perform this analyses.

4.2. Articles Inclusion criteria

Mechanistic and higher.
Related to enhancement / function of the Glymphatic System.
Published in the last 10 years.

4.3. Articles Exclusion criteria

In vitro studies.
If studies are linked to pathology other then AD.
Older then 10 years.

4.4. Flow Chart
Identification
Records identified through initial search .................... n="72
L— Duplicates removed ............cocoovevvrrrerrrrerrnane. n=4
L— Records after duplicates removed ...................... n =68
Screening
Records screened (full-text read) ..........cccveeenneennee. n=68
L— Records included after screening .................... n=32

Additional Sources

Additional records identified from reference lists .... n = 46
L— Records included after full-text screening .... n = 22

Final Inclusion

Total studies included in review .........cccceevvveeeenenl. n=>54
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5. Results

The possible lifestyle interventions can be divided in factors with direct and indirect
impact on the glymphatic clearance are summarized in Table 1.

Table 1

Category
Directly linked

Intervention
Aerobic Exercise

High- Intensity
Interval Training
(HIIT)

Nutritional:
Omega-3 Fatty Acids
Polyphenols

Nutritional:
Avoiding refined
sugars

Nutritional:

NBP (N-
Butylphthalide)

Nutritional:
Low alcohol intake

Nutritional:
Zinc

Nutritional:
Intermittent fasting

Blue light (40 Hz)

Link to Glymphatic function

Enhances glymphatic clearance by increasing
arterial pulsations and CSF flow, which drive
waste clearance (e.g. AB)°. Exercise
upregulates AQP4 expression, supporting
glymphatic transport!!.

Similar to aerobic exercise, HIIT boosts
cerebral blood flow and arterial pulsations,
directly promoting glymphatic waste
clearance through enhanced CSF dynamics!’.

PUFAs reduce neuroinflammation and
support vascular health, directly improving
glymphatic function by maintaining AQP4
polarisation and CSF flows'.

Directly preserving glymphatic function by
preventing AQP4 dysfunction and vascular
damage?!.

NBP may enhance cerebral blood flow and
protect against ischemia, directly supporting
glymphatic clearance by improving CSF
dynamics?’.

Low alcohol intake avoids disruption of
AQP4 localization and glymphatic flow,
directly maintaining efficient waste
clearance?.

Zinc supports AQP4 expression and reduces
oxidative stress, directly facilitating
glymphatic transport and waste clearance®.

Enhancing glymphatic clearance by
optimizing AQP4 function and CSF flow?*.

Low-intensity 40 Hz blue light opens the
BBB and enhances glymphatic transport,
directly improving AP clearance via AQP4
polarization?’.
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(Speculative)

Indirectly
linked

Body position during
sleep

Deep respiration

CPAP

Decreasing Chronic
stress

Metformin

Melatonin

Aerobic exercise and
HIIT (Preventing
MS/OSAS)

Nutrition:

Normalising Cortisol:

Mg+, Flax seeds, PS
and PUFA’s

Temperature

Lateral sleeping optimizes cerebral venous
outflow and CSF-ISF exchange, directly
boosting glymphatic clearance compared to
supine or prone positions®’.

Inspiration drives CSF flow by reducing
thoracic pressure, directly enhancing
glymphatic clearance through increased
paravascular transport™.

CPAP increases CSF flow speed and
glymphatic transport by elevating intracranial
pressure pulse amplitude, directly supporting
waste clearance®*.

Chronic stress impairs AQP4-mediated
glymphatic transport via glucocorticoid
signaling; reducing stress directly restores
glymphatic function®,

Possibly related to the restoration of AQP4
polarization in the Glymphatic System of the

spinal cord of rats*’. Maybe also in the central
GS?

May enhance glymphatic clearance by
promoting sleep and reducing oxidative
stress, there are direct links to AQP4 but
further research is required to explore
melatonin’s effect on the localization of
AQP4 and the Glymphatic System>°.

By preventing metabolic syndrome (MS) and
obstructive sleep apnea (OSAS), exercise
indirectly supports glymphatic function by
maintaining healthy sleep and reducing
inflammation.

Mg+, flax seeds, Phosphtidylserin and
Omega-3FA’s lower cortisol, indirectly
supporting glymphatic function by reducing
stress-induced AQP4 suppression and
improving sleep quality?!.

Optimal body temperature may improve sleep

quality, indirectly enhancing glymphatic
clearance during deep sleep stages?S.
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Future?

Weighted blankets

Yogic breathing

Verbal hypnotic
suggestions

Meditation

Immersive sound/
Music

CLAS (Closed loop
auditory stimulation)

Olfactory stimuli

Clonidine

Cardiovascular health

Improve deep sleep (N3 stage), indirectly
boosting glymphatic clearance by increasing
time in sleep phases optimal for waste
clearance?’.

Slow, rhythmic breathing reduces stress,
indirectly supporting glymphatic function by
lowering cortisol and enhancing relaxation?®.

May improve sleep quality and reduce stress,
indirectly promoting glymphatic clearance
during sleep, though evidence is
preliminary?’.

Reduces stress and cortisol, indirectly
enhancing glymphatic function by
counteracting glucocorticoid-mediated AQP4
impairment*.

Opens the BBB and may enhance glymphatic
flow, indirectly supporting waste clearance by
improving mood and sleep*?.

CLAS could potentially enhance the brain's
ability to remove neurotoxic proteins like
amyloid-B and tau by increasing SWA*.

May influence brain activity and sleep,
indirectly supporting glymphatic function
during sleep, though evidence is emerging
and speculative®.

Oral a-2 receptor agonist?. More research on
Glymphatic System needed. Possible side-
effects.

Maintaining heart health ensures stable
cerebral blood flow, indirectly supporting
glymphatic function by facilitating CSF
dynamics>?.
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6. Discussion

The Glymphatic System plays a pivotal role in clearing neurotoxic waste from the brain,
making it a critical target for preserving cognitive health, particularly in populations
vulnerable to impaired waste clearance, such as night shift workers.

This review explored practical, evidence-based strategies to mitigate the adverse effects of
sleep deprivation on glymphatic function, drawing from scientific literature, personal
experiences, and anecdotal insights from colleagues.

The proposed interventions- aerobic exercise, high-intensity interval training (HIIT),
nutritional adjustments, sleep hygiene, postural strategies, and emerging therapies like 40
Hz blue light and CLAS- offer a multifaceted approach to supporting brain health in shift
workers. However, their feasibility, accessibility, and evidence base vary, warranting a
critical evaluation of their applicability in daily life.

Exercise as a cornerstone for Glymphatic Health

Aerobic exercise and HIIT emerged as highly feasible interventions for shift workers.
Regular physical activity is known to enhance cerebral blood flow and glymphatic
clearance, potentially counteracting the reduced waste clearance associated with disrupted
sleep. Aerobic exercise is broadly accessible, requiring minimal equipment, and can be
tailored to individual schedules, making it practical even for those with demanding shift
patterns.

HIIT, with its time-efficient nature, is particularly appealing for shift workers who may
struggle to allocate time for longer workouts. The availability of online guided HIIT videos
further lowers barriers to adoption, enabling individuals to exercise at their own fitness
level.

However, adherence remains a challenge, as fatigue from irregular sleep schedules may
deter consistent engagement. Future research should explore optimal timing and duration
of exercise to maximize glymphatic benefits in this population.

Nutritional Strategies to Support Glymphatic Function

Dietary interventions offer another accessible avenue for enhancing glymphatic clearance.
Incorporating antioxidants such as omega-3 fatty acids, polyphenols, and zinc- available in
foods like fatty fish, berries, and celery- can reduce oxidative stress and support
glymphatic function.

Avoiding refined sugars and fats aligns with broader metabolic health recommendations,
which is critical given the link between night shift work, metabolic syndrome, and
impaired glymphatic clearance due to altered arterial pulsations.

Intermittent fasting, particularly when initiated before the end of a shift, is a practical
strategy, as sleep can cover part of the fasting window, easing adherence.

However, the use of supplements like NBP remains unadvisable due to the lack of EMA or
EFSA approval, highlighting the need for further regulatory evaluation.

Low alcohol consumption, while intuitive, requires clearer guidelines to balance social
habits with brain health.
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Sleep Hygiene and Environmental Adjustments

Sleep hygiene is a cornerstone of glymphatic optimization, as the system is most active
during slow-wave sleep (SWS). Practical adjustments, such as maintaining a cool bedroom
with warmed extremities, using weighted blankets (approximately 10% of body weight) to
promote faster SWS onset, and adopting a lateral sleeping position, are low-cost and
implementable strategies.

For shift workers with limited sleep windows, these interventions are particularly valuable
during short naps.

Olfactory cues, such as lavender, and verbal hypnotic suggestions or soothing music may
further facilitate sleep onset, though their efficacy depends on individual suggestibility.
For those with obstructive sleep apnea syndrome (OSAS)- weighted blanket are not an
option- continuous positive airway pressure (CPAP) devices are effective but require a
formal diagnosis for affordability, limiting accessibility in resource-constrained settings.

Emerging Therapies and Their Limitations

Emerging interventions like 40 Hz blue light therapy and Closed Loop Auditory
Stimulation (CLAS) hold promise for enhancing glymphatic clearance, particularly in
preventing or slowing neurodegenerative diseases like Alzheimer’s. However, their high
cost (e.g., €1900 for blue light devices) and technical complexity make them impractical
for widespread use among shift workers.

Similarly, while melatonin supplementation may improve sleep quality, its direct impact
on glymphatic function remains understudied, and optimal dosing is unclear.
Pharmacological options, such as metformin, are speculative at this stage, with metformin
showing potential only in diabetic populations. These limitations underscore the need for
further research and development to make such therapies accessible and practical.

As research continues to evolve, I recently came across a study suggesting a possible effect
of clonidine on the Glymphatic System>2. This article was published after I had completed
my initial literature searches.

However, due to potential side effects—such as bradycardia, hypotension, and cardiac
arrhythmias—its use should only occur following medical advice and under strict medical
supervision.

Broader Implications and Challenges

The link between night shift work, metabolic syndrome, and impaired glymphatic
clearance highlights the importance of holistic health management.

Arterial hypertension and metabolic syndrome, prevalent among shift workers, reduce
arterial pulsations critical for glymphatic function. Preventive strategies targeting
metabolic health-through diet, exercise, and stress reduction via meditation or heart
coherence training- can thus have dual benefits for systemic and brain health.
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However, implementing these strategies in the context of irregular schedules, fatigue, and
socioeconomic constraints poses significant challenges. Personal and colleague insights
emphasize the need for individualized approaches, as shift workers’ lifestyles vary widely.

Future Directions

Since being relatively new, the Glymphatic System will be studied more and with evolving
knowledge on how to evaluate this GS in humans, research should evolve to more research
on humans (RCT’s).

Future research should focus on longitudinal studies to assess the long-term impact of
these interventions on glymphatic function and cognitive outcomes in shift workers.
Additionally, developing cost-effective, user-friendly adaptations of advanced therapies
could broaden their applicability.
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7. Conclusions

It may come as no surprise that maintaining cardiovascular health is essential for brain
waste clearance, just as it is for all biological processes in the body.

This underscores that lifestyle interventions, as emphasized during our master’s program,
should be embraced as a way of life, not just for protecting the brain, but for overall health.

In this work, I have highlighted the interventions that are particularly important for night
shift workers in preserving brain health. These interventions include regular physical
activity, nutritional adaptations and attention to environmental factors such as light
exposure, and temperature. Additionally, stress reduction techniques play a crucial role,
alongside strategies to optimize sleep quality and daytime naps. Where appropriate, the use
of supplements or medication may also support brain health.

From these interventions, individuals can choose the ones that best fit into their lives. We
live in a free world, but our bodies- shaped by our genetic makeup- age according to the
laws of nature.

Just as our hearts must keep beating, the Glymphatic System must continue to function.

In the future, it may be valuable to ask a broader group of night shift workers about their
preferences and possibilities for integrating the proposed lifestyle interventions into their
daily routines, including during working hours. This could help identify practical and easy-
to-implement strategies for the workplace.

I realize that even with the best care and preventive measures, we will never be able to
fully compensate for the negative consequences of sleep deprivation caused by night shift
work.

Another way to reduce these risks is to schedule fewer night shifts. However, achieving
this requires more staff, and attracting additional colleagues depends on financial and
political decision-making.

This thesis hopefully can contribute to some constructive thinking for the future.

After all, healthy caregivers at an older age are essential for ensuring quality healthcare in
the years to come, especially in light of an aging population and a steadily increasing
retirement age.
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8. Strengths & Weaknesses of this work

Strengths:
- Well structured exploration.
- Comprehensive literature review.
- Practical and applicable interventions.
- Interdisciplinary approach.
- Focus on shift workers

Weaknesses:

- Limited human studies, small sample sizes of key-studies (sleep posture, n=5).

- Speculative interventions like GR, metformin, melatonin. Highlights research
gaps.

- Feasibility challenges for shift workers.

- The need for more specific recommendations for study designs.

- The personal experience risks introducing bias in assessing intervention
feasibility.

44

Institutional Repository - Library & Information Centre - University of Thessaly
01/09/2026 13:48:36 EEST - 216.73.216.156



9. References

1. LiulJ, GuoY, Zhang C, Zeng Y, Luo Y, Wang G. Clearance Systems in the Brain,
From Structure to Function. Front Cell Neurosci. 2022;15:729706.
doi:10.3389/fncel.2021.729706

2. Ye H tian, Lu C qiang, Wang C, et al. Plasma A level alterations after sleep
deprivation correspond to brain structural remodeling in medical night shift workers.
Brain Res Bull. 2023;203:110776. doi:10.1016/j.brainresbull.2023.110776

3. Albrecht U, Ripperger JA. Circadian Clocks and Sleep: Impact of Rhythmic
Metabolism and Waste Clearance on the Brain. Trends Neurosci. 2018;41(10):677-
688. d0i:10.1016/j.tins.2018.07.007

4. Roenneberg T, Merrow M. The Circadian Clock and Human Health. Curr Biol.
2016;26(10):R432-R443. doi:10.1016/j.cub.2016.04.011

5. iff JJ, Nedergaard M. Is there a cerebral lymphatic system? Stroke J Cereb Circ.
2013;44(6 0 1):S93-S95. doi:10.1161/STROKEAHA.112.678698

6. Xie L, Kang H, Xu Q, et al. Sleep drives metabolite clearance from the adult brain.
Science. 2013;342(6156):373-377. doi:10.1126/science.1241224

7. Fultz NE, Bonmassar G, Setsompop K, et al. Coupled electrophysiological,
hemodynamic, and cerebrospinal fluid oscillations in human sleep. Science.
2019;366(6465):628-631. doi:10.1126/science.aax5440

8. Iliff JJ, Wang M, Liao Y, et al. A paravascular pathway facilitates CSF flow through
the brain parenchyma and the clearance of interstitial solutes, including amyloid . Sci
Transl Med. 2012;4(147):147ral11. doi:10.1126/scitranslmed.3003748

9. He X fei, Liu D xu, Zhang Q, et al. Voluntary Exercise Promotes Glymphatic
Clearance of Amyloid Beta and Reduces the Activation of Astrocytes and Microglia in
Aged Mice. Front Mol Neurosci. 2017;10:144. doi:10.3389/fnmol.2017.00144

10. von Holstein-Rathlou S, Petersen NC, Nedergaard M. Voluntary running enhances
glymphatic influx in awake behaving, young mice. Neurosci Lett. 2018;662:253-258.
doi:10.1016/j.neulet.2017.10.035

11. Liu Y, Hu PP, Zhai S, et al. Aquaporin 4 deficiency eliminates the beneficial effects of
voluntary exercise in a mouse model of Alzheimer’s disease. Neural Regen Res.
2022;17(9):2079. doi:10.4103/1673-5374.335169

12. Li M, Xu J, Li L, et al. Voluntary wheel exercise improves glymphatic clearance and
ameliorates colitis-associated cognitive impairment in aged mice by inhibiting TRPV4-
induced astrocytic calcium activity. Exp Neurol. 2024;376:114770.
doi:10.1016/j.expneurol.2024.114770

13. Di Liegro CM, Schiera G, Proia P, Di Liegro 1. Physical Activity and Brain Health.
Genes. 2019;10(9):720. doi:10.3390/genes10090720

45

Institutional Repository - Library & Information Centre - University of Thessaly
01/09/2026 13:48:36 EEST - 216.73.216.156



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Institutional Repository -

Sewell KR, Collins AM, Mellow ML, et al. A Compensatory Role of Physical Activity
in the Association Between Sleep and Cognition. Exerc Sport Sci Rev. 2024;52(4):145.
doi:10.1249/JES.0000000000000345

Miyazaki M, Malis V, Yamamoto A, et al. Physical Exercise Alters Egress Pathways
for Intrinsic CSF Outflow: An Investigation Performed with Spin-labeling MR
Imaging. Magn Reson Med Sci. 2023;23(2):171-183. do0i:10.2463/mrms.mp.2023-0005

Yoo RE, Kim JH, Moon HY, et al. Long-term physical exercise facilitates putative
glymphatic and meningeal lymphatic vessel flow in humans. Nat Commun.
2025;16:3360. doi:10.1038/s41467-025-58726-1

Feng S, Wu C, Zou P, et al. High-intensity interval training ameliorates Alzheimer’s
disease-like pathology by regulating astrocyte phenotype-associated AQP4
polarization. Theranostics. 2023;13(10):3434-3450. doi:10.7150/thno.81951

Barros LF, Schirmeier S, Weber B. The Astrocyte: Metabolic Hub of the Brain. Cold
Spring Harb Perspect Biol. 2024;16(9):a041355. doi:10.1101/cshperspect.a041355

Ren H, Luo C, Feng Y, et al. Omega-3 polyunsaturated fatty acids promote amyloid-3
clearance from the brain through mediating the function of the glymphatic system.
FASEB J.2017;31(1):282-293. doi:10.1096/1].201600896

Zhang B, Li W, Zhuo Y, et al. L-3-n-Butylphthalide Effectively Improves the
Glymphatic Clearance and Reduce Amyloid-f3 Deposition in Alzheimer’s Transgenic
Mice. J Mol Neurosci. 2021;71(6):1266-1274. doi:10.1007/s12031-020-01752-z

Pistollato F, Sumalla Cano S, Elio I, Masias Vergara M, Giampieri F, Battino M.
Associations between Sleep, Cortisol Regulation, and Diet: Possible Implications for
the Risk of Alzheimer Disease. Adv Nutr Bethesda Md. 2016;7(4):679-689.
doi:10.3945/an.115.011775

Lundgaard I, Wang W, Eberhardt A, et al. Beneficial effects of low alcohol exposure,
but adverse effects of high alcohol intake on glymphatic function. Sci Rep.
2018;8(1):2246. doi:10.1038/s41598-018-20424-y

Ota M, Nemoto K, Hori H, et al. Correlation Between Dietary Nutrition and
Glymphatic System Activity in Healthy Participants. Cureus. 2025;17(1):e77860.
doi:10.7759/cureus.77860

Zhang J, Zhan Z, Li X, et al. Intermittent Fasting Protects against Alzheimer’s Disease
Possible through Restoring Aquaporin-4 Polarity. Front Mol Neurosci. 2017;10.
doi:10.3389/fnmol.2017.00395

Wu W, Zhao Y, Cheng X, et al. Modulation of glymphatic system by visual circuit
activation alleviates memory impairment and apathy in a mouse model of Alzheimer’s
disease. Nat Commun. 2025;16:63. doi:10.1038/s41467-024-55678-w

Harding EC, Franks NP, Wisden W. The Temperature Dependence of Sleep. Front
Neurosci. 2019;13:336. doi:10.3389/fnins.2019.00336

46

Library & Information Centre - University of Thessaly

01/09/2026 13:48:36 EEST - 216.73.216.156



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Institutional Repository -

Benbir Senel G, Karadeniz D. Interim Analysis of a Prospective Polysomnographic
Study of Weighted Blankets in Patients with Psychophysiological Insomnia.
Psychiatry Clin Psychopharmacol. 2024;34(4):365-370. doi:10.5152/pcp.2024.23795

Simka M, Czaja J, Kowalczyk D. Collapsibility of the internal jugular veins in the
lateral decubitus body position: A potential protective role of the cerebral venous
outflow against neurodegeneration. Med Hypotheses. 2019;133:109397.
doi:10.1016/j.mehy.2019.109397

Muccio M, Chu D, Minkoff L, et al. Upright versus supine MRI: effects of body
position on craniocervical CSF flow. Fluids Barriers CNS. 2021;18(1):61.
doi:10.1186/s12987-021-00296-7

Lee H, Xie L, Yu M, et al. The Effect of Body Posture on Brain Glymphatic Transport.
J Neurosci Off J Soc Neurosci. 2015;35(31):11034-11044.
doi:10.1523/INEUROSCI.1625-15.2015

Soderstrom P, Eklund A, Karalija N, et al. Respiratory influence on cerebral blood
flow and blood volume — A 4D flow MRI study. J Cereb Blood Flow Metab. Published
online January 30, 2025:0271678X251316395. doi:10.1177/0271678X251316395

Yang HC (Shawn), Inglis B, Talavage TM, et al. Coupling between cerebrovascular
oscillations and CSF flow fluctuations during wakefulness: An fMRI study. J Cereb
Blood Flow Metab. 2022;42(6):1091-1103. doi:10.1177/0271678X221074639

Wang Y, van Gelderen P, de Zwart JA, et al. Cerebrovascular activity is a major factor
in the cerebrospinal fluid flow dynamics. Neurolmage. 2022;258:119362.
doi:10.1016/j.neuroimage.2022.119362

Ozturk B, Koundal S, Al Bizri E, et al. Continuous positive airway pressure increases
CSF flow and glymphatic transport. JCI Insight. 8(12):e170270.
doi:10.1172/jci.insight.170270

Dreha-Kulaczewski S, Joseph AA, Merboldt KD, Ludwig HC, Gértner J, Frahm J.
Inspiration Is the Major Regulator of Human CSF Flow. J Neurosci. 2015;35(6):2485-
2491. doi:10.1523/JNEUROSCI.3246-14.2015

Yildiz S, Grinstead J, Hildebrand A, et al. Immediate impact of yogic breathing on
pulsatile cerebrospinal fluid dynamics. Sci Rep. 2022;12:10894. doi:10.1038/s41598-
022-15034-8

Beck J, Loretz E, Rasch B. Exposure to relaxing words during sleep promotes slow-
wave sleep and subjective sleep quality. Sleep. 2021;44(11):zsab148.
doi:10.1093/sleep/zsab148

Cordi MJ, Rasch B. Systematic decrease of slow-wave sleep after a guided imagery
designed to deepen sleep in low hypnotizable subjects. J Sleep Res.
2021;30(3):¢13168. doi:10.1111/jsr.13168

Cordi MJ, Ackermann S, Rasch B. Effects of Relaxing Music on Healthy Sleep. Sci
Rep. 2019;9(1):9079. doi:10.1038/s41598-019-45608-y

47

Library & Information Centre - University of Thessaly

01/09/2026 13:48:36 EEST - 216.73.216.156



40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Institutional Repository -

Wei F, Song J, Zhang C, et al. Chronic stress impairs the aquaporin-4-mediated
glymphatic transport through glucocorticoid signaling. Psychopharmacology (Berl).
2019;236(4):1367-1384. do0i:10.1007/5s00213-018-5147-6

Sachdeva S, Persaud S, Patel M, Popard P, Colverson A, Dor¢ S. Effects of Sound
Interventions on the Permeability of the Blood—Brain Barrier and Meningeal
Lymphatic Clearance. Brain Sci. 2022;12(6):742. doi:10.3390/brainscil 2060742

Wostyn P, Goddaer P. Can meditation-based approaches improve the cleansing power
of the glymphatic system? Explor Neuroprotective Ther. 2022;2(3):110-117.
doi:10.37349/ent.2022.00022

Esfahani MJ, Farboud S, Ngo HVV, et al. Closed-loop auditory stimulation of sleep
slow oscillations: Basic principles and best practices. Neurosci Biobehav Rev.
2023;153:105379. doi:10.1016/j.neubiorev.2023.105379

Ngo HVV, Martinetz T, Born J, Mélle M. Auditory Closed-Loop Stimulation of the
Sleep Slow Oscillation Enhances Memory. Neuron. 2013;78(3):545-553.
doi:10.1016/j.neuron.2013.03.006

van Hattem T, Verkaar L, Krugliakova E, et al. Targeting Sleep Physiology to
Modulate Glymphatic Brain Clearance. Physiology. 2025;40(3):271-290.
doi:10.1152/physiol.00019.2024

Ko LW, Su CH, Yang MH, Liu SY, Su TP. A pilot study on essential oil aroma
stimulation for enhancing slow-wave EEG in sleeping brain. Sci Rep. 2021;11(1):1078.
doi:10.1038/s41598-020-80171-x

Xu C, Wang F, Su C, Guo X, Li J, Lin J. Restoration of aquaporin-4 polarization in the
spinal glymphatic system by metformin in rats with painful diabetic neuropathy.
Neuroreport. 2023;34(3):190-197. doi:10.1097/WNR.0000000000001880

Cardinali DP. Chapter Four - Melatonin and healthy aging. In: Litwack G, ed. Vitamins
and Hormones. Vol 115. Hormones and Aging. Academic Press; 2021:67-88.
do0i:10.1016/bs.vh.2020.12.004

Pappolla MA, Matsubara E, Vidal R, et al. Melatonin Treatment Enhances A}
Lymphatic Clearance in a Transgenic Mouse Model of Amyloidosis. Curr Alzheimer
Res. 2018;15(7):637-642. doi:10.2174/1567205015666180411092551

LiY, Zhang J, Wan J, Liu A, Sun J. Melatonin regulates A production/clearance
balance and AP neurotoxicity: A potential therapeutic molecule for Alzheimer’s
disease. Biomed Pharmacother Biomedecine Pharmacother. 2020;132:110887.
doi:10.1016/j.biopha.2020.110887

Dornbierer DA, Baur DM, Stucky B, et al. Neurophysiological signature of gamma-
hydroxybutyrate augmented sleep in male healthy volunteers may reflect biomimetic
sleep enhancement: a randomized controlled trial. Neuropsychopharmacol Off Publ

Am Coll Neuropsychopharmacol. 2019;44(11):1985-1993. doi:10.1038/s41386-019-
0382-z

48

Library & Information Centre - University of Thessaly

01/09/2026 13:48:36 EEST - 216.73.216.156



52. Zayed M, Kim YC, Jeong BH. Therapeutic effects of adipose-derived mesenchymal
stem cells combined with glymphatic system activation in prion disease. Mo/
Neurodegener. 2025;20:42. doi:10.1186/s13024-025-00835-y

53. Li M, Kitamura A, Beverley J, et al. Impaired Glymphatic Function and Pulsation
Alterations in a Mouse Model of Vascular Cognitive Impairment. Front Aging
Neurosci. 2021;13:788519. doi:10.3389/fnagi.2021.788519

54. Cao J, Yao D, Li R, et al. Digoxin Ameliorates Glymphatic Transport and Cognitive

Impairment in a Mouse Model of Chronic Cerebral Hypoperfusion. Neurosci Bull.
2021;38(2):181-199. doi:10.1007/s12264-021-00772-y

49

Institutional Repository - Library & Information Centre - University of Thessaly
01/09/2026 13:48:36 EEST - 216.73.216.156



Appendices

Appendix 1: Search engine algorithm

Search Query Sort | Filters Search Details Results

number By

22 (weighted in the (("weight s"[All Fields] OR "weighted"[All Fields] OR "weighting"[All 0
blankets) AND last 10 Fields] OR "weightings"[All Fields] OR "weights and measures"[MeSH
(brain waste) years Terms] OR ("weights"[All Fields] AND "measures"[All Fields]) OR

"weights and measures"[All Fields] OR "weight"[All Fields] OR "body
weight"[MeSH Terms] OR ("body"[All Fields] AND "weight"[All Fields])
OR "body weight"[All Fields] OR "weights"[All Fields]) AND
("blanket"[All Fields] OR "blanketing"[All Fields] OR "blankets"[All
Fields]) AND (("brain"[MeSH Terms] OR "brain"[All Fields] OR
"brains"[All Fields] OR "brain s"[All Fields]) AND ("waste"[All Fields]
OR "waste s"[All Fields] OR "wasted"[All Fields] OR "wasteful"[All
Fields] OR "wastes"[All Fields]))) AND (y_10[Filter])

21 (weighted in the (("weight s"[All Fields] OR "weighted"[All Fields] OR "weighting"[All 0
blankets) AND last 10 Fields] OR "weightings"[All Fields] OR "weights and measures"[MeSH
(glymphatic) years Terms] OR ("weights"[All Fields] AND "measures"[All Fields]) OR

"weights and measures"[All Fields] OR "weight"[All Fields] OR "body
weight"[MeSH Terms] OR ("body"[All Fields] AND "weight"[All Fields])
OR "body weight"[All Fields] OR "weights"[All Fields]) AND
("blanket"[All Fields] OR "blanketing"[All Fields] OR "blankets"[All
Fields]) AND "glymphatic"[All Fields]) AND (y_10[Filter])

20 (blue light) AND in the (("blue light"[MeSH Terms] OR ("blue"[All Fields] AND "light"[All 0
(brain waste) last 10 Fields]) OR "blue light"[All Fields]) AND (("brain"[MeSH Terms] OR

years "brain"[All Fields] OR "brains"[All Fields] OR "brain s"[All Fields]) AND
("waste"[All Fields] OR "waste s"[All Fields] OR "wasted"[All Fields]
OR "wasteful"[All Fields] OR "wastes"[All Fields]))) AND (y_10][Filter])

19 (blue light) AND in the (("blue light"[MeSH Terms] OR ("blue"[All Fields] AND "light"[All 2
(glymphatic) last 10 Fields]) OR "blue light"[All Fields]) AND "glymphatic"[All Fields]) AND

years (y_10[Filter])

18 (supplement) AND in the (("dietary supplements"[MeSH Terms] OR ("dietary"[All Fields] AND 20
(brain waste) last 10 "supplements"[All Fields]) OR "dietary supplements"[All Fields] OR

years "supplement"[All Fields] OR "supplement s"[All Fields] OR
"supplemented"[All Fields] OR "supplementing"[All Fields] OR
"supplements"[All Fields]) AND (("brain"[MeSH Terms] OR "brain"[All
Fields] OR "brains"[All Fields] OR "brain s"[All Fields]) AND
("waste"[All Fields] OR "waste s"[All Fields] OR "wasted"[All Fields]
OR "wasteful"[All Fields] OR "wastes"[All Fields]))) AND (y_10][Filter])

17 (supplement) AND in the (("dietary supplements"[MeSH Terms] OR ("dietary"[All Fields] AND 15
(glymphatic) last 10 "supplements"[All Fields]) OR "dietary supplements"[All Fields] OR

years "supplement"[All Fields] OR "supplement s"[All Fields] OR
"supplemented"[All Fields] OR "supplementing"[All Fields] OR
"supplements"[All Fields]) AND "glymphatic"[All Fields]) AND
(y_10[Filter])

16 (temperature) AND in the (("temperature"[MeSH Terms] OR "temperature"[All Fields] OR 23
(brain waste) last 10 "temperatures"[All Fields] OR "temperature s"[All Fields]) AND

years (("brain"[MeSH Terms] OR "brain"[All Fields] OR "brains"[All Fields]
OR "brain s"[All Fields]) AND ("waste"[All Fields] OR "waste s"[All
Fields] OR "wasted"[All Fields] OR "wasteful"[All Fields] OR
"wastes"[All Fields]))) AND (y_10[Filter])

15 (temperature) AND in the (("temperature"[MeSH Terms] OR "temperature"[All Fields] OR 9
(glymphatic) last 10 "temperatures"[All Fields] OR "temperature s"[All Fields]) AND

years "glymphatic"[All Fields]) AND (y_10][Filter])

14 (meditation) AND in the (("meditate"[All Fields] OR "meditated"[All Fields] OR "meditating"[All |1
(brain waste) last 10 Fields] OR "meditation"[MeSH Terms] OR "meditation"[All Fields] OR

years "meditations"[All Fields] OR "meditation s"[All Fields] OR
"meditational"[All Fields] OR "meditative"[All Fields] OR
"meditator"[All Fields] OR "meditators"[All Fields]) AND
(("brain"[MeSH Terms] OR "brain"[All Fields] OR "brains"[All Fields]
OR "brain s"[All Fields]) AND ("waste"[All Fields] OR "waste s"[All
Fields] OR "wasted"[All Fields] OR "wasteful"[All Fields] OR
"wastes"[All Fields]))) AND (y_10[Filter])
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13 (meditation) AND in the (("meditate"[All Fields] OR "meditated"[All Fields] OR "meditating"[All |1
(glymphatic) last 10 Fields] OR "meditation"[MeSH Terms] OR "meditation"[All Fields] OR
years "meditations"[All Fields] OR "meditation s"[All Fields] OR
"meditational"[All Fields] OR "meditative"[All Fields] OR
"meditator"[All Fields] OR "meditators"[All Fields]) AND
"glymphatic"[All Fields]) AND (y_10][Filter])
12 (respiratory) AND in the (("eur med j respir"[Journal] OR "respiratory"[All Fields]) AND 45
(brain waste) last 10 (("brain"[MeSH Terms] OR "brain"[All Fields] OR "brains"[All Fields]
years OR "brain s"[All Fields]) AND ("waste"[All Fields] OR "waste s"[All
Fields] OR "wasted"[All Fields] OR "wasteful"[All Fields] OR
"wastes"[All Fields]))) AND (y_10[Filter])
11 (respiratory) AND in the (("eur med j respir"[Journal] OR "respiratory"[All Fields]) AND 33
(glymphatic) last 10 "glymphatic"[All Fields]) AND (y_10][Filter])
years
10 (posture) AND in the (("postural"[All Fields] OR "posturally"[All Fields] OR "posture"[MeSH |8
(brain waste) last 10 Terms] OR "posture"[All Fields] OR "postures"[All Fields] OR
years "postured"[All Fields] OR "posturing"[All Fields]) AND (("brain"[MeSH
Terms] OR "brain"[All Fields] OR "brains"[All Fields] OR "brain s"[All
Fields]) AND ("waste"[All Fields] OR "waste s"[All Fields] OR
"wasted"[All Fields] OR "wasteful"[All Fields] OR "wastes"[All Fields])))
AND (y_10[Filter])
9 (posture) AND in the (("postural"[All Fields] OR "posturally"[All Fields] OR "posture"[MeSH |19
(glymphatic) last 10 Terms] OR "posture"[All Fields] OR "postures"[All Fields] OR
years "postured"[All Fields] OR "posturing"[All Fields]) AND "glymphatic"[All
Fields]) AND (y_10[Filter])
8 (diet) AND (brain in the (("diet"[MeSH Terms] OR "diet"[All Fields]) AND (("brain"[MeSH 26
waste) last 10 Terms] OR "brain"[All Fields] OR "brains"[All Fields] OR "brain s"[All
years Fields]) AND ("waste"[All Fields] OR "waste s"[All Fields] OR
"wasted"[All Fields] OR "wasteful"[All Fields] OR "wastes"[All Fields])))
AND (y_10[Filter])
7 (diet) AND in the (("diet"[MeSH Terms] OR "diet"[All Fields]) AND "glymphatic"[All 17
(glymphatic) last 10 Fields]) AND (y_10[Filter])
years
6 (nutrition) AND in the (("nutrition s"[All Fields] OR "nutritional status"[MeSH Terms] OR 62
(brain waste) last 10 ("nutritional"[All Fields] AND "status"[All Fields]) OR "nutritional
years status"[All Fields] OR "nutrition"[All Fields] OR "nutritional
sciences"[MeSH Terms] OR ("nutritional"[All Fields] AND
"sciences"[All Fields]) OR "nutritional sciences"[All Fields] OR
"nutritional"[All Fields] OR "nutritionals"[All Fields] OR "nutritions"[All
Fields] OR "nutritive"[All Fields]) AND (("brain"[MeSH Terms] OR
"brain"[All Fields] OR "brains"[All Fields] OR "brain s"[All Fields]) AND
("waste"[All Fields] OR "waste s"[All Fields] OR "wasted"[All Fields]
OR "wasteful"[All Fields] OR "wastes"[All Fields]))) AND (y_10][Filter])
5 (nutrition) AND in the (("nutrition s"[All Fields] OR "nutritional status"[MeSH Terms] OR 17
(glymphatic) last 10 ("nutritional"[All Fields] AND "status"[All Fields]) OR "nutritional
years status"[All Fields] OR "nutrition"[All Fields] OR "nutritional
sciences"[MeSH Terms] OR ("nutritional"[All Fields] AND
"sciences"[All Fields]) OR "nutritional sciences"[All Fields] OR
"nutritional"[All Fields] OR "nutritionals"[All Fields] OR "nutritions"[All
Fields] OR "nutritive"[All Fields]) AND "glymphatic"[All Fields]) AND
(y_10[Filter])
4 (exercise) AND in the (("exercise"[MeSH Terms] OR "exercise"[All Fields] OR "exercises"[All [ 48
(brain waste) last 10 Fields] OR "exercise therapy"[MeSH Terms] OR ("exercise"[All Fields]
years AND "therapy"[All Fields]) OR "exercise therapy"[All Fields] OR
"exercising"[All Fields] OR "exercise s"[All Fields] OR "exercised"[All
Fields] OR "exerciser"[All Fields] OR "exercisers"[All Fields]) AND
(("brain"[MeSH Terms] OR "brain"[All Fields] OR "brains"[All Fields]
OR "brain s"[All Fields]) AND ("waste"[All Fields] OR "waste s"[All
Fields] OR "wasted"[All Fields] OR "wasteful"[All Fields] OR
"wastes"[All Fields]))) AND (y_10[Filter])
3 (exercise) AND in the (("exercise"[MeSH Terms] OR "exercise"[All Fields] OR "exercises"[All [ 33
(glymphatic) last 10 Fields] OR "exercise therapy"[MeSH Terms] OR ("exercise"[All Fields]
years AND "therapy"[All Fields]) OR "exercise therapy"[All Fields] OR
"exercising"[All Fields] OR "exercise s"[All Fields] OR "exercised"[All
Fields] OR "exerciser"[All Fields] OR "exercisers"[All Fields]) AND
"glymphatic"[All Fields]) AND (y_10][Filter])
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2 (brain waste) AND in the (("brain"[MeSH Terms] OR "brain"[All Fields] OR "brains"[All Fields] 7
(shift work) last 10 OR "brain s"[All Fields]) AND ("waste"[All Fields] OR "waste s"[All
years Fields] OR "wasted"[All Fields] OR "wasteful"[All Fields] OR
"wastes"[All Fields]) AND (("shift"[All Fields] OR "shifted"[All Fields]
OR "shifting"[All Fields] OR "shiftings"[All Fields] OR "shifts"[All
Fields]) AND ("work"[MeSH Terms] OR "work"[All Fields]))) AND

(y_10[Filter])
1 (glymphatic) AND in the ("glymphatic"[All Fields] AND (("shift"[All Fields] OR "shifted"[All 8
(shift work) last 10 Fields] OR "shifting"[All Fields] OR "shiftings"[All Fields] OR
years "shifts"[All Fields]) AND ("work"[MeSH Terms] OR "work"[All Fields])))

AND (y_10[Filter))

Appendix 2:

To write this thesis, I utilized Al tools such as ChatGPT and Grok. As I find writing in
Dutch more comfortable, I used these tools to translate my work, produce more fluent
English than I could achieve on my own, and correct grammatical errors. All factual
content I gathered and compiled by reading the research I found, as outlined in the
methodology section. Full papers are read and in some cases, only the highlights when the
content was too extensive.
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