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Cerebrospinal fluid (CSF) dynamics are increasingly recognized as central to brain waste
clearance. Beyond the classical view of unidirectional CSF circulation, recent studies have
identified the glymphatic system and meningeal lymphatic vessels as major complementary
pathways. Glymphatic transport is driven by arterial pulsation, respiration, vasomotion, and
strongly enhanced during slow-wave sleep. Advances in neuroimaging, including DTI-ALPS,
EPVS quantification, contrast-enhanced magnetic resonance imaging (MRI), and ultrafast
functional MRI, have enabled in vivo assessment of these mechanisms. Impaired glymphatic
function has been linked to neurodegenerative and cerebrovascular diseases, highlighting
its clinical relevance. Potential interventions range from lifestyle measures such as sleep
optimization, exercise, and vascular risk control, to pharmacological and experimental
strategies aiming to modulate CSF flow. These insights open new opportunities to target the
glymphatic-lymphatic axis for the prevention and treatment of neurological disorders.
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Brain glymphatics and clinical relevance

Jot. Sgute A5 20124 H%7] yof] Fxato] Qirk=
ML vdsto] ARE AFoE Aol E(glia) 2t P
(lymphatic)9] g4Jofolct o]i= CSFe} ISF Atele] w3t %
LHE AAE dEote M2 A <8 F22 FH T

A

229 YZ e 7]5& ¥ HelA FEH o2 fqigist= A
O & ofsfgt. §H 2015l AFF7E L

O
[

3 ﬂllo
)
O
rpy
)
_O|L

)
T
o
L
o

et gargto] AR FolA A& SRIE A
et L[ ol E Yryto] EXjsto] CSF HiEE 55
£ Aol Y9 AF-E Bl LA 53] ¥ 714%
9] St JuEA2 S F(dorsa) Bt +2A 0 2 W Eo] 9]
11 CSF <ol Eleh 91X Gl A0 2 B 1 E|9dct 20199
Ahn 512 /A 7|A 0] Seut o] CSF HiZ0] A
2 Z85H 20249 Yoon 542 A4

I

I &7](nasopharyngeal lymphatic
Ag Fsl= CSF F&E2
HolZ Yotk of=gt WSS CSFt ©<es] AWd=nt &
FE= Zlo] ohye} & FHF| of] YX FrE T3 thHA]
O

2 HiEES AR B =EoA e ole 2ol 343 st
o

s34 5

AMEL NdE= FEotal SaE A
B0 S|4 71An Aol A 7153 F2HL A4 A
4 “IXLO}J_;(]- o]-x:}

o
R
=2
=
L

JHA 0= CSFO| T2 HAHe] WehgolA 55242
T 2N o AR, W2k F9lol E3t= A
A EFZo 8 FAE 2402 BHEHSN G (blood-CSF
barrier)9] 34 840]ckb Na'/K" ATPase ¥ o554
Z-go 8 do 2HE HA & Na'9t A4 o]20] 0|55
3 o]Z QIRF AR 71H 0 & 0] AQPL EE F9l wEt &
oje} CSFE B/detth= Zloltt. SHA|eE o] mETko 2= 4]
CSF g2 Agsl7] offth= ZAH EAeth oA AG3
A} o] AQPIFAAE AEAA W2hEo] & olF= SHf

= ZAEH

7V ZAAARE CSF A4 o oF 20-35%° 2HTE o=
WS 0]9]9] HAE 9 RAEH 7Y
AARE AA|E SAR-RE o]F 71d Bl TEH k] 2A|

S 59 @4 o] X&A 02 [SFE f-E5 1L o] Y
7} =)Aol A|Fatelrto 2 Qste] CSFR 7|%53tths 7id
o] It Klarica 52 ol2{et B34 -] 5xat
a17e] 142 Ao Weho] CSF %8S 0|5 CSF A7t &

7} %22 0.8 A doldth 2SI

CSF AAdo] e

FolA A3/8%E CSE7L S| AofA A
34, A4:A, AFatelt Wk 2 ke thE(convection)
SES AL o5e F A AT  FAG Hebges
(basal cistern)& #A %] &ZH(cerebral convexicy) ¥
For Rt sl olzgt ghofl= HA W50
oJgt A4t At YEE o2 yHEIEE Ty Ao A
52 CSFY| ZAQdo] Bt B3l FHFIY 4 Ae= Al
ARt A ol e HEF HalE XA} 2| Fd)sle]
CSF7F YAIH O & ] Z/E)7] 0 & Wegt} thA] So%
L 54 520] ZA5tH 35 F7|0) wet F7F e Holz
89 Aghr} Aupge Feto] MEolHA S Aeo®
o] FYFd CSF 5= WAL wabs CSF &8
& Yoy Baedol ot I SRy YT 2 F
| 525 534 &850 2 mofE 1 Qlrk of22 wAEe]
FE/01H (BT 2-54)olH Hutet AdE =¥ 15k CSF
S AH&417 9 4173 &3 CSF

i

P

2

o159 YFHO R AokElt

o Ti—

(arachnoid granulation)< 3 AJAF @@%{sagittal sinus)
02 Hj&EE Ao AgHc) AF
e YE 259 F2ER CSFeF FHES g WalAlx o
ST Atolof a1 H5HA shof e 2fof| wheh CSF7F | o

& ok 4 A Tl AR T8y o] FARRto mE B
+ 39| CSF Hi&-2 Asl7] ofdal 94 AFE iz mlAl

1] =2 e z]ztﬂ-o] |

J Korean Neurol Assoc Volume 44 Issue 1, 2026 9



-
BN
2
|o
il
e,
ok
1=
ji7
N,
olr
o
o,
l‘ll‘
rTr
fr
o
0,
%0,
%
gl
5‘.:

9] Al H(cribriform plate)S £ FE7} Utk o)== T7FA1A
o el 7 Hut @;ﬂ; YLFO 2 CSF7h FFEof H|YIF HL
T G7IollA] AR AR FLA R ojojx|& Aotk kgt T
W =] %E o] A F8 FEE FASHTh 201549
A7) B ool E2Asks HE

.]

=

=2 5 A<5-O o
28 54YL HHY

11 0]o] 2017-2020419]

|

l

_[

QA A7 5 H YA (magnetic resonance
imaging, MRD Bl A7 Aol A = s FH O = CSF
A7 HAW L A dud2 wiEE S Azskelek
£75] Ringstad®} Eide"= 8532 £t 7Haelw29A

7b 4 AR U AR APl S Ao SAEHE Ae B

arske] QIZ HoMk Sk HE AL 7153 SAR AAIS
k. 2114 0 &2 AA9] CSF & HdoflA= (1) =413 9
BEES] FAAAEAAE] AZ7 FE 99D), ) A9 5
o HEE AR, 3) AUE ATy F2 Al 77 4.
2 & WolEofR| 1Lt} o] F HARoIA = AR Hd

olojA:

u

= A2} AEeleh 137} glon]” Qg o]
ERYstel Yz B2

71047} A 7k=] 3L Q)
2. SEME HES9 off st U Ma2|st

1) 28uE 4z 718

e A% L Nedergaard AFA0] 2012-2013¢ 4=
9] & AFA A 7|&St g2 CSFE} ISF Atol9] X
Y E A B2E 9Ju|3te} o] HRo|AE CSF7F 529
IS vt WA R 991E 1 [SF} Alo] L HES AT 5
AT 7S whet ohA] ] ¥ CSF 37t 2 viE ek 2

alt)
i=)
v
o
ol
0,
1

= A2 Holw A E(astrocyte)d] T8
191 oftobiel-4 (aquaporin-4, AQP4)ol| oj&Eqtth= Ht
Hx A (ymphatic system)A# AN ewE 21F
716 gtk o Ztgt Zojot. S ute A =29 5thA| 2

¢

N
1
1=

T2
™

Zotel7pe] CSF 957} HEd g

10 cierdAatetelX| M44d M1z, 2026

10{4

F 957 perivascular space, PVS)& E3f HAZAZ
o] 7ttt o] 5
sh}.

(2) W44 f g4k {YE CSFe= PIAIRE Holu A x =
7] E(feet) Atol9] EO2 HAH HAUZFH o] BAolA
AQP4 =71 8%t BEE A T3t AQPA= 2 8 9
9] HolwA| ZZ(endfeet)ol] S/33E]o] THAE =T, o] $&
£ 53t & o]50] §loH CSF-ISF wgto] AA|s| FolErt. A
A2 AQP4FAA AE AFollA= = W Het-oldzolE &
o] AMA 0 g A|AHA Esto] SHBE SFo| AstEo] ¥
LS TS AQPARHAL A AFoA Lrt-AlRZ Rl
AAZ} A=l Zo] HIEQ]ch?

(3) ISF &3t & & AlA: HAd Wz 5012 CSF= 712
©J ISF} 4lof gHite{ o oluf) ti7-g S5 (convection)at EHit
(diffusion) Z-&0] 3 Gojdtt. BlwA Z BAL} HE2
PVSY #d AR5 we} B4 Wl=2 7] o5t ¥ 559
A Wi 2k BAks 1 22 0 29| ghito] H 24 oJ&
gtk o] IgofA] HA|E AR (HEF-oPd Eol &, BRS-
ui | 2 -5)o] CSFE AA LA Hr.

@) JHF9] vl e A CSF/ISFe & AH91%

2t weEh ) go g HiEH 59] ¥ FE 7RO WS
S5t Aol v WS whe} [SF7} o] 55to] 2FH o0&
aPg s 0] A Fetolg (= ug=2[basal cistern]
5)o7 HRItt o]& AW=9] wiZE(peri-venous drainage)
ofZal 5hH 9] At leHlEo] & o] FE = MU= A
oz A Ut

2|

o

S}

=

o,
=1
18

#319] 815 4o] S ol Y

fu.

0

¢

o

e

oﬁ

(5) ¥ gpoz0] 3% Wl A9 79| W2 CSF-eiE
2P o) ko] Yumo 2 FHEe] P2 B3R Yuy

olAto] Zulel puS O 2 ZA|5)elH Fig. 13 2t
Fig. 12 59 F912 CSP7L-sle]
TR 5 W EolA ISFeF SRt AL o] 5 A9 h-S whet

Holu N IS &



Brain glymphatics and clinical relevance

Figure 1. Schematic overview of the glymphatic system. (A) Cerebrospinal fluid (CSF) enters the brain along the periarterial spaces. (B) CSF
flow is driven by arterial pulsatility and related forces, and CSF is transported into the brain parenchyma through aquaporin-4 water channels
that are highly enriched in astrocytic endfeet. (C) Within the brain tissue, CSF and interstitial fluid mix via diffusion and convection, facili-
tating the movement and clearance of metabolic waste products. (D) Drainage occurs predominantly along white matter axonal tracts and
perivenous spaces, allowing waste to be conveyed toward the parasagittal region and venous sinuses into the subarachnoid space. (E) Sub-
sequently, waste products exit the cranial cavity via meningeal lymphatic vessels or arachnoid granulations, or (F) along perineural pathways
associated with cranial nerves.
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Table 1. Comparison of diffusion— and convection-based mechanisms in the glymphatic pathway®
Diffusion Convection
Mechanism Passive spreading driven by random thermal motion Active bulk flow driven by pressure gradients
along concentration gradients Interstitial fluid and CSF move collectively with directional
Occurs through Brownian motion of individual molecules  flow
Driving force Concentration gradient of solutes Arterial pulsations, respiration, and hydrostatic pressure
gradients
Transport speed and Slow Fast
distance Efficient for short-distance transport, such as across Efficient for long—-distance transport
synaptic clefts
Size dependency High Low
Transport is severely restricted for large molecules Large molecular waste products are cleared together
with bulk fluid flow
AQP4 dependence Relatively low Very high
AQP4 channels serve as a key pathway for fluid movement
Clinical implication Regulation of local microenvironments Widespread clearance of pathological proteins
Signal changes observed locally in EPVS, contrast (e.g., amyloid—B, tau) in neurodegenerative diseases
diffusion, and diffusion-weighted imaging reflects local Rapid influx and efflux patterns observed in dynamic
concentration gradients and tissue microstructure contrast-enhanced MRI and serial CSF tracer imaging

(e.g., cell density, interstitial volume fraction)

CSF; cerebrospinal fluid, AQP4; aquaporin-4, EPVS; enlarged perivascular space, MRI; magnetic resonance imaging.

(ol

12 oietdatete|X] M44d M1z, 2026



Brain glymphatics and clinical relevance

oft
2
i
e,

Shito] 5 Zzlolehal Bhstec), B4
o] B 7lojsts] ¥4 21710} Azl ujet vl
Ihe 23 4817} esith(Table 1 &
UPHE =ouT gtk 9 AL 5

A, A ol AR ATE Fu 59 A

[©)

o rlr
2 g
£ du
i
T R
[

b3

e
ol
i)
B=)

=)

Ly
[l
alli
1o

el
)
N,
_>.i
N
o
OHﬂ
f

S99 Y ¥iZ(intramural periarterial
drainage) BEE AAlsH 29uty Rl tiysh| = St
oA Albargothy $°2 #gl-old&2o|= 7} S 7|Auke
BRal Q= o]Fiithes WS 50 SYuE = Y
U HiEo] 5= AEefal 63 o] JA] A EEdt A+

St EZo| Y F

£ 40 7V 2 9% nRE Axtz
9 2713 Xie 549 AT AN Hhe} o) 2
o 0 B wh AeolAl WA EAolETk
o2 AA7} 745t Ek
AFEOIAE Aol ETto] FolAIL HETo] 55510} st
g §3jo] AR 7, 53] = ¥Rnon-REM)SH 5
Qo WEHAY BF Astet LA Wnh Bo R FYse] &
So| U] dRolet. 72 S F7) E Hoki
AZS] AQPS REES A3k ¥ At PR FE AR
2P, Wl Tl SR BEolt Sl 4

I
ret
&

o

1
ol 24 A T

¢
it

=)

=
-

o] HaElon
& ] Am & o] o] /s ol AR TA1E 7}
57301 A=A > A7 (circadian) 2E E3 2ETE
750l Tofetet Wole SHE S50] iAoz Eof
A3 ghof] Agahs Faol B2 Aol FHEIY ol
B W AR HAE giate) o] 2 S U EH
A0 2 fA%ehg Mol e Aoz 4 HH.

2) 0@/ FaA7 s
AREAVIA 9] wat-Rugh 2= HEH 2733 CSF A

S 50 I v A€ S0l & AR AEH| AU Wil

f
@)
wn
>y
oX,
o
O,
N
i
A
i
>,
L*
JB
nE
=)
i
Ho
o
i
19
2
e
Hr

£11 CSF AJAo] 5ol 280t ¢3S

ot A3te FH-7M] F7|9bE A 5 AR 2 A

o A= Aol o|g 5o 2 Rzl TAEI} o H

A0 2 FRnte £5to] F3E £ Sk

BE ATolie aAE AHAE FolsiAY AW A4%
st gt 1S W5 ISF 55°] 5

I glom giE el & sHHZorl 35 59 34 Al

%3 (sympathetic storms)}& I {42 #9] &9

AP e stk RugAlAA 5 vlFAAe] 93E AR

g njF474 AA2o] HER LS 53 St V)%

% 7F540] 953 ek’

o

o
=

jus)

S

i
ool
_t'._l,
.o}
]
3
2
1z
off

714 Qrel wiskE oplstol
 ufrleh A 4 A

Fue geihed 3

b

rlo

>

o3

I

offl

SR
&

fin}

o rlu
"

(@)
w
>y
M
rioy
flo o
N
!
o
luk
jatad
i
o ol

< Kiviniemi %2 AJgoA A 715 MRI (functional MRI,
fMRI)i A8t} 559 CSF 9 7|o=g E45te] 58 8
50| A% vteET T FsH 7oES Hasynt o=

d TE-FOIU YA B E/FEE 50] CSF S5 A
S FFE E 5 WS uiEtTh AAE AR At S

dojube g2 TFolH & 5ol i blood oxygenation
level dependent (BOLD) 4159} ERF=|0] CSF A5/obd&

ou} H}5 ]"ﬂr—l- o}oaqm o]a % H]—E]—Oi _Q_wg ,]/U;H [¢)

2 24oto] F9ute &3 ST Wl dig e
BAYT A& EY 871 33olu 5 943} 89 5ol STt

7150 B & 5 Aol tigh A/FAIEo] AR L QL
THNCT06989242).%

J Korean Neurol Assoc Volume 44 Issue 1,2026 13



2}
=)
08
ozt
1%
OB
o
o>
fol

4) AEA vrF

YT W] A7), Ak 52 PVSY] o4 5ol FIF
= Rt 94 7]ett iz S99 WE AV 2 uE {1
o] 718 ZF shuth’ 1B g NEY E FUEstE et
A7} 45k S ego] w2k
ol et F Aol A= ASole
g 5 Yoy Yo 2= F e A5
brain barrier, BBB) 42 &2t 235]2 W7t € 4= 9l
o A3t A AEER A7 A7 29t A7
a5ty HAEgAA QIA7]5 AshE &5t olf F stU=E
ojZ{gt 7]Ho] A3 It

2. SEIE 7|

olr

WILE SISt MSEXIN L BY 7IH

2YnY % H50 Y A 7152 AN 1l38E
o s Sste] chyRt B 71 AR EAE AT
3 glk H2 51092 AT B WHES a0k of
23} 2t

1) 7He 25295 4MRI
CSF 37t 7HEglg2YAIE FYUoto] A7t Ao &
EEE k= ol 49t W(intrathecal) FZ2(85%

g B A 7Y 2YAS T F A% MRI F

B2 Bo U @ oko 20| T L BT Tt
g £3t0] 9Eshg mtolet 5= 9irkY AA| R Ringstad 572
o] ¥hH o & ARy} =55 A9 CSF <=8 Aol & 3t
3o B ustoiet. 2ol A Akt 2947t BBBE B3
S ahe AT Yol AejHo 2 ol WAL olg

5
So] A ] AR 2YFHOR S0 YT 7k W

T AEE et

2) DTI-ALPS A&

A A9 AH(diffusion tensor image, DTS 0]-85t X
g 39 FAFHE B4 (analysis along the perivascular
space, ALPS) A ¥+= 20179 Taoka®} Naganawa”l A|tst
7ot & W 4 WA & (fornix 9 5)0A1 EH4t o]Hg

14 oietdAatets|X] M44d M1z, 2026

e}
2
o)
i
NI\
ox,
)
o

24 PVSE whet dofube ISF 2A4te] 4
= 135}5E Aotk ALPS AR £S5 2
e 82 53t kHlE AlA o] Fogt Ao r 7H
4 ]l HiH] F=sto]mg [l gAF SollA ALPS A| 37t
FE0] ok B EIQICESST Sy g ot
o AE TS FRloA ALPS A& A4 E 25/A7]%
Aot9] AHTAI S HHSFA I W2 ALPS A 37 01 9]
7] dl et At AT 23t R EITE’ Gk, b
28348 (cerebral small vessel disease, CSVD) & %
gt Agtof|A] o] A3 F-gAo] HFE T Yk

124 DTI-ALPS A #e W W =14 99 & &
goh= 1M A3l Exfoto] mdS TRt 37, Al
O = TreF3t CSF-ISF 2e 5l 5443t el = Al B
] W3] ot Blde QIok” wA-wA pyse

7Pgat v s eh (@AY, AF-AE 5)ol =Tel o]

)

)
oo
o,
1
it
N,
ot

)
A

Jo
1
o,
-,
o
O,
rir
re,

2

o)
2 o

ol I\
e
P
ox

=oé
1%

MRIOIA PVSS] &4 A= W ey
& HlE FAS WY . A A= MRI
o] T2732Joly AAZFA A8 E 4 (fluid-attenuated
inversion recovery imaging, FLAIR)9IA EPVSY] /NS
AZHA 0 7 H4alelAY A58t AT EQo]2 Eaf A4 H
AbEstol Sute APE] B 4O o g &
AFors BRIl W F=stolmry A} S
94 2R Bt A S A  (centrum semiovale)
EPVS H3)7} oot Aotal B st an” ohE Aol
EPVS7} 85 ofd2o|= g3t ke B Ap40/A42
Hgo] driy Bustgtt® 21 AFEolME ARl
4 g=sto|mrg 2uf EAfoflA] EPVSS] K19} 7<=t F7Fst
I 1A A5F o Ago] B E|Q] o mr1 ghajo]
A= 7143 EPVS7E 1A Ast 41737841 S48, 37149 2%

o5} 5| Teigo] Fl=gch

F 7b540] 9

2w
=

o
N

4) 718t A715% 714 71

ol mAEst BA 4TAES el 1 A



Brain glymphatics and clinical relevance

f

T H(magnetic resonance, MR) 7]§°] SH1E -0
WA Y=L Qe ol E S0 S aumElE
incoherent motion) MRIi= H|A|E@RF-9F SHil AE-S |0
of x4 9 PVS9| nNeR A=E FFRto =4 St
g 159 AR tif AR HGHo R Frlotes o &
|53 Qe E3t spstw sk 2 s (chemical exchange
saturation transfer) MRI= =4 Z23g 7]4to] B2} w3t ot
S tiAE B BSOS AT 4= Qo] 2899 A5 58
AL el E 54 B AIA 0] B4 HeHE Aldslste Al
2 Mo g FE et
0|2} 3HA 21FAHphase-contrast) MRIS ©]-&3F A4
9 23} CSF 74 S8 02 oF/Wet 378 55 A
< AU 2314 2
3HEE AR o]0 2 Qlt. Fultz 5742 Q7oA 2 &
5 A% BOLD 4129 A¥le 250l #ttgh CSF 5& 35
¥} W 2 UYEhES HojFo] ¥ &5 CSF =go]
THI= A 9 ol#gt BOLD-CSF A% Z==
EU

=

A7 = (intravoxel

ol

sloict

2E4E 7159 M2 G BERAAZ F59 Qo

5) B MRI 7|

T ASE AHH o R Fxohe WA O F Albayram 572
o] HAEMIE I 2 Y& (digital subtraction lymphan-
giography)Zt ¥3toto] ut fuat 9 AR A ujE H2S
H|Z &2 0 2 A|ZFslelin). Eot F47) U] /M= 2% 29A|
Z9l5ka] A4 ¥ Y w2 S A5 AV gREt

]:!
Y2 5 A /O R M Y ES Bt

i

rL i

re

o)
2l
)
o
[¢]
1)
ol
of,

A BEAR 0] el Shom ol
1E 2o|7lol= H5ol ¥ TasHT 21
7V A ® 2N ZA2o] 7g=t)

3. UBAH BEUM2| 715H T2

v 2R AE0| 7% At o2 A4EAEE 9 1P

IO H Fehele] FRT ATL e A

o
il
e
o
il A
i)

D A7 ey de

8/ ot steete 4o o] Akl ot A 129
Hole SYuE f-50] BofR|=t, o= yo
ofg 0|t 59 ¥ F2o] oluh= TAT Wghs o] jith
Nedergaard®} Goldman< 2Hu}E] Al
7te 3T 55 A7 2 5 v AEsHlET, ol
oot =3}, uE HiE At o 3ol
2]& o]Fo] g=stolwry 5o I} XS ARtk 7
oo AA| 2 g=stolwy 587 RdoiE FYUTE 75
o] Hojx|H Hef-ofdzo|E 9 B9 W7t SAHTE B
T QIR gk Q17F St oA Aol A QIR A ol/
Zel] EAolAA DTI-ALPS A3 ZH4, EPVS $7F CSF 29
MRI A3 A5} 5-9] SHHE 7|53l 4-70] 23] ERle]

I QIS wisy Bo) T AFEPAT AT Lut-A]
29 5 e @A S2o] SuE o7t 71 4
AtHe A7 lom IR AT ol Aol Fnt

0] 5.
] 2 19} Q5 /017] ZA}0] AlahAd-S AA|FHC} 6860

pus

l‘l!‘

2) HEHAS

CSVDe} =3ty 7|5 E3t U43] A Aoz Bl
Aol &t Hud HAgdolu A5, nNEE 5 A8
g 252 Ase = 1] 383 BB l= A=
ok 22y 32 AFEL AT St HojlA EPVS| 3
oSt S7iet 2Hute tiAMEE AlA AstE BEskal =9
u]-lﬂ Hxio] LR /\M-A 9Jo] = 3}14_ %E‘r}’_ Zﬂo]'o]"/)j\
o AL AN A7) A5t B} EPVS Rleh
FHEAE e A7 o] mNEY s S HuE &
T2 ofste] =4 diattEe] SAHL FSHoR Had
QAP ool 7hs/de] Yt ES HEF F Wste
A M= HdEe] that ledllE AIA F27F EFH 95

U AR S SR A s} gk

F

QNS

J Korean Neurol Assoc Volume 44 Issue 1,2026 15



Moy FME HES
3) 2t H&At & W3 vAgHH(white matter hyperintensity)2] X1

A} L& AHtraumatic brain injury, TBI) oA E 2
e Asol $83% 92 Sttt 94 o & HES T
¥} 35 SHuE SF0] #ofshy efo® Qg wail
=285 75& F43] Aot BE2 ARt
17} 9Jek 20234 Hussain 52 9] <A} melof A
WG SRS AAlste Sul/HERFEA] ZHEY

= 1

ol

I

‘f‘——x_"%[propranolol])% Folshd FHutE Hjdo] & X
1=)
B

QUAFS} BRS- Thilf A3 417 5ol FotEo] T A F
Y50 = 0] 2ggo] A=A H skGItk o]= TBIOA
glymphatic-stagnated edema, & SH3}E FA|= Qs £
o] S8 BAYZ AlAksH 2-uE H=E 7fdsh= A
729 7S Holeth O EE o & =2 UG
ojut @Fo = =utE SFo| Ho|H A} A7t YHit=
oy Ao w SHNE 55

J 2ol wgo] B 4 itk 7Hdo] A

4) Mo 2 9 75 H3let AP E B A

HeFE-2 CSF A449] 8 713 & ofyzh FHH ¥4
ZH¥(blood-CSF barrier)= °|F+ WY ¥ #Eo =
# SFA174A9] WY TE(immune checkpoint) G
et} ol2fRt £4 wiizol Wehg2 QM EE Al
(neuroinflammation)¥ AT ALE 7= X2
Exlo] gith® volzt EAU E34 = Agto] WAjstH o
ol ©get FEiE Hapt Hehdt ol E Sof 71X
T BN 9 A4 2 AUAE 915 ARS8 5ol B
E|lom o]z WFo] CSF Y 58 4 24 24 59
GojmHrt® 2o MekEo] ¥u F7Hchoroid plexus
enlargement) A7} thFet A7 E| P A} AREITH= AF
o] BHeiA| 1L glow 53] 23 3E(glymphatic) 7157807t
o] TAE miAetth= Hart Qluk= 1 ik

Li 5% MRI 7]5t Aol A @k R uj7t 71t e

o o>

O

=2
o
=

ot ok

=)
I‘JEJY‘#-{N

rulo

16 oietdatet=|X| M44d M1z, 2026

o] l2H of2jgt @ido] SYUE 7] Aokt WskA
Hoky B stk Xu §%2 g2stolny SatolA dEts
W e (free-water) 37171 285 715 Astet A4E
AABIHCH Liu 592 ozl SRtoA] WS vtz =+
44 TGRS AR &5 54 STEE =t ¥
Frt. olF At WEFo] Td
L E A A5 B REAR 75T AARRITE

FENAE oleigt Ayt A
ALA BHAtol| 4] wZ w7t
ohgZo|E %7 d QX7 Asket Uids] HHo| il
WSS O R g AtollA] WEF H]
g7} QIA7)%s Aok ofe}l wayl A1 AT &5 A
9] Bt f-of3t kg Helrhal B usiirt™ ol gt 4w

Q
e}
%
i=)
N
r l)-
1‘

HE 75740l viiete 4 dd e A8 5 3l
< ARt

oh&e] X HuE AolAE kst 3 Bdojx HetEo]
AL ZH4Jo] RAIEH CSF £H] 7]%50] Py oz REHL)
£ g BAFYE® ol WgF9) 75 Aot ot st
o] AP} ope} A7 E YA oA 2] WA ol ofato]
FEEE WSt 7HedE AARITL o] T T A
oA dg-Eoly WekE HstE 27| AHY A7 BHO R
83 5 = 7Hs S AR 919k o] wiEgkgo] X ¢
o 9 LHEZ AA oM Fa%t TS ShtHe Zlo] ¥
AL Qlek

o] Qlof ¥ & chiys =
THel/f R 29| Hspt R et dE B0l 55 &

AollA] B4 o] e ARG Qutstol WA wrE
52 2Y 5 AT FY BAANA FPHE gl ©
GHE PE ARE FYEe] BolF 4 At A5 9
o Ao 2 Feate A S toRd A3 3E e

of AR AT PR ol P g @ A THoRH 2
AR ZHthe Hold Tl 1



Brain glymphatics and clinical relevance

6. MK XBH HY: HIFEH o

12

=8 3@d

2Ynte AFO 715 A ¢ w2 AAS
P chabet A2 Heko] ZAE|T 9tk ol 3A] A axio]
U 224 g 50 HoFRH SAet ok g 0|83t oF B

Az s % ek

_E

D ke B2

SOtk 584 49lo] 294 Ansrl, 490 242 A4
L SRREEE 5 AFH0 Xaste] 2o Lelnt 5
B et o] 2YnE B by /18A Ego] |
oF 48 AT G T 4 ek BE ATl Bz

owr% 2240l

e §52 52 S Jovt A B2e Sd 722
S B4 9 AFS 2Fste] 28]8 2 7152 AT
oh webd e 4Te AFE rﬂ%}i A3l Aol F

Ko| Wol A om7h-3 5o BEapA A
23} 4% fatel] Jlefsle] YR 0.E Fetele] o2 4
Qe B3} Qe vhuto 2 A3 vy A% Bt
B stk 1Y, B, e, ﬁq 4% 50 wF YWl

A3l FFL Toi e

n:Z:
=
N
i
i}
i
A

of

ddo] SHFElo] SHY [Yo] %01‘1:}‘:}% B3} 31‘—4'.6'9’
AQP4 =29 /& F7MI71= AQP4 =
2 IRk T oy’ gAFHo = 9-—}‘%] 44| FH= Qick
o vhEA] 2 A= Soldt A1l ?ﬂE]r”]/ Hl A H &
ne 59 oFEo] FEdtes 4 uhElE Y fFASH =9
I} ¥ 52 S7MA SHHE {52 =100 o=t ¥EE
ol-gsto] M A=7t BT FAEA 1 Algto] g
Enld 59 JEAIE Fojsto] ol=4 0 = CSF 252 544
7l QA A= ATHNCTO07151716)."% ot 2149} 7]
e} QP FAIZ AA A 282 AlFeof itk

oleo = oFE AY ZHoJA FHIE FEE ol&stH
Al=7E Sl =
UTt= Aol 2etsto] oF&E-3 CSFoll F3t & ApA| #sht
F7] B52 885t H Y g2 Siglste Mol
£ 501 ¥R7I7H 22 A58 T doly Qe AAST
S QElo|E(antisense oligonucleotide) 5= 79t
A W Foigt H S HEE W A|(EDHT
AllTrendelenburg position)& F5|AY ¢ A7
Sto] ofEo] XA Zl4ro] ALEA sz WAlo] dE
ch19%10 gt OFE ol offlol| Alggobd FxtETE S0}
B2} o Y1 ¥ J%7L Z7Reche Hak 9o g
15} oF2-9] Bk AI7F ZH(time-of-day administration)©]

HE ¢

245 ojzo

fr

L
iU
Y
OFH
m
o
TH
il
1
iy
tlo
_‘:‘L
|H
i)
>

Lﬂjﬁ
[©]
%#m‘gﬁ‘léme

fd
paS)

m,

i

)
&

K

d E

o] Seste ABC] WA 5o YA ALAL CSF &
ol that sfeicte) M-S 7hAskeh o] el HolA That
wHj2o] AASE A7t B Satolt AY F4to] o]
o ol A X9} PVSE B3 554 94 e} Brg e
910 oJ3f o|2ol2 QAL gk olat A4S %2
sfoluy, Wzlen 53t 2 AAEBABEY HES TH,
ABPAS 5o o] 2774 TheFe AARGA S, o]

J Korean Neurol Assoc Volume 44 Issue 1, 2026 17



g Eof H4l 93

s L A2 Ao
2 A 3340 48 9 AW, AR 4 3, 17t
A

2 59 2| 5

07 24 9 9nA B4 AR 5 o g

ACKNOWLEDGEMENTS

This work was supported by the National Research
Foundation of Korea (NRF) grant funded by the Korea
government (MSIT) (No. RS-2023-00209580).

REFERNCES

1. Sakka L, Coll G, Chazal J. Anatomy and physiology of cerebrospi-
nal fluid. Eur Ann Otorhinolaryngol Head Neck Dis 2011;,128:309-
316.

2. Pollay M, Curl F. Secretion of cerebrospinal fluid by the ventricular
ependyma of the rabbit. Am J Physiol 1967;213:1031-1038.

3. Oshio K, Watanabe H, Song Y, Verkman AS, Manley GT. Reduced
cerebrospinal fluid production and intracranial pressure in mice
lacking choroid plexus water channel Aquaporin-1. Faseb J 2005;
19:76-78.

4. Bajda J, Pitla N, Gorantla VR. Bulat-Klarica-Oreskovic hypothesis: a
comprehensive review. Cureus 2023;15:e45821.

5. Proulx ST. Cerebrospinal fluid outflow: a review of the historical
and contemporary evidence for arachnoid villi, perineural routes,
and dural lymphatics. Cell Mol Life Sci 2021;78:2429-2457.

6. lliff JJ, Wang M, Liao Y, Plogg BA, Peng W, Gundersen GA, et al. A
paravascular pathway facilitates CSF flow through the brain paren-
chyma and the clearance of interstitial solutes, including amyloid .
Sci Transl Med 2012;4:147raln.

7. Louveau A, Smirnov |, Keyes T, Eccles JD, Rouhani SJ, Peske JD,
et al. Structural and functional features of central nervous system
lymphatic vessels. Nature 2015;523:337-341.

8. Absinta M, Ha SK, Nair G, Sati P, Luciano NJ, Palisoc M, et al. Hu-
man and nonhuman primate meninges harbor lymphatic vessels
that can be visualized noninvasively by MRI. eLife 2017;6:e29738.

9. Albayram MS, Smith G, Tufan F, Tuna IS, Bostanciklioglu M, Zile M,
et al. Non-invasive MR imaging of human brain lymphatic net-
works with connections to cervical lymph nodes. Nat Commun
2022;13:203.

18 oietdAatets|X| M44d HM1%, 2026

10.

1.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

Ringstad G, Eide PK. Cerebrospinal fluid tracer efflux to parasagit-
tal dura in humans. Nat Commun 2020;11:354.

Ahn JH, Cho H, Kim JH, Kim SH, Ham JS, Park |, et al. Meningeal
lymphatic vessels at the skull base drain cerebrospinal fluid. Na-
ture 2019;572:62-66.

Yoon JH, Jin H, Kim HJ, Hong SP, Yang MJ, Ahn JH, et al. Nasopha-
ryngeal lymphatic plexus is a hub for cerebrospinal fluid drainage.
Nature 2024,625:768-777.

Redzic ZB, Segal MB. The structure of the choroid plexus and the
physiology of the choroid plexus epithelium. Adv Drug Deliv Rev
2004;56:1695-1716.

Mollanji R, Bozanovic-Sosic R, Silver |, Li B, Kim C, Midha R, et al.
Intracranial pressure accommodation is impaired by blocking
pathways leading to extracranial lymphatics. Am J Physiol Regul
Integr Comp Physiol 2001;,280:R1573-R1581.

Albargothy NJ, Johnston DA, MacGregor-Sharp M, Weller RO,
Verma A, Hawkes CA, et al. Convective influx/glymphatic system:
tracers injected into the CSF enter and leave the brain along sep-
arate periarterial basement membrane pathways. Acta Neuro-
pathol 2018;136:139-152.

Klarica M, Oreskovi¢ D, Bozi¢ B, Vuki¢ M, Butkovi¢ V, Bulat M. New
experimental model of acute aqueductal blockage in cats: effects
on cerebrospinal fluid pressure and the size of brain ventricles.
Neuroscience 2009;158:1397-1405.

Bering EA Jr. Choroid plexus and arterial pulsation of cerebrospinal
fluid: demonstration of the choroid plexuses as a cerebrospinal
fluid pump. AMA Arch Neurol Psychiatry 1955;73:165-172.

Weed LH. The cerebrospinal fluid. Physiol Rev 1922;2:171-203.
Dreha-Kulaczewski S, Joseph AA, Merboldt KD, Ludwig HC, Gart-
ner J, Frahm J. Inspiration is the major regulator of human CSF
flow. J Neurosci 2015;35:2485-2491.

Yamada S, Miyazaki M, Yamashita Y, Ouyang C, Yui M, Nakahashi
M, et al. Influence of respiration on cerebrospinal fluid movement
using magnetic resonance spin labeling. Fluids Barriers CNS 2013;
10:36.

Enzmann DR, Pelc NJ. Normal flow patterns of intracranial and
spinal cerebrospinal fluid defined with phase-contrast cine MR
imaging. Radiology 1991,178:467-474.

van Veluw SJ, Hou SS, Calvo-Rodriguez M, Arbel-Ornath M, Snyder
AC, Frosch MP, et al. Vasomotion as a driving force for paravas-
cular clearance in the awake mouse brain. Neuron 2 020;105:549-
561.e5.

Mestre H, Tithof J, Du T, Song W, Peng W, Sweeney AM, et al. Flow
of cerebrospinal fluid is driven by arterial pulsations and is re-
duced in hypertension. Nat Commun 2018,9:4878.

Fultz NE, Bonmassar G, Setsompop K, Stickgold RA, Rosen BR,
Polimeni JR, et al. Coupled electrophysiological, hemodynam-
ic, and cerebrospinal fluid oscillations in human sleep. Science
2019;366:628-631.

Johnston M, Zakharov A, Koh L, Armstrong D. Subarachnoid in-
jection of microfil reveals connections between cerebrospinal fluid
and nasal lymphatics in the non-human primate. Neuropathol
Appl Neurobiol 2005;31:632-640.

Zhang Y, Zhang C, He XZ, Li ZH, Meng JC, Mao RT, et al. Interac-



Brain glymphatics and clinical relevance

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

4.

42.

tion between the glymphatic system and a-synuclein in Parkin-
son's disease. Mol Neurobiol 2023;60:2209-2222.

Nielsen S, Nagelhus EA, Amiry-Moghaddam M, Bourque C, Agre P
Ottersen OP Specialized membrane domains for water transport
in glial cells: high-resolution immunogold cytochemistry of aqua-
porin-4 in rat brain. J Neurosci 1997;17:171-180.

Kress BT, lliff JJ, Xia M, Wang M, Wei HS, Zeppenfeld D, et al. Im-
pairment of paravascular clearance pathways in the aging brain.
Ann Neurol 2014;76:845-861.

Zeppenfeld DM, Simon M, Haswell JD, D'Abreo D, Murchison C,
Quinn JF, et al. Association of perivascular localization of aqua-
porin-4 with cognition and Alzheimer disease in aging brains. JA-
MA Neurol 2017;74:91-99.

Zhu YC, Tzourio C, Soumaré A, Mazoyer B, Dufouil C, Chabriat H.
Severity of dilated Virchow-Robin spaces is associated with age,
blood pressure, and MRI markers of small vessel disease: a popu-
lation-based study. Stroke 2010;41:2483-2490.

Doubal FN, MacLullich AM, Ferguson KJ, Dennis MS, Wardlaw
JM. Enlarged perivascular spaces on MRI are a feature of cerebral
small vessel disease. Stroke 2010;41:450-454.

Kwee RM, Kwee TC. Virchow-Robin spaces at MR imaging. Radio-
graphics 2007;27:1071-1086.

Banerjee G, Kim HJ, Fox Z, Jager HR, Wilson D, Charidimou A, et al.
MRI-visible perivascular space location is associated with Alzhei-
mer's disease independently of amyloid burden. Brain 2017;140:
107-1116.

Martinez-Ramirez S, van Rooden S, Charidimou A, van Opstal AM,
Wermer M, Gurol ME, et al. Perivascular spaces volume in sporadic
and hereditary (Dutch-type) cerebral amyloid angiopathy. Stroke
2018;49:1913-1919.

Charidimou A, Meegahage R, Fox Z, Peeters A, Vandermeeren Y,
Laloux P, et al. Enlarged perivascular spaces as a marker of under-
lying arteriopathy in intracerebral haemorrhage: a multicentre MRI
cohort study. J Neurol Neurosurg Psychiatry 2013;84:624-629.

Xie L, Kang H, Xu Q Chen M), Liao Y, Thiyagarajan M, et al. Sleep
drives metabolite clearance from the adult brain. Science 2013;342:
373-377.

lliff JJ, Lee H, Yu M, Feng T, Logan J, Nedergaard M, et al. Brain-
wide pathway for waste clearance captured by contrast-enhanced
MRI. J Clin Invest 2013;123:1299-1309.

Smith AJ, Yao X, Dix JA, Jin BJ, Verkman AS. Test of the 'glymphatic'
hypothesis demonstrates diffusive and aquaporin-4-independent
solute transport in rodent brain parenchyma. Elife 2017;6:e27679.
Ray L, lliff JJ, Heys JJ. Analysis of convective and diffusive transport
in the brain interstitium. Fluids Barriers CNS 2019;16:6.

Mestre H, Mori Y, Nedergaard M. The brain’s glymphatic system:
current controversies. Trends Neurosci 2020;43:458-466.

Ma J, Chen M, Liu GH, Gao M, Chen NH, Toh CH, et al. Effects
of sleep on the glymphatic functioning and multimodal human
brain network affecting memory in older adults. Mol Psychiatry
2025;30: 1717-1729.

Ghaderi S, Mohammadi S, Fatehi F. Glymphatic pathway dysfunc-
tion in severe obstructive sleep apnea: a meta-analysis. Sleep Med
2025;131:106528.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Ozturk B, Koundal S, Al Bizri E, Chen X, Gursky Z, Dai F, et al. Con-
tinuous positive airway pressure increases CSF flow and glym-
phatic transport. JCI Insight 2023;8:e170270.

Hablitz LM, P& V, Giannetto M, Vinitsky HS, Steeger FF, Metcalfe
T, et al. Circadian control of brain glymphatic and lymphatic fluid
flow. Nat Commun 2020;11:4411.

Nycz B, Mandera M. The features of the glymphatic system. Auton
Neurosci 2021;232:102774.

Hussain R, Tithof J, Wang W, Cheetham-West A, Song W, Peng W,
et al. Potentiating glymphatic drainage minimizes post-traumatic
cerebral oedema. Nature 2023;623:992-1000.

Cheng KR, Brodnick SK, Blanz SL, Zeng W, Kegel J, Pisaniello JA, et
al. Clinically-derived vagus nerve stimulation enhances cerebrospi-
nal fluid penetrance. Brain Stimul 2020;13:1024-1030.

Kiviniemi V, Wang X, Korhonen V, Keinénen T, Tuovinen T, Autio J,
et al. Ultra-fast magnetic resonance encephalography of physio-
logical brain activity - Glymphatic pulsation mechanisms? J Cereb
Blood Flow Metab 2016;36:1033-1045.

Yildiz S, Grinstead J, Hildebrand A, Oshinski J, Rooney WD, Lim
MM, et al. Immediate impact of yogic breathing on pulsatile cere-
brospinal fluid dynamics. Sci Rep 2022;12:10894.

[liff JJ, Wang M, Zeppenfeld DM, Venkataraman A, Plog BA, Liao
Y, et al. cerebral arterial pulsation drives paravascular CSF-intersti-
tial fluid exchange in the murine brain. J Neurosci 2013;33:18190-
18199.

Li M, Kitamura A, Beverley J, Koudelka J, Duncombe J, Lennen R,
et al. Impaired glymphatic function and pulsation alterations in a
mouse model of vascular cognitive impairment. Front Aging Neu-
rosci 2022;13:788519.

Jukkola J, Kaakinen M, Singh A, Moradi S, Ferdinando H, Myllyla T,
et al. Blood pressure lowering enhances cerebrospinal fluid efflux
to the systemic circulation primarily via the lymphatic vasculature.
Fluids Barriers CNS 2024:21:12.

Xie L, Zhang Y, Hong H, Xu S, Cui L, Wang S, et al. Higher intracra-
nial arterial pulsatility is associated with presumed imaging mark-
ers of the glymphatic system: an explorative study. Neuroimage
2024;288:120524.

Ringstad G, Vatnehol SAS, Eide PK. Glymphatic MRI in idiopathic
normal pressure hydrocephalus. Brain 2017;140:2691-2705.

Taoka T, Masutani Y, Kawai H, Nakane T, Matsuoka K, Yasuno F, et
al. Evaluation of glymphatic system activity with the diffusion MR
technique: diffusion tensor image analysis along the perivascular
space (DTI-ALPS) in Alzheimer's disease cases. Jpn J Radiol 2017;
35:172-178.

Zhang X, Wang Y, Jiao B, Wang Z, Shi J, Zhang Y, et al. Glymphatic
system impairment in Alzheimer's disease: associations with peri-
vascular space volume and cognitive function. Eur Radiol 2024;34:
1314-1323.

Liang T, Chang F, Huang Z, Peng D, Zhou X, Liu W. Evaluation
of glymphatic system activity by diffusion tensor image analysis
along the perivascular space (DTI-ALPS) in dementia patients. Br J
Radiol 2023;96:20220315.

Bae YJ, Kim JM, Choi BS, Choi JH, Ryoo N, Song YS, et al. Glym-
phatic function assessment in Parkinson's disease using diffusion

19

J Korean Neurol Assoc Volume 44 Issue 1, 2026



r
i=l

¥ YNE &S

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74,

20

tensor image analysis along the perivascular space. Parkinsonism
Relat Disord 2023;114:105767.

Wood KH, Nenert R, Miften AM, Kent GW, Sleyster M, Memon RA,
et al. Diffusion tensor imaging-along the perivascular-space index
is associated with disease progression in Parkinson's disease. Mov
Disord 2024;39:1504-1513.

Yu S, Jiang H, Yu L, Liu T, Yang C, Cao J, et al. DTI-ALPS index de-
creased in patients with type 2 diabetes mellitus. Front Neurosci
2024;18:1383780.

Tian Y, Cai X, Zhou Y, Jin A, Wang S, Yang Y, et al. Impaired glym-
phatic system as evidenced by low diffusivity along perivascular
spaces is associated with cerebral small vessel disease: a popula-
tion-based study. Stroke Vasc Neurol 2023;8:413-423.

Ringstad G. Glymphatic imaging: a critical look at the DTI-ALPS in-
dex. Neuroradiology 2024;66:157-160.

Potter GM, Chappell FM, Morris Z, Wardlaw JM. Cerebral perivas-
cular spaces visible on magnetic resonance imaging: development
of a qualitative rating scale and its observer reliability. Cerebrovasc
Dis 2015;39:224-231.

Dubost F, Yilmaz P Adams H, Bortsova G, lkram MA, Niessen W, et
al. Enlarged perivascular spaces in brain MRI: automated quantifi-
cation in four regions. Neuroimage 2019;185:534-544.

Kapoor A, Gaubert A, Yew B, Jang JY, Dutt S, Li Y, et al. Enlarged
perivascular spaces and plasma AR42/AB40 ratio in older adults
without dementia. Neurobiol Aging 2023;128:43-48.

Jeong SH, Cha J, Park M, Jung JH, Ye BS, Sohn YH, et al. Associ-
ation of enlarged perivascular spaces with amyloid burden and
cognitive decline in Alzheimer disease continuum. Neurology
2022;99:e1791-e1802.

Kim S, Na HK, Sun'Y, Yoon YJ, Chung SJ, Sohn YH, et al. Regional
burden of enlarged perivascular spaces and cognition and neuro-
psychiatric symptoms in drug-naive patients with Parkinson dis-
ease. Neurology 2024;102:e209483.

Park YW, Shin NY, Chung SJ, Kim J, Lim SM, Lee PH, et al. Magnet-
ic resonance imaging-visible perivascular spaces in basal ganglia
predict cognitive decline in Parkinson's disease. Mov Disord 2019;
34:1672-1679.

Chung SJ, Yoo HS, Shin NY, Park YW, Lee HS, Hong JM, et al. Peri-
vascular spaces in the basal ganglia and long-term motor prog-
nosis in newly diagnosed Parkinson disease. Neurology 2021;96:
e2121-e2131.

Yamada S, Hiratsuka S, Otani T, li S, Wada S, Oshima M, et al. Use-
fulness of intravoxel incoherent motion MRI for visualizing slow
cerebrospinal fluid motion. Fluids Barriers CNS 2023;20:16.

Chen Y, Dai Z Fan R, Mikulis DJ, Qiu J, Shen Z, et al. Glymphatic
system visualized by chemical-exchange-saturation-transfer mag-
netic resonance imaging. ACS Chem Neurosci 2020;11:1978-1984.
Boyd ED, Kaur J, Ding G, Chopp M, Jiang Q. Clinical magnetic res-
onance imaging evaluation of glymphatic function. NMR Biomed
2024:37:e5132.

Zhou Y, Cai J, Zhang W, Gong X, Yan S, Zhang K; et al. Impairment
of the glymphatic pathway and putative meningeal lymphatic ves-
sels in the aging human. Ann Neurol 2020;87:357-369.
Nedergaard M, Goldman SA. Glymphatic failure as a final com-

et dilbst=|X| M443 M1, 2026

75.

76.

7.

78.

79.

80.

8.

82.

83.

84.

85.

86.

87.

88.

89.

90.

mon pathway to dementia. Science 2020;370:50-56.

Peng W, Achariyar TM, Li B, Liao Y, Mestre H, Hitomi E, et al. Sup-
pression of glymphatic fluid transport in a mouse model of Alz-
heimer's disease. Neurobiol Dis 2016;93:215-225.

Harrison IF, Ismail O, Machhada A, Colgan N, Ohene Y, Nahavandi
P et al. Impaired glymphatic function and clearance of tau in an
Alzheimer's disease model. Brain 2020;143:2576-2593.

Kamagata K, Andica C, Takabayashi K, Saito Y, Taoka T, Nozaki H,
et al. Association of MRI indices of glymphatic system with amy-
loid deposition and cognition in mild cognitive impairment and
Alzheimer Disease. Neurology 2022;99:e2648-e2660.

Ang PS, Zhang DM, Azizi SA, de Matos SAN, Brorson JR. The
glymphatic system and cerebral small vessel disease. J Stroke
Cerebrovasc Dis 2024;33:107557.

Ding J, Sigurdsson S, Jonsson PV, Eiriksdottir G, Charidimou A, Lo-
pez OL, et al. Large perivascular spaces visible on magnetic reso-
nance imaging, cerebral small vessel disease progression, and risk
of dementia: the age, gene/environment susceptibility - Reykjavik
study. JAMA Neurol 2017;74:1105-1112.

Zhang S, Yu W, Zhang X, Cheng H, Zhang Z, Gao S, et al. Glym-
phatic dysfunction as a biomarker for post-stroke cognitive im-
pairment. Sci Rep 2025;15:19382.

Dumas AA, Gasull AD, Prinz M. Beyond borders: the choroid plex-
us-immune communication during neuroinflammation. Signal
Transduct Target Ther 2024;9:278.

Serot JM, Béné MC, Foliguet B, Faure GC. Morphological alter-
ations of the choroid plexus in late-onset Alzheimer's disease. Acta
Neuropathol 2000;99:105-108.

Li'Y, Zhou Y, Zhong W, Zhu X, Chen Y, Zhang K, et al. Choroid
plexus enlargement exacerbates white matter hyperintensity
growth through glymphatic impairment. Ann Neurol 2023;94:182-
195.

Xu X, Yang X, Zhang J, Wang Y, Selim M, Zheng Y, et al. Choroid
plexus free-water correlates with glymphatic function in Alzhei-
mer's disease. Alzheimers Dement 2025;21:¢70239.

Liu L, Weng Q Cai Q Yu X, Huang W, Xie S, et al. Choroid plexus
enlargement contributes to motor severity via regional glymphatic
dysfunction in Parkinson’s disease. NPJ Parkinsons Dis 2025;11:134.
Jeong SH, Park CJ, Cha J, Kim SY, Lee SK, Kim YJ, et al. Choroid
Plexus volume, amyloid burden, and cognition in the Alzheimer's
disease continuum. Aging Dis 2025;16:552-564.

Jeong SH, Park CJ, Jeong HJ, Sunwoo MK, Ahn SS, Lee SK, et al.
Association of choroid plexus volume with motor symptoms and
dopaminergic degeneration in Parkinson's disease. J Neurol Neu-
rosurg Psychiatry 2023;94:1047-1055.

Lolansen SD, Révész EO, Andreassen SN, Trapp M, Salio C, Sas-
soé-Pognetto M, et al. Choroid plexus-mediated CSF secretion
remains stable in aging rats via high and age-resistant metabolic
activity. Nat Commun 2025;16:6778.

Nishioka K, Kawamura M, lima M, Ueda D, Ito R, Saida T, et al. The
glymphatic system in oncology: from the perspective of a radia-
tion oncologist. / Radiat Res 2025;66:343-353.

Lee H, Xie L, Yu M, Kang H, Feng T, Deane R, et al. The effect of
body posture on brain glymphatic transport. J Neurosci 2015;35:



Brain glymphatics and clinical relevance

91

92.

93.

94.

95.

96.

11034-11044.

Yoo RE, Kim JH, Moon HY, Park JY, Cheon S, Shin HS, et al. Long-
term physical exercise facilitates putative glymphatic and menin-
geal lymphatic vessel flow in humans. Nat Commun 2025;16:3360.
Lundgaard I, Wang W, Eberhardt A, Vinitsky HS, Reeves BC, Peng
S, et al. Beneficial effects of low alcohol exposure, but adverse
effects of high alcohol intake on glymphatic function. Sci Rep
2018;8:2246.

Ren H, Luo C, Feng Y, Yao X, Shi Z, Liang F, et al. Omega-3 polyun-
saturated fatty acids promote amyloid-B clearance from the brain
through mediating the function of the glymphatic system. Faseb J
2017;31:282-293.

Zhang Y, Zhang R, Ye Y, Wang S, Jiaerken Y, Hong H, et al. The in-
fluence of demographics and vascular risk factors on glymphatic
function measured by diffusion along perivascular space. Front
Aging Neurosci 2021;13:693787.

Oreskovi¢ D, Marakovic J, Varda R, Rados M, Jurjevi¢ |, Klarica M.
New insight into the mechanism of mannitol effects on cerebro-
spinal fluid pressure decrease and craniospinal fluid redistribution.
Neuroscience 2018;392:164-171.

Mestre H, Hablitz LM, Xavier ALR, Feng W, Zou W, Pu T, et al.

97.

98.

99.

100.

101.

102.

Aquaporin-4-dependent glymphatic solute transport in the ro-
dent brain. eLife 2018;7:e40070.

Lilius TO, Blomgqvist K, Hauglund NL, Liu G, Steeger FF, Baerentzen
S, et al. Dexmedetomidine enhances glymphatic brain delivery of
intrathecally administered drugs. J Control Release 2019;304:29-
38.

Dong R, Liu W, Han Y, Wang Z, Jiang L, Wang L, et al. Influencing
factors of glymphatic system during perioperative period. Front
Neurosci 2024;18:1428085.

Hablitz LM, Vinitsky HS, Sun Q, Steeger FF, Sigurdsson B,
Mortensen KN, et al. Increased glymphatic influx is correlated with
high EEG delta power and low heart rate in mice under anesthe-
sia. Sci Adv 2019;5:eaav5447.

Hinderer C, Katz N, Dyer C, Goode T, Johansson J, Bell P, et al.
Translational feasibility of lumbar puncture for intrathecal AAV ad-
ministration. Mol Ther Methods Clin Dev 2020;17:969-974.

Castle MJ, Cheng Y, Asokan A, Tuszynski MH. Physical positioning
markedly enhances brain transduction after intrathecal AAV9 infu-
sion. Sci Adv 2018;4:eaau9859.

Fame RM. Harnessing the circadian nature of the choroid plexus
and cerebrospinal fluid. NP/ Biol Timing Sleep 2025;2:19.

21

J Korean Neurol Assoc Volume 44 Issue 1, 2026



