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Accumulating evidence suggests that Alzheimer’s disease (AD) is not only caused by accumula-
tion of abnormal proteins, including amyloid and tau, but is also closely associated with abnor-
malities in the microvascular environment including the blood-brain barrier (BBB), both of
which lead to neuroinflammation and neurodegeneration. Application of in vivo magnetic res-
onance imaging (MRI) has recently increased to assess BBB permeability in AD and related dis-
eases. Here, we provide a narrative review of BBB permeability-related pathology in Alzheimer
dementia and recent MRI research on BBB permeability changes in AD and related diseases.
Furthermore, we briefly introduce the measurement of BBB permeability using MRI and its
methodological issues.

Index terms Alzheimer Disease; Cerebral Small Vessel Disease; Blood-Brain Barrier;
Permeability; Perfusion; Magnetic Resonance
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S 7Pdstal, g=stoln] X|u £-2 th2 3 X|ufjol] E4AQ Q| ES Wrlehal, EhtE =
g el Aol nNEE A= 52 Eelshs Zlolth()

2] 2)ule] Q1 9l B2} 7] do]l E A= (blood-brain barrier; ©|5} BBB) £ ¥} 5
95 AgS Shrhs S717F sofuhal ATHR-5). SHAIRE wedel /el Ats Auid oz A2
wolrk6-8). ofol & F-dollAl= g=stoln] 2ull & Pk X|ufjoflA] BBB £tz “goljeke] ¢
/goll 5t 71 At AaHES QoFskal, BBB FikE Wghe 34T 4 Qe G L I A+
A= 27 et st

otxslo|H Xx|ofel 7Ha

o =5to]m x|ulj(Alzheimer dementia)= 71 &35t 2|uff Q1 & shifo]ar, opt 2o|= ut
(plaque)2] /d1} A AI2E Ule] BR-THElE 0 o) 3] Zto] t 3
ABAFAEe] 4, FHAIF 2] 24, BBB FaMd 571 5ol Be] 2181} #edo] Qltk= A+ 4
=0l TH1).

FARe] F7 7149l ofg 2ol & 7o A= A|ZukS TESH=(transmembrane) oFH 20| &
5t (amyloid precursor protein)©| & 7HA] THEIES] G 4 (32t y-secretase)ol] 2]5to] £ah
o] wje} opl 2o] = HE] =(beta amyloid peptide; ©I5}F AR) 7+ FHEW, o] 2ZH50] Al
Hof| A opl 0] = FHamyloid plaque)S FAJSH $H OP?E ]E o] /g2 n| Al (micro-
tubule) F-A]oll Tofsh= Al U] ERTHEIE o] TolLtelE ZHketo] 4178 4 fullE (neurofi-
brillary tangle)S 3745, ol= /442l A ML) 7]5 Xﬂ sH= fabsith A
StAEd| A0t PSS-S Al YA H A A E] 278K (integrity)©] A F] 1L, 2| F2 02 A7 A

ZARE 9 H9) 58 Zefiokal /g5l el gtk AR o 2= d=stolw X|uf 54
L 20~30 7 o]n] opl 2o| = 2|7} AR E| 9132 o|neirh9). obd o] = £ o] 2% Wz

S
Ao, BRe-EH %‘ﬂOH HEEA] OP?E‘EO]E7 FEesitt=7d2 ofd2ol= W2 gloje

441 N 744—]—01] ofst, x| J&Poll= of 2] AR 283tk 7154 d=stolo] Xnf
£ U 97]+= amyloid precursor protein (APP), presenilin (PSEN) /-%2H10| & | @]stal, S1F
/g d=stolm X|ufe] Zh et §4 21 QIA= oA HEIA E (apolipoprotein E; o5}
ApoE) #3421 0]o|TH(12, 13). 17t ApoES] 73-5- €2, €3, e42] 37H2] thid-RA}7} lom | e4ti
QA= d=sto|n] x|ufe] Q& IAFEA] RHF 0] €3/e491 -9 L=slo|n X|ul QF =} 44l
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€4/e49] 79 749 148) Z715tcha A glom B
oF 2] Q] =7} ol ITH(14, 15).

2 2t QA7) Q1= Ao njoksiAL

e F v w A 2 o] SUeSa niAEwe] Pk B dxstolm X|njo] 913
T2 ZT7MF= Ao 2 dEA QItk17). 3] B4 d WS cerebral small vessel disease)-2
o] AW RAIEN, £7Wo] B7] HokE ok Es B o= X|ul 2k9] 45%, HEF2] 20%,
518/ = E5-2] 25%0l4 LA TH19)

wAE PSR iz 1A S 73 (white matter hyperintensity; ©15F WMH), &34 744, 1]

&, 49 P39 37K perivascular space; ©]5F PVS) 5-2 X35k, CT S-2 MRo| &g

87] Zolli= 2] %) 0 =gk 2hIek 4+ Igix %, A& MR GA4Jo] Zletel B4 o|cH20). 2013
% AR AT} oo

o ZEH vl B el

BRI A PRI HAFEHR] 7|2 *JO] OE2t= A E 1EE OIE}(z 3).
-3/ M (lacunar infarct)> ol 'EA¥gH 1.5 cm ofste] 22 73‘*”&*1 il N2 7178,

hﬁiﬂﬁ%%%ﬂﬁﬂ@ﬂﬂﬁg%Q%%QQm)iéﬁéﬂﬂﬂo

r10|'
rolt
40

]_

:io
i)
1)

22). 3} oll= L ftol] FHHE 2 (11pohya11n051s)0] ﬁ%x‘iﬂ] FEJAL Zloz 2
Ao AR 2e B2 SRS Eolth(24).

WMH== QIA1%ol, X|ull, 252t Hedo] Qlom =S} X|ul 913 o] 212} 34l 28l S7Fstal
AEE Z713H0H25). WMHS] 22 2] thofsiA|oF 1 2 2] MR @Lojl s 429} ZAko] o}
Ut o] AL 7|17 o] L3 (slight disentanglement of the matrix to varying degrees
of myelin and axon loss)& HSHC}H?26, 27). WMHOJA] o= NSt Mish= %40 2 Hol=
Hi2] (normal appearing white matter; |5} NAWM)ollA| = dofid 4= Q28 29). WMHJ 7|
A2 5 AA, thdakRAdsh Aale] ZepHist 5o] A=) AL ARt o} F7= BE5tt. &
olli= WMHS} BBB olieke] A d-& Szl ohe At5o] BaEs] 1l QIeK30, 31). ©Fik= BBB
FoZH A, @ dE R A R ES o7k, Fe] A, E4xS) ¥ gliosisE 2ot

Aoz 7PdS AAGY. webA wRAlst duire], BBB o7t 554 o 2 285t WMHE

o o A}, 7V F25t Yele ok uraiA Q1A elet.

e
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29 Z7HPVS) S T2 72 G Ao A Hol= Hn| A E TS Sejpts x| Zrto & w3l 9l A
TS ol wpat F745HH(32), XM P == F7kskaL Q1A 7] otsket A QlTK
PVSe] 7]7d-2 25| e x] UA| 9kom, BBB Aol2] 2|3k (34), =7 o] & 4ol (35), 22 <
%EXIX}-‘Z}PJ TS AR A7) Qlek(36).

0] 4| & =3 (cerebral microbleeds) & T2* 2 P4 S-2 21k 2 JAkoll
ol Hoz EO]D:] A2 A S} obd 20| =Z ¥ (amyloid angiopathy)©] 7Hg &3k Qlojct
(21, 22). BINEHEE A= v 7578 WHolu, Fabd /1 lAtel eZE k= 34(37),
Z2ofgRo|= Hato] mA|2tE AYZFE| 1 QlTk(38).

)
N
w A

=
o
&
2
>
|t

N

Or
H1

Y=sto|m XJulje] He]7|HofA HEEEghe] o] gt 37171 WA o ArolwA] X|uliHe]
£ 217 M 28 ofzh Al E T We] ofg] Aol ek n]XIthe Zo] BHe |1 QlTh2,
5,6, 39-41),

BBBE thE 8o] 2= AFE Tk (neurovascular unit) 2 e 4> 9o BBB -2 21748
Tekol= Al NI, o) oF AT 285 F Q)4 E (pericyte), Hotu N E (astrocyte), A173
Az 9 viehtul(basal lamina membrane) & JHAJE| o] ot Fajm Al 7ke] AAl= XY

o]-5-F(tight junction) 2 /=1L, o= FHolA] feffohs SAHEZ ] $54 St = Y2
FYE = A S AlFsrh).
A ATol A westol] wlet BBB7} B/ HSHE HRlrky H skl Qlrh(41). vieso] F74

9|3, 2|2o] g R 2AE| 3, Mok WA R endfeet 2717k ARIch, A% ol o] 54 T

d=sto]w x|y 2jolli= BBBL] 7124 mk2je} BBB 71528 ol o] F 7H] 713 o] oS gt

(4). BBB o= &l W) A 5AE2-A]-34(fibrin), A-8-49 (fibrinogen), Z2F27 (plasmin),
%E}iﬂ] =7 (plasminogen), E&71(thrombin), 2 AF7FdA-0] @951t 2= A shaL,
o= A& A o7 IRt W U= fdE YRR BE BRAfch 2AxM4LSS

of7|stct, 1_14—?4 A|az9] vte](detachment)2} E|8)/d¥iSH= BBB 1} & oF7|sk=tl, ApoE 7
ZAzprio) o] F7of wheh FHFQ M AL} BBB & f-A]ofl A& thEA| 289t e4 thRd-R-3d
g}l 7497 é‘%ﬁ—.\—%‘ﬂ—ﬂ%ﬁﬂ a4 (matrix metalloprotemase -9; MMP- 9) ufj7li5}el BBB 2]%o]
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EFAQI n A /g2 T-F-A151e} BBB 715 A5HE 5 36, AR 54549 £45 414
7] 22 ot AR obd 20| & 42 28R A o] Hrt. 23] 54 3 7S 115, BBB
A oAt P o hLz0] Mol Y3 olu2} BBB 7|5-#15HE Q15+ BB
q8ks] @ Jateke 7o) W8 B0l o]t x|n] Falo] Wejga) 7| e shelslat S 4]
of, xull Y}y 7k} M= A BE Ao =M, 2R AT BAAE AA D 4 e

os]
m
|

oy
&
i

N

19914 Toft 546, 47)2 #2202 J54 2957 (dynamic contrast enhancement; ©]5}
DCE) 7|} o]-&5to] BBB Fate AlLkS 91eh 45H4 B e (Toft 2 E)S Albstitt. 7Feals &
GA] 73—?—, BARFO] 550 Dal & Wl AthA 0 & n|A|gh = o] Fate & ST 4 QI
B 7Y = 7F5?415 2IAE F 0%5}1, Aol H 2ol viRd o2 T1 k%

5

08.

A =8 9)«9@] _,_ngﬂ /\]7 b—‘—’?ﬂ = W =9, rEs SRS %311, Z2 W= 29A7k
FE F =5 dopd 4 Sl o]= H 7HA] AR A E—5 WYt (arterial input func-
tion; ©|5}F AIF)6—ol| 2Jsto] A7 =], F/dx 2ol F/87 k= g4 o= Fatsit(4e).

HE DCE 904 BBB == ALl 4~5H4] nele o]t
model), extended Toft 22, Patlak =& o] A] 7}A] 7} th & 2] o|Th(48).

71& HFY 94 AFollA F2 0]-8E+= extended Toft ZEo A= A 7HA] F2.5F F4—=]]
7G4 [volume transfer constant, Ktrans (min)], & SA4 G g2 A2 o] 37Hx]
[volume of extravascular extracellular space (EES) per unit volume of tissue, Ve (0 < ve < 1)),
QA o) g 7to| A FAFo 2 o] &k f4rate constant between EES and plasma, Kep
(min")—= FZ3}t}. 0] Kepe Kirans/Ve2 B ETH 57} A|5H 01 7 (405 v]s}
of BT}l 52 M—a})oﬂ% Ktrans7} &) 553 @47 (flow)oll 4&-3-oHH, Fok=7} A5
ARl BH(FHert -5l vlste] o9 W2 =)ol Ktrans= Tl e 34
H(permeability surface area product; PSP)2 & 2|$tch(46, 47).

o
H
in

4l (two compartment
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Patlak model-2 extended Toft model2] E45F Oﬂi B 5 olon EgAy AlgAsgto]
o} Zro| of-2- t] St % 2] BBB &2 o5 o, Fyke|A| el e to 2 BE ¢ Y2
9] o F(backflux)7} 2] gl Ao= 71y OPE} EE}E}H A= A FE= Kiranset S 0| 28

= L=

(plasma volume fraction; ©|5} Vp) & 5 7F2|o|t}, KtransE +&<4 = (leakage rate
st BBB Fal= HekE UEhYlE #|3olth Vpe 224 U9 nlA|E v Ui 45 1] 2-&(frac-
tion)S YERATHFig. 1) (48, 49).

ﬁ
FH

X|o 2H8 DCE B4 S+t

X510 X[of 3 2= QIX|FoHol| A2 A At

20099 Starr 5(50)0] 1.5 Tesla (015} T)ollA] 3027+ =3 DCE A< o 83t A5 =27
H](signal enhancement ratio) - ©]-85}0f, &=35}o|H Z|uljof| A BBB F2t= Hsk7}F 2 7]0f Lo
& 53T} 20161 Van de Harr 5(51)2 3 TollA] o] AJ7Fal/d = (dual temporal resolu-
tion) 712 485101 Ktranse} VpE 5750 A, =& u} S8 ojA] 73Rl F=5to|H 7‘4
oo A} Zke] Zfoli= glou, BBB Fil=7t 57+t 28] (fraction) Y=sto] ™ X|uljol A &fn] 9}
Al ki 2 skednt. 20151 Montagne 5(6)°1 78?1, 74 1A ol &zl A] 3 Toll A 1627t
Y53 DCE B/ 22, Kirans?| =@ g ofxf= fol & Hol 2] eharou, sfintoll A= 4 =17 7ol
ollA oju] QA F7Fehe BAlstlrh F Ut ATES] 4 4ol A= BBB Fate #st =
7] d=3stolH X|uff ghrjof|A] B0l ofd 2o]E AW E SYH o7 27| QIA7]5H

Fig. 1. The Patlak model for blood-brain barrier permeability for dynamic contrast-enhanced MRI.

It is a simplified version of the extended Tofts and two-compartment models. It assumes that there is mini-
mal or no backflux from the brain to the arteries (i.e. Cp >> Ce). Accordingly, it only provides the estimation
of two parameters: the volume transfer constant and Vp.

AIF = arterial input function, Ce = concentration of contrast in the interstitial space, Cp = concentration of
contrast in blood plasma, Ktrans = volume transfer constant, EES = extravascular extracellular space, PS =
permeability surface-area product, Ve = fractional interstitial volume, Vp = fractional plasma volume

Cp>>Ce
Ve no backflux.
Patlak model Itps — PS
I *
Yp Ve
Extended tofts Patlak

" Ctlt p(t) +&tran3); Cp(t)dr e

« The volume transfer constant between the plasma

and the EES
« The leakage rate
« The quantity leaking per unit time perunit capillary

plasma Gd concentration per unit tissue volume

N . AIF .,
Tissue concentration curve « Min

Vp.
SNl Tissue « Capillary blood plasma volume fraction in tissue
- « Dimensionless

Time Time

Concentration
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ofioll 2-8-3H& Bfs{d 2 =24 BBB FHHert QA7 ol S-S f1oh 27] A 22 ARSE 4= 9
= AAISIATHES).

et
H
0x
R
=
f——
#g
o
_",J_

o4 2Hd QI X[ ZHoHof| A 2f A+t At
of thali A= 20131 1.5 TZ 0|85 DCE 70l A] 21202 wfujauy o] Eatr 1
JAFsH= A7 F dh =] R1TH30). 2017 Zhang 5(52)°], 3 TOllA] 0]F A E 7S o]
CE 94Fo 2 AAkelat ulwst o, 2835kl NAWM, WMH 2 o] 2 o) (8-S |9
24 9] area under barZ #A4Feh BBB & A% (leakage volume)2 2ju] Q1A S7}
HUBIATH52). $HH, Huisa 5(53)2 Binswanger ¥ A= 4.0 2 St DCE Lol A] k]
©] BBB =7} WMH 29)= ojn] b1 @ 5|2 NAWMEF] A1 H-eF NAWMeOl A Z715t

15101, BBB 7]} 5540 2 Aalshe 719l S Alxtaigint,

r

o)

ro

> el
r.l
~|

opp ol
o ﬁﬂj b
v

_O|L
H
+

T

ol
[o

o IZ o
oo

r

BBB Ft= 2 E0f| Ci$t EX|1H

A2 A= Patlak Z&o] xnfjol| A2} Z-2 njA[gt BBB £t ¥istEAoll 7H Aghsictar &
A 1oL} Cramer 5-(54)°ll 51, 3 X 10°/min* ©]/d2] Ktrans= Patlak Z2loj| A 2kAg 7}
= 4= AcH54). webA Patlak 2@ o] 85k 7%, ¥sh= Atolg ‘%730}1] Zohe 91348 2t
9] 93 o] EA. 71 v AR 22 o]+ EH'O]XI‘?J o] ¢ A&t o9 (fitting)- st
of, 2 AR A1) 0] B Rskal(54), W7t “LOWH $8H4 Bebdo] 37k
%Xﬂ%‘lol 9,101*1 OVHEH% A5k AL QATH48, 55).

BBB 03%% g Tl 1@17403 $E| 5 (Fast Low Angle Short; FLASH) 22 T1 23}3]=
(saturation recovery) Y42 HOoH o]= E F2 0] MR 7|7|of|A] o]- &8 4= Qlth= o] 9l
O}, ARFH 0 2 A THEA]E 18 4= Qlrhe Holli] o & 0|5 FEE 4= =gl AlE

£ Hol= M2 JFAIAA7EE a5ttt

5 H]ASE BBB FakE S 915 o)A Ql E 5K Hoj e 10~15% ool ME7HE2)
U2 Hallo]Lh(48, 54, 55), o= AA A Q2 I Tl M E7Fs5HH, 7Fedh 102 ol ule] 4
LR EZE et Alibo] 75t v ko] @5t BBB Fate S7gol gk AlTte] uhE <t
7374 (stability) =-2 A& /g (repeatability)oll thet A= AR == gli= A7 o] TH(56).

BBB £t 5742 & E3to] = F-9l= Ktrans7h Tl 7He 4= QlojA], o]= XA A =
2 T GG oA Aol & 4 ATH57). T3 AEAE0] Kirans?] F 7HA] ©9] 27
S 28502 7 LRI Hal A T4 A 9 AAEol Al £5hE 11 Uk(57).

u}ebA A2 A= AAFEC] Thrippleton 5(55)0] AlAISh= HItHZ BEFst T2 E2-S o] &
5131, Patlak model& 7|90 2 HEFE2|(min')E o83 A& F33TH(Fig. 2).
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Fig. 2. Exemplary cases of BBB permeability (Ktrans) maps overlayed on coronal T1-weighted images. Com-
pared to the normal control subject, the patient with Alzheimer dementia shows increased Ktrans values in
the bilateral medial temporal lobes and other brain regions. Ktrans is a volume transfer constant between
blood plasma and the extravascular extracellular space. Cognitive normal subject (left image). Patient with
Alzheimer’s disease (right image).

BBB = blood-brain barrier

BBB permeability (Ktrans) map
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Normal

BBB £t FAro| 7 Mot

ATFE 7iAdatan, 2| ofst w2l Bk 5 Aes] 24517] QJsto], Ji A7aE2 o]
BPH-E o] 8ato], A A 2gA|e] UAETH(first pass) Alofl= 2 Al Tt
FS A (F 1.58), F HAR 52 FEATTol| $2 A=Y S 25
o

=

57 SHehs1). o] e vl Ho) 7= ShAIRt, 7] FEAIZE

fr ol
>
L
ol
e =
oz

rlo
>
)

ol
=

Ar #
AN
-
ol

o o

2

o
oo
ox
A
o

#]olli= Golden-angle Radial Sparce Parallel (GRASP) @/dAIEAE o851, DCEE ©]&
S At Al e 5] 2 F o] FeoA & 4> e Aol Tkl Harghtk(sg). Held 71
2 0|85, A0 82 ATFE FEo Ul e AR AL Qlok. 11 2lof, He 7Haelw 29415

ko Eqtn oJAME A9k 11 ‘FJr(59). | 24Pg 2 (diffusion weighting) S 71t 5
AT abHlE (arterial spin labeling; ASL) 715 EEZHEAF 18 Da)o] Et=5 =45
4= AL AQFSFA|9E AR P& o] o) = 5 6P‘jr(59).

BBB F2t et 2EMEIA|AE(Glymphatic System)zte] 2t

}710ll= BBB 7]'50] @ c =R E [l E= 5/ Tl o) A5 x| ek op el vAg
24 Q1 Tl of HjjZof| = A2FA Q1 &S Al AAAZITHE0). = 413 Aol 2J51H, BBB7} 1t
H=H AR F4Z op7|5kaL, AR 4]

HT AR E DaL Y= SHIEAAE] 7ol mh2H 7HE Y (interstitial space fluid; ISF)©]
CSFeF A& wehsal) o] = Hobw A i endfeet?] ofFtolxdl 4 EF & (aquaporin 4 water
channel)oll oJ5f| 2 H ko 25hH, o] 2 1%t Z&ule o] &2 (glymphatic bulk flow)©]
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W0 21E] o|2fet B4 BUES A oS Arha FHATHE2, 63). 71E ATECIA
+ AB2) 75%% BBB7} Al ST AlARl0] 10% S HYEH: Z102 B3 gloLK(ed), 7]
ol apzhiiche o B ol Ap AVE SRRl 99 =
Aok 22 524 2HE Th62, 63).

e}, Zenel x| 2se] Al B ool iaiAl o} =AEo|m, olnhz BBBS} 2 skl A

¢

rlo
O

b2 il wrs1207) ekoteheo, 65).
w5 BBB 7|5 Aol eh 2R nbEl | A5l Z7E AR Vol A QARSkeHe Al gl T A4
2 7o) AT A A7 oF A7) e,

oA 27] Hakel njh g é%‘E'M A 141 %‘”‘4717} s - E 2ol elge 1
o, 272 kst sk AAE 2 2oz 7 .
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