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Fig. 1. The transmembrane process of water molecules in brain tissue can be summarized as: (a) Exchange of water molecules across

the BBB (blood-brain barrier); (b) exchange of water molecules across cell membranes; (c) exchange of water molecules across the

blood-CSF barrier. In the ventricle, AQP is present in the basal outer membrane of ependymal cells at the interface of cerebrospi-

nal fluid; (d) exchange of water molecules across the CSF-brain parenchymal barrier. The cerebrospinal fluid in the subarachnoid

space flows into the brain through the periarterial space and is then exchanged with the interstitial fluid via aquaporins located in

the astrocyte endfeet.

118702-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y] 32 2 3R Acta Phys. Sin. Vol. 74, No. 11 (2025)

118702

Epithelial cellsf& I 4 ffd; Meningeal layer /2 i
)2 Periosteal layer /& & )2 ; Pericyte J& & 4l
Jid; Pia mater SZHXH 5.

AR 7K 3 5 B A8 46 i 2 S K 43 28 4
B AL AN [R] B2 JHorp ) 7K o3 5 A M R A8 sk
TR A0 A 0 L At 97 38 2o A4 e St i A3+ )= 3
TP 8 8 I BT B KGE T A T s e 1
AR AETE PR AL L oK g3 iz il S <P ]
s 22 G 2 PR, FE7K -5 BBB e Al
KI5 R W HWS FEHL I 22— 2 10 H 1 7K o33
if N R R IR I R GBI (I NKCCH,
GLUT1 45) Zad N R 4 24, 767K 53+ BCSFB
A i 2 Ik 4 A LB R S 41 I A A K S
SIEERE N B AR, I E A A i P R s
H I (NKCCL) F1 AQP1 HE AR 2 45 4t
e 2 B3R ity 2 v 1200, 7K 3 15 ik SIS - ok D T
I ki Y A g v e DRSS s v i T L R K
SRl R AR A A 2 Y AQP4 (ZKEIE
HE 4) SULN KT S8 48 21,

Outside

2 K> T ES MM (p) SR AR 5] (a) S HR
AR BRI, o Ko 2 20 i P9 7K 32 4 1) 40 i 41 25 T B
AR EL, Foop S 20N HM K 22 450 3 40 M 9 25 T 1) 3 238 6 4
101 IOT 43531 3 7 K4 dd 388 38 Rl Nac A EsE 8 , TR IV %
R Gy ILis iE A

Fig. 2. Hlustration of the passive (p) and potentially active
(a) transcytolemmal water exchange pathways, where k;,
is the exchange rate of water from the cell into the extracel-
lular space, ko is the exchange rate of water from the out-
side into the intracellular space, II and III represent trans-
porters K uses to re-exit and Na' uses to re-enter the cell,
respectively, and I and IV represent water co-transporters

that HyO uses to exit and enter the cell.
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Fig. 3. Model of steady-state transmembrane exchange of
water molecules, the left box represents the extracellular

space, and the right box represents the intracellular space.
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Fig. 4. Conceptual diagram of shutter speed (SS), SS is
defined as the difference in longitudinal relaxation rates
between intracellular and extracellular spaces. Here, Ky,
denotes the efflux rate of water molecules from the blood
vessels to the interstitial space, while ky, denotes the in-
flux rate of water molecules from the interstitial space to
the blood vessels, kpe represents the rate of contrast agent
molecules diffusing from the blood vessels to the interstitial
space, and ke, represents the rate of contrast agent mo-
lecules diffusing from the interstitial space to the blood ves-
sels. Gd represents the contrast agent molecules, which can-
not enter the cells.
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Fig. 5. (a) The curves of apparent longitudinal relaxation rates Rip and Ris as a function of extracellular contrast agent concen-
tration [CRo] obtained from magnetic resonance signals®®, in the absence of water exchange, the value of Rjg is proportional to
the contrast agent concentration, following the relation r1, [CRo] + Ri00 , the region on the left side of the figure indicates that
(KiotFko;) is much greater than the shutter speed |R1j — Rlo|, which corresponds to the fast exchange boundary; (b) an enlarged
view of the left-side region in (a); (c¢) the curve showing the proportion of signal from the fast component of the apparent relaxa-
tion rate as a function of contrast agent concentration, when it approaches the proportion of extracellular water content, the sys-
tem is considered to have reached the slow-exchange limit. At this point, the calculation of intracellular residence time can refer to
Eq. (1), where RiL = Ry +‘ri71. The above curves are plotted according to Egs. (8) to (10), where p; =0.85, 77 =1.0s,
R1i =0.67s7!, Rio0=0.5s"1, ro =3.75mmol =1 -L-s71.
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Fig. 6. The schematic diagrams of different models used in DCE-MRI. Among them, S'M and S*M represent the first and second

generation of the Shutter speed model (SSM). In addition, the eTofts model is selected here as a representative traditional pharma-

cokinetic model for processing DCE-MRI. In S'M, the vascular water fraction is ignored, and only the water exchange between in-

tracellular and extracellular spaces is considered (k, and k). In S*M, both vascular and cellular water exchanges are considered,

with the permeability of the contrast agent from the vascular space to the interstitial space being accounted for(k,, and k). kTS,

the product of the permeability of the contrast agent in the vasculature (kpe and kep). In the eTofts model, water exchange

between both the vasculature and the cells is assumed to be instantaneous.
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Fig. 7. The intracellular water efflux rate ( ki, ) is a potentially high-sensitivity and high-specificity imaging biomarker for AQP4 ex-
pression in gliomas. (a) The upper left diagram shows a schematic of the kj, map for a glioma patient, with the white arrow indi-
cating the location of the biopsy site. The corresponding immunohistochemical results for the biopsy site are shown in the lower left
diagram, the right diagram presents the correlation between kj, parameters and AQP4 expression levels from 45 biopsy sites in
19 glioma patients, with AQP4 expression quantified as the proportion of AQP4-positive cells in the sections. (b) The upper left
diagram shows the k;, parameter maps of the tumor region in a rat glioma model (C6 cells) on the first day after injection of sa-
line and on the second day after specific inhibition of AQP4 with TGNO020. The right diagram presents the statistical results of the
average kj, in the tumor region after injection of saline and TGN020, with a significant 43% decrease in kj, after specific inhibi-
tion of AQP4 by TGN020 (n = 9). This figure was adapted from the Ref. [41].
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(a) Slow-proliferating cells (SCC)
predominant

High expression of treatment
resistance protein

Intact nucleus

AQP4 map based on kj,

Cell number
resistance

Chemoradiation

3rd day after TMZ

AQP4 DAPI

Nucleus

(b) Fast-proliferating cells (FCC)
predominant

Low expression of treatment
Nucleus damage

80 A

Cell number
sensitive

O N-N

o & © &
el
Chemoradiation

3rd day after TMZ

10-2 10' 10* 107
CTV AQP4 DAPI

8 BV T AQP4 KK HIRIFIBUATER K (a) Ik AQP4 B2 M0 P Y LS SO T 4 0 A Fr) 15 6 7 4 M O 3=,
TR S M (TMZ) 10T T AT, A% e 4, JF R 2 G ikt An A5 8 1 ZEBL; (b) & AQP4 1Y 20 M SI7. 24 )0 L Jie B -+
I LR A9 PRI TE A0 I &, A2 TMZIRYT 3 KR AR 32 40, R IR YT BURPE, ZEBL N EHR IR T 45 G 81 1; DAPL A 4!, 6-
USRI 2B LG W CTV g d8 40 M HE A 58 67 550 R B0 A 278 30K [41]

Fig. 8. The expression level of AQP4 in glioma cells is correlated with treatment resistance: (a) The low-AQP4 cell subtype is
mainly composed of slow-proliferating cells with glioma stem cell characteristics, which survive under temozolomide (TMZ) treat-
ment with intact nucleus and express higher levels of the treatment resistance marker protein ZEB1; (b) in contrast, the high-
AQP4 cell subtype is mainly composed of fast-proliferating cells with glioma stem cell characteristics. On the third day of TMZ
treatment, some cells show nucleus structure damage, which are chemoradiation-sensitive cells. ZEB1 refers to zinc finger E-box-

binding homeobox 1; DAPI refers to 4', 6-diamidino-2-phenylindole; and CTV refers to a cell proliferation fluorescent tracer. This

figure was adapted from the Ref. [41].

b, rie Bl e H—A5 25— A4 B 55 H
W], p R4 s BIME 5 5 b, De A Dy 43 TR
o R L 53 (7K A3 F 3 HER.
1976 4F, Andraskol®) [F]A£ X} fiL 21 41 5 1) 7K 43+
T B A M IR AL B A T B, R 1972 4F Conlon
F1 Outhreds! fg SN XT H 7 757, Andraskol® %
FHEETOK A4 RO REER T, AR4E Karger0™)
P& 10 1 7 2 A A AR AL el FH Dk b BB NMIR 5 7
B R IMET A0 b S35 b 0 £ 441 i
KT HH 3 3 e ) A (] s ) R i
5, AR BRI R Dy, IR ECE AN A R I
AR N K TP BeR AL, HANMNIK 4
ZBR, B HO )R 20 B P K A LA At
KA FP BT LIZNE, Qi (16) AT AR fE R
_ Da—D;y(1+1/N)
KDy (Dx—Dy) ’
Horp, 7 2 sg ], Dy 240 LMK 53 13 K
. Dy AR B ) FOWY B R, N AR P A
YA MK TR, K 2 —A 5806 R Bk AE e Y

(20)

SR ERL. T AR RN B NI ZT 20 P9 7K 4T
HIEAE 24 °C SN 17 ms.

IR EET Kirger #AIT A /K 501 38 st
[, B2 T A AK A T3 HCRIE B AT 5L
HAY B E N i K 734 HCR AT L2, B
faifb Al (20) 20, SR, [RIEH AN G SE ST s
HH 440 if P K A iR B A T R R AR . i
1974 4F Neuman®! 45 1 7E 34 5) H G 3 VE R A it
ST R [k I S A A K AT R
HCR S A Y Bt K PE ). 1978 4F, Tannerl®?
HIRE T —H HA A FE ST — 4
T, T B 1 0 G O HICR S AT B
YT T | of B 5 B ) AR AT AR, 48 H
i E A FNY HOR N BULR S5 (AP0 i
B TE) L A R AR 1 ) R BRI AR R 5 4, 1983
4F Tanner®] 25 &z FRISHAL R FH K PR NMR
X LT AL | Rl AT AN RIS v i) 20 B N /K 3
RPEAT TR, 34T T 7E 0.3—1.0 s (4 Bt )38
FIN, KT8 BORFBS SN Z M SR, LU0
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ZLANN R B, 25 SRR WIS R AR N K 2 59 T
(R B K B R, AN SZ A0 B e T )
JE 6.3x10°% cm?/s, FERKYHESTR] (Z9KF 100 ms)
T, 32 3 2 A FEE ) 52 e 28 B PN K S 1T RIS
#)]2.6x10° cm?/s, IFTE 1978 AEHEAAL T, 1T
AT B 20 i B 38 3% R 0.011 em/s. Neuman/®!
1 Tanner £ H A4 FEIEAR AL FN AN B 1Y S 303
F AN N 7K 23 79 BIOR S HAT 3 O (a4
PR

J5 B2 AN Karger BRI JEF7 940, BY 2% fE 41
LR K 3 —F 4 B BT ) R AR, TN 2 ]
ERE B B AEE 1997 4F, Stanisz 5% B % £ 3|
P T 2 R b K o315 B 1) S 1 R A L K
TP HUZ IR, X Karger BB gEAT 47, $2 1 —Fb
AR U AR B T PGSE W i 4R 15 5,
AR AT LA AN [R)2H 3 B 7K 059 R L st
HBEPEFRAELI T | 5 HRE R ARF T Kérger
BRAL XL 435840, ST A ASERL A 4 3 4>
23, S | T 2N B R At P TR B A ), 2 o
I o 40 A 1) B SR (= SR R 4.
IZWFFEAE B R AR Al 22 1 0 1 B A 2 1
ot 5 5 R T 240 M B3 375 14 43 1A 0.0009 em /s
F10.0017 cm/s. 1998 4, Pfeuffer %5 59 £ £ T it
A R A (AT REE) WFFE T K oy
TR AN N SR 73T B IR i B 1% 0F
FEASE T A T 1] B R 32 35 RT3 1) NMIR. 7 J5¢ Jo 40 i
FEAS I T O [ 5.3—2000 ms 1 {55
(constant gradient, CG S£45), IEMR#iE CG SLE 3R
4 i P K A5 BE R (~50 ms). FEIZMEIE T, X
20 Y N 7K 345 B I 1] R Al AT AR I 1976 4R
Andraskol i F 1) 77 ¥ , (B AN W] B4 J2 A & 1
Digpp intra 2538 1 Keirger A5 Hv [5] 22 Sy 5 55 1) 40 Hfd
MIKITFY R Do, Dapp intra 52— F AT U
[EMEAS  FRY H%, Dapp.intra P13 Tanner 55 [0
25 YR AE—AN [ E RS A 5 LK o074 e T
N BIREIEIRAF 5 A R ¢ (R PR F]. Karger
IR IR ] T HAE—SE3g 5T N, AR 4
RAANE, K731 B sS sl BEAR DR, B Bl
[ o b (B A SE80 25 . B dlt, Shi 55 BTRGE T
PR DR Karger BERIAL T K 7715 BRAZ e 1Y
S ZAFFE R LA SRR, TR B A0 i R
(=10 pan) | 5 R Aol 2 5 R AR B ol AR5 8
AT DL T, 23 NS K 73115 A 0 A2 i TR 1Y)

it BRI RSB (<6 pm) H, 520 A] DA
ZWEATT.

2005 4, Jensen &5 B8] HH T Y HUE R (kur-
tosis) iR A WA LUK T 1y AR m Y EA T R
TEZIEFE T, VEEBR T 4 NS B IR (5 5 P
AT AR R, IR Karger BIRIZ5 4 HE
WA IR 43 24t [a] Z R A B OC &R, 1 (21) 2K,
B SCE AR A TAH OGS 5

var (D) 1 [ 1

K =621 1—a(1—e°‘)], (21)

Hp var(D) 2P BARE D B2, Fny iR
EAFMRE AR, DEY RN
1, o=t/ (rapp) =t/ (Topa) » Ta Fl 7 2 PHANZHIT
IK G FA5 BRI TE], pa 11 py S PN 2H 207K B B L,
Hrp, =1-pa.

Mt <t B, YOG K(t) i TR&EY N
TP R BAEDIR S N BYME (3var (D)/D?), X3
TNTETK B B/ NG 0T, 9 A i
BRBI I ADEE. 2t >t BF, BIEHENE R F K
TRAWA], g BE K () BEIE] ¢ A9 SE K T ),
RN 1/t IE, R K S x4 Hid B 1)
B FZAEM (819). tm = apy = Topa =R GEMIK
TRAIH], R KAE N4 43 22 18] 5E IR A A 1Y

Kurtosis (K)

Diffusion time (t)

PO i B BEY B R AR L i R B, Ko, 7
B N ], T 0 B B A ) S T, R
ST AN A K T8RO S B R SE TR 1R
IR, FRGEIA B HURLAL I R BE BE Y 1O A T B, H
AU 7 e o O o S W s 3 T T
Pl 23 SO0 I R 85 15 2

Fig. 9. The schematic diagram of the change in diffusion
kurtosis with diffusion time. At shorter diffusion times, the
diffusion kurtosis increases with the diffusion time, reflect-
ing the intra-compartmental microstructural effects. At
longer diffusion times, the system reaches ‘coarse-graining’,
and the diffusion kurtosis decreases with diffusion time, re-
flecting information about transmembrane water exchange.
At this point, the exchange time (7ex ) can be fitted from
the decreasing part of the K(f) curve using the formula

shown in the figure.
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1A, 2010 4F, Fieremans 55 39 5 i< {ff BLEC 56, 7E
— AR R B, T 1 BEAIL Y (B AT A48 1 R 42
B (B A5, Bk T w5
BRI E] A T ATV, AR e AR JRE a2 1 2 IR &R
girh, HY B T 3R i, 36 T4 Hiog B AR m T
DL R Ak 05 B B () R SE s . ELAA M, JEEim
EVER BRI R G, A0 N K SrF15 B I Ta) R T
FFAERSE] (characteristic time)(t, J&7K 7+ HE
B9 L B R AN, AR HO Rl R A
T, RGN RMY HORF A FEREE P/ [ 22 4k,
WS HBO0AE 1 2 Bt SR [ T B8, R R B i B
AP IR G5 BRI R A T R AP S 1. SR, 76 E
i VI ) R G AL, A AR 20 B I AR A,
OB P R ).

BE T e B A O R T BREES A e it Ze Ak
KR ((21) 2X) 977 G Settugk H 2
AN [ Jig Jo 28 /)N B AR R i AR 7L o R A b 0L
Hh, GL261 H1 4T1 B Akt i 7K 70545 B ek 1]
& 93 ms il 68 ms; C57 BL/6 Al BALB/c /g
7K 53 F45 B I TRLZ: 41 ms A1 30 ms. 7EMFf
FLAR IR AR A T H 7K 4345 B R 70 ms 1
106 ms. 2022 4, Jelescu FE0 4 NEXI (neurite
exchange imaging) J57%, | PGSE R&EZ b (H
2B TR AR T 1 SRR KBS S r e
AL FEZB AL RN T 4 10 7 M 1 Karger
BEAY NP G B AR i) i AR fb L rh Ul G R 7K 4
5 A MRS ) A % AR R BB J2 R
(R A P 7K 545 B I TE) 7E 15—60 ms. FififS, Uhl
K NEXT 7E fi BB b A7k, 76 4 ik 3
NEXI #2715 250, 46 7K 5376 4i i P 457 78 sl
(] . 4HRL NSRG4 BRI E L P K 53 o e 12,
IRWNEAG T BT A B R O ) Y A2
M ZEAL G 7K o015 FE B () R AE DG 9T . e 2
&, IAEAVMER AR XY B R R, REC AR M
WAk, BN RGERK TR MY BORA RS Y1
sk ] e A 891, SR, X — R 7E LS S e A —
FEE R, USRI AN B AR T L A
e, YR AE AT TR R (] A AR (20—
600 ms)* 9l Ul % P2 {9 F 55 25 -t [ FE /R T
PECRXTY B (2049 ms) BRI, RIMHIR
TS . K AT 9 BRI (] A A AT ] g
JSEH B TEFE (structural disorder) i A%,
PRI, TR S B A R AT BB R

2.2.2 A F DDE & 7|M=H K69 K&

2004 4£, Callaghan F1 Furol® £ Hi 7 X" HL
b B R 22 i+ R (diffusion exchange spectros-
copy, DEXSY)) Il 3¢ 4. 1F A FH W~ B 5 4
Fi ) B A EB0RH B At 7 4, FH LA et 22 35
W AR K 535 N — NI i/ < a8 31 g — A
B SR A REYHURE (Y HCR D3R
k) WAE Ak, ZERWF I EI AT 2% E 10 s, 76
SR IA] oy P, 7K 53§ A — DI 1/ <A 31 55
— 3, 3 0 R A [ B R | AN [ A8 4 i (1)
T RIREIARAG S, A R0 5 AR S R

(a) 180°

[

90° 90° 90°
e || AF
v Ty v
5
i A
(b) 90° 90° 90°

| e A A .
b Mz
Ap Ay

180° 180°

K10 SO R B E i F SR (a) SDE
FFHI R B, 7E SDE Hr, AT LU E I3 3507 52 98 I 3
HEAT K o3 Fac e id BRI AL, 5 A B MIBEAR L, 32 3l
AR ST AR & ], A 22388 TE, P A~ Bk
JETF U6 9 I B] ] B DA A\, 6 S 9 BIOBR BE RO SR 2R I 1), G o
RS BE Y 3R ; (b) DDE J¥ 3178 B . B Bk B i 2
BOH T AR 1F0 2 K47, Hf H iR A B E] (mixing time, t,) FEIT
Fig. 10. The schematic diagram of SDE and DDE sequence:
(a) The schematic diagram of SDE sequence, in SDE, either
spin echo or stimulated echo can be employed to measure
the water molecule exchange process, compared to spin
echo, the stimulated echo allows for longer mixing time (%)
without increasing the echo time (TE), A is the time inter-
val between the two diffusion gradient, ¢ is the duration of
the diffusion gradient, and G is the intensity of the diffu-
sion gradient; (b) the schematic diagram of DDE sequence,
the parameters of the two pairs of diffusion gradients are
distinguished by subscripts 1 and 2, and separated by the
mixing time ().
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THYHOE. A BOE D, IR KT
— AN 55— L, D)2 B Al X A
(. TEIZATE D, AR 8 o A AN ] S8 46 st ]
T AR A 2 b RS A i 0T R R ) AR B, R T
L3RI AR A R T B

DEXSY 5 70 HAEA BB 8k, i, FIH
DEXSY Il 15 22 |22 i fiff o i) 78] 2 5 0 1743 15 1
S BUAE DN B B R)5ER 200 ms B, KAH 1.5% 1Y
B R T 2 2 B R B 0798, DEXSY AR
— PR B Wy B AR R i, (e R
L7 9 AR AR IBOK 43 T8 BURRIE, PRI AR Bk
fE AR P AE AR e M, TOIE IR B —f#, R T 3k
HURSUE M 25 538 1 T 2 2 i S, R EOE R
FHEHE. W DEXSY 3 # 75 ZL7E B — S8 it (8] T
PEATZ 1000 YRAE . UNAFHE B H 7K 43 10 38 ek
R T LT — R INAS R 2 e B[] F Kl o5, dnite
T30 DEXSY #i R AR R, R T IHAELEA
A= b A R .

2018 4E, Cai % 99 % DEXSY F{R 8 S k1T
ek, X e 1A EONAUEE (P BOnAUR
bAEA by) RS 2 AP HOIMAUEL R (3B A A+
bER by) W15 S HSEUL, SCXK A9 8T
R TR R S AR X 5. B b = by+b,
TS5 AT HATE, by = by — b FHIESH
SEHVE . VEE S 4 D BE SR AT,
A BRI o, FIES &R, Ifh45 hiE
i MR ARR G AR G L AR (T 2
43 i URAE AR RIS )R 45 4153 7K o F shas L.
e, FET A 283, FIH—B2e 48l
SRR XN R S e 18] T B2 0 o LA, AR
RGH PR k. ARG, MEE AR B
KA T S FNEE THRAME S N 21—t B3 B 4N
EREIN AL KA R Ge Tk, RHZOKBEHEAT RS, 11
BT B B AN B A KR S A K 2 TR A S 4
TR, 2019 4F, Williamson 45 100 7E A L RFE0/ NS
U IR BB RN BUB RS, DL 2t 22 5 i ]
ERYNECEEE FE T T DEXSY . AEEMEHT
FARESR T 535 15.3 T/m WU SHEY, R T A
e 111 38 7 3 9 45 G e B v 7 Wk b Y CPMG(Carr-
Purcell-Meiboom-Gill) [Rli4% , I & AS [R]9 HCH 1]
TAE S R, SR A 0.2—300 ms 4B 1k, &
PRI Cai 55 99 H2 H A 7K 43— 38 45 5 () Bk
TR, TR EIEBEA 2ROz R AL K

Vane i CINSWEE /AN i QIO E= 0 i RN 7 e RV S0 S
100 s 1. 2020 4%, Breen-Norris 55 10U 7 [ £ 41 ify
B WORTEAR Y/ BUMR AR bR 4T T B> sS4 i
] (200 ms) F ) DEXSY i, Jf-& X T DEI 4§
Fr (diffusion exchange index), B —4E9 i
BIXT AL T AR AR X M 2 Bl AR [
1B, FHEUROK 73758t ol 120158 1 Seilad
FLSCE IR T DEL F5 A0 0l 248 it JES 58 325 P 1) R A5
TE TR A0 2B RN UM Y |1 DET 45 514
WL RW] T DEXSY HARTEM 57K 537 15 A8 4
BRI AT AT, SRITTZ I SEATIIR B2 X B R FITE (4
FIRAE R BAE. W EET DEXSY B RHIEA
AP SRS, 38 R A A B A
B MoK S5 B, H 5 BB oK o2& &
By, 2 EIR A AR BN A Y RS K o
PHORZIRE. IEE Y 5 > R8s
A2 BRHOR S8 48 7 A AW TR . 2022 4, Cai
A5 002 S ok {7 LI A B AZ PR Bl o (i — 2 1o
e L I AR Y B A A (i 2 X AR 2
lll%), FHE REEDS-DE(restriction and exchange
from equally-weighted double and single diffusion
encoding) MR TR, BIEDTFXZRY BAIAL
Byl . Fof, Cai 55 102 7E B R RHTAE /N A S
AR RIK AR kO 75 s L AN, A
TR REBCAR Y H B A o AR R A T7 S R DA e A
THIEH. I, Cheng &5 103 FLFPRAE~: 2 B0 T
— YRS T DEXSY M RIZ4 (deep lear-
ning based sampling pattern optimization and pa-
rameter estimation, DL-SPOPE) LI ft DEXSY
RERAERE, SCITEFR E RATI [A] A9 2 o) AR AT
PR ER LA TSRO RAE . 10T 588 i HL S
0 R AR B2 MR 1 2 SRR, LR R Y T ik
A LA B AL Y ERAE R, A, 5 HA R AR
B EAG T EH AT, 45 R BN IZ NS TES:
BOAGTTREAR B AN AT E A M B A R R B PR RE.
AR DEXSY AT 5T FEARR A A
MYFABE, 4% T DEXSY 7RI /K A2 # 5 B F 4
i IFE]. 2006 4F, Ramadan &5 [104:105] $i H1 17— Fp
R WS IS (DEWT) (94504 f8i 46 Fn 4
PrHEZR, AT Al R Ge P P2 B I Ta). Jmok
ORI R B DI NI T 5. 5
DEXSY J7#5#1}i, DEWI % F DDE J#31, Jf-%
FHPAHHIEN S PGSE #i3 (RI b; = by). Price 45109
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BRI, TER SRR E] T, DEWI 45 1)
FUY AR (ADC) &8 ik, & TR
(] PN A IR0 3658 FAAE 2009 4F, Aslund 4§ (107)
P2 T —Fh DEXSY A9 “ff 4k B A 4 K
FEXSY (filter exchange spectroscopy) A, Rl i
i [ A2 5 — AN O B B AR 4 5
FEXSY 4% T Goldman-Shen 5255 A & Goldman
A4 108,109 8 LB (18 00 TR0 / e S 0 1) JEL IR
Rl FH— AR Bk <o i — 5 5, SEAR ]
I E TS, SRIE SR — B e (2 SRR A
Bfa]), LEARRIAL 5 “VERT” (AN R4 53 7K 428
), WA B AS AR i A B {5 5. 7 FEXSY
o AR SR R 410 7K 43 T3 BOR AN H], 2R
1A OB B A 5 14 T A ] (S B R G
KT FH BRI W5 5 3208, 75— B3R
0 11 ST B 5 s e R e G P Y R AT M
WEgE, YEE R — B 8l 1 AR 4 2K
P ((22) ), 152K FAc iR, 7EfEEE
20 i B R REAS FR Y 25 °C TR K0T B 40 i
THHRL N 3.5 s L. A DEXSY AR, FEXSY
A [ TS AU AU (G SRR 1Y
bAE, AT LA/ SR SIS A A s ), (R
T T ARG RGN R AL 5 Y Bk 22 Rk B A ia
RS R b (i SE BN B — 4 (5 5 R S P A
“RLUET. W, AR ERFEA T, RG] LS A
Jig N AN AR K, A0SR K IR Y B, B
FPEER (D, ), AIEPR/KEPSZRRY L §EeR N
(D;). 7E FEXSY 1, RAERT T 2 HEH 2 bDe < 1
() 55 B8 A LLR 2K A0 i N ANME S, R /D, <
b < 1/D; B8 S UL ik i G, BiR(E 5
X A A K S st ] A8 Ak G SR P A KAk,
T AR Al — 5 3 2R A T 58 4 %6 g107):

fe(tm) = [ = [f& = fe (O)J e, (22)

Fot, fo (tm) SEAETR B B 1] £ B 1 40 B AN IK 31

MIrEL, fot SR PRI AR T AL Aok 431 1 434

fe (0) BHIHREFZ (tn = 0) AU AIK 53 HY 534K,

kSR A AS 40 T AR R, A4S DA L PR B 20 R A ) 52

R T EL K, T RSN 2 240 0 P ) S 480 il R
B k.

2011 4F, Lasi¢55 MR SRR 5] A FEXSY

I $2 M 5 8 A2 i % (filter exchange imaging,

FEXT), fifi H:A] U i PR Ao 1 i 4 /O AL A -+

b EHEAT 7K 4y F A ORI . 78 FEXT H, fE
FAE DB/, X FEXSY H i 4 A5 8 3 47
faifl, S (23) 3, 51AIK A>T 3 WA e i R
(apparent exchange rate, AXR) Uk [ Bk 43
FAcH A, FEXSY H7ESS 2 M9 R
TSR TG B A RIA] b (50 S BT 240 i A h K 4
5 ey B, {5 FEXT A a] RLAY {5 A4
bAEX) ADC 3145, i % AS [F 3c e st 8] F ) ADC
IS AXR. VE# R H FEXT 76 B2 20 i Bl
FEA PRSI AXR 7E 1.7 s L /24

ADC/ (t) = ADCqq [1 — 0 - exp (—AXR - £,)], (23)

Hrr) o SCHITIEFREL, ADCeq NS IT REE
B2 B HOR. B 2013 4F, Nilsson 4 1]
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Fig. 11. The schematic diagram of the FEXI sequence and its principle for measuring transmembrane water exchange in a two-com-

ponent system. In the filter block, the application of diffusion gradients filters out the signals of water molecules with fast diffusi-

vity in the system. In the mixing block, water exchange between the two components leads to the recovery of the system's apparent

diffusion coefficient (ADC), which is measured in the detection block.
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Fig. 12. Transcytolemmal water exchange rate or exchange time of different biological samples obtained using various MRI or NMR

methods. This figure was adapted from the Ref. [120].
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Abstract

Transcytolemmal water exchange is a critical process for maintaining cellular homeostasis and function,

serving as a potential biological marker for tumor proliferation, prognosis, and cellular states. The use of

magnetic resonance imaging (MRI) to measure transcytolemmal water exchange can be traced back to the

1960s, when researchers first measured the residence time of intracellular water molecules in erythrocyte

suspensions. Meanwhile, the multi-exponential nature of nuclear magnetic resonance signals in biological tissues

was discovered. Studies suggested that transcytolemmal water exchange could be one of the factors explaining

this characteristic, marking the beginning of research into measuring transcytolemmal water exchange by using

magnetic resonance techniques. After decades of development, the current MRI techniques for measuring

transcytolemmal water exchange can be broadly classified into two types: relaxation time based and diffusion

based magnetic resonance measurement methods. This review introduces the development of these technologies,

and discusses the principles, mathematical/biophysical models, results, and validation of representative
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methods. Regarding relaxation-based MR techniques, this review systematically organizes MRI methods to
quantify transcytolemmal water exchange through chronological developments of three biological substrates: ex
vivo cell suspensions, ex vivo biological tissues, and in vivo biological tissues. The modeling section emphasizes
two frameworks, including the two-site-exchange model and the three-site-two-exchange shutter-speed model.
Regarding diffusion-based MR, techniques, this review introduces the research progress of diffusion-encoding and
modeling for water exchange measurement. The diffusion-encoding methods are introduced according to single
diffusion encoding sequences and the double diffusion encoding sequences. For modeling, it covers three types,
including the Kirger model based on the two-component Gaussian diffusion assumption, the modified Kirger
model incorporating restricted diffusion effects, and first-order reaction kinetic model. Additionally, comparative
studies among different diffusion-based methodologies are also discussed. Finally, this review evaluates their
respective clinical applications, advantages, and limitations. The future prospects for technological development

in this field are also proposed.
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