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Fig. 1. (a) Schematic diagram of adamantane molecule;
(b) schematic diagram of the atomic configuration of a
fluoroapatite sample.
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TR, XA R 5548 A 38 R
IR0 KA. 7E0 2 LR B LT, FF R
T RS0 AT LIt Redfield 725 # Lindblad
T R IR O, 32 FE Rl 7R B AT AR R RS A
MR 2 Yt e R 01, (R FE A A e &R
i, RACH R R ARSIl BT R A
BB, BN, 238 XA rh, 4% A TR
FIRSE ARG 5 R G NTR A IR A Y. X
B, T R R 5T 35 (Y LS T BOR A ok [ 254 B i
RZT IR G o 1. Aok, a4
W R FHARBEEAT B, (1) BTG i e Bl
DLSE 5 2R S8 ik 3 g A Ak R 16668, I
H, O 24528 TAER MR 1T ] DA BUE R B
ik SR Ay 5 167701

3 ETAMMMEESA

3.1 HEHEESHRML

[ A5 e R 2 i1 25 ol B R AR A .
TIRBEEREAT R A S RN, TN IR Z AT, &R
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SR BT A O R T T .
W HEOLT, 2E 8 A AR FARE T RE i PO e 3k
M EAE . IR R , $AOT- 45 B 2 FE J
G

e 0 iy 0,
© Tr(e—Phwo0=) 2N

o L0, @)
o, wo WESBLRE, O, = Zj JESE N
BEBAF, B=1/(ksT) R B A BEREE (ks FBER
252 W), AR O(x) #rm M o [F]— = LI,
BT e = —Bhwo TE 1075 B, Fr LIRS N & &
R

RGMALEE SRRV BB, KRR
KA, R RN IO = A i 2 2 (T PR A g L
Pk 2, P F A R AL BE X 15 B
FHEA R S ISR R AR EER A e i -y
KA, PEmt% B e AL T B — D R
ol AR A RLEE , (R R HL B A PR ik
T3 ) SRR AR A R, R A TR
AR AL A FE—Z AL e R 21 5 — 25 AL e . BT
FE AL B T B 5 Ak (cross polari-
zation, CP) i R MBS AL (dynamic nuclear
polarization, DNP) 4% K.

3.2 RXRUKER

AT AR T T 1z W T RS R, X
o 55 3 ok S A DK A ) 5 BB A B A e e RG L
(A% (0 TH) b AR BB ARBE L 1L ()
e (I B3CF 9N b, SETTEE A AL R R AT, £
FHAEEC LRy — & e i e 2 He. H T, Hartmann-
Hahn 22 X A6 (HHCP)P772 7 Jg& [ 25 4% #f He 4
Hh i H I S SO AR T 58, oA D7 S50 A i 7
L XAk (dipolar-order CP, DOCP)I677 L) K 4
AR WEAC A AL (adiabatic demagnetization CP,
ADCP)BSS 70 45 2 F R I 4.

HHCP Kb #5001 2(a) B . 96 F#%
FiE I7E #0055 Bo h ikt SR G 8 —y 5 m 1Y
90K TR —x J7 )5 2236 4L % S 0 S8
HEA, F% AR AL B 7E o By 1) U,
¥ HBE S [RFERE A BERTE, 1A .S 1Y H BEARAETER
TR RESR rh . Y RESFF T T 0 S A A7 L g it DL JC 2%
- wir = wig, B Hartmann-Hahn UC B¢ £ {F B,
FZE M2 K AR AR BT e it /L

AR, TSR T2 ok i L
FAFLAR S CP 25 o9,

(a) 902, (b) 902,
I { DEC IH DEC
. 2
S 4 S iTal o b
THHCP Tpocp
(c) 902, (d) 902,
I{ DEC I H DEC
—x —x
S +x S | += +x
TADCP TapcpP Tpocp

2 XA H K opF 5] E B (a) HHCP; (b) DOCP;
(¢) ADCP; (d) AD/DO-CP

Fig. 2. Pulse sequences of cross polarization¥: (a) HHCP;
(b) DOCP; (c) ADCP; (d) AD/DO-CP.

DOCP i ik b /5 51 an & 2(b) Frs . F 4 B
JE 138 5 48 PGB wE L FE, R 282 P A AR A
FEAS, FH SO K o 0 TR AZ A BE S, e A
PR S A BES T2 2 0 K A P ok ik 3|
WAL EE R 1 H 9. T ASfE A HHCP H i DE e
A1, DOCP XFEHIUA I S HEATI 2 Uk, SR 1 R
S AR P oo AR T 1 E 2R G0 RS 2% Y
B b e BF, Ry AR P AR XME DR 3E, MR A Bk
RME LA

ADCP ik b 30 N E 2(c) frs. #EF:#H
WE T4 PGRRER AR b, R B X % A gt S i
TE (RS K o, PR R A A T AT AR AL 5 5
HIS TR, ADCP F FH 46 #1483 0T DL AG 250
SEHLT NERZ AR A AL RS, BEAk,
TE A% A R RE G 7= A A P St mT DL R
Fik% A JiE (BP AD/DO-CP, Wl 2(d) Frzs), M
i — LR RAL (R 5 R AU B

3.3  ENSAIRUBEA

&SR AT A A% 5 4% Z [ AR A 5% % ok £
FHRAGEE, AR L TA% AT, T ATEE 45 5 k.
1953 4F, Overhauser®0l & H 38 i< 5 #4814 il %f
HL - Y F R SR R RN, F I3 R 2% 2 A
T LU AS BIAR SR A% L, DI S 2B 38 K T A% ik
RS X FERBFR N SIS AL 3957881,

1% 58 1Y B 25 KA Ak 92 30 3 o AR T AT
(<100 K). N T SEBA B -, s
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TERES TSN A o B 70 AR ). BEAR i P 3
SER G 7 R S B B Pl R r 1 AR Y A A
SR 5 I FH F T2 AH B S B e B . R T 3K
SIS 1 AR, T B0 A 7E RS R B 3
(140 GHz, 5 T)) BRI B B 5800008 . 92 T =it e
I ZEB IR A S A AR AR Y 1l RS
L & €, DNP W4 nT LA7E 18.8 T (R T 5%
. ACEEREA T 4 FhEZEHLH]: Overhauser 2L
N B AR | 38 RN P R AR A RO RIS T
A% R FEHRAT 5 B3 R A E0 E R e /v, L
Ve S FLFHIBERE LL, o ZAZ MUTERE L. X YH M
o, BESRGTBORZ N 660, X T 13C WS, BsRE
BT LLKE] 2600. b, AH T 28 URALEL AR, 3))
BT I BAT R R A PR .

BEAR, ShASAZAAL IS v] LU B3R 59991
PRI H e sE 01 & FBOR L. sh B AL,
ARJFEN] AT RS 100% BIA% A e L.

4 SHHEEE A
4.1 FHRFEHGEIEL

3 2 25 ot it o H R 23 B0 A 1% ] S0 S AR
Tk b e 3, R ALK ) E R 285 0 A E — 2 3 PR P
T, C&A TAESH T RSEMIHR RGN A
JiE My 22 i g 1] TR AR 0L AR A 21 AR LS T
R ORI 34 05 %5 il i P92 (average Hamiltonian
theory) S DA K 31581 P4 05 25 i it 0 1 15, ik i
B AL PR R (toggling frame)! 4.

TE— e A R PR IRl (3% DIL) IR L R
TG A bR 2R TP B G ST H (1) = H + Hi(t) , H
HHL(t) = o (£)On + Ry (t)O,, S ST K i 5 2 Y
SSRGS B A, W2 by () = ho(t+ T) Fl hy(t) =
hy(t+T) . WERIRATHAESR B A T (%) 3 B i
Z0%F R GE AT, W R GE R A h 12 B Het
SH () Hiik. Hovb He & — AR5 7 500 25 0
R, FROT I B RIS LG B 0 H (1)
ZI T R G815 rh To ik B 9 I DI 2
WRATER T, BRI B RESR SRS 1/ T s K 2 48
BB/ (6H (8] < exp[-O(1/T)] 179, JE w
|- || TR FERERTE R Hy TSR IR -
k54 (Floquet-Magnus) J&JF i 3845 96100 gif JL
TR FRIE AN 06991000 CRHATH AR b =1):

a0 = 1/Tdt1?l(t)

F T 0 I

O s N SNYRNY L PO

gt :ﬁ/o dt1/0 dt {H(tl),H(tg)],

R (2) 1 T t1 to
HY = — — dt dt dt
Oz g [ [

x { (B0, [ (1), H (1))

S ONCLSR-| S

FH T 0 - E A 8% 7 Jre I 1% v 9 3 T 1 g S )
R, AFTERAERRWTN A n.c , (15 (|0 H (¢) ]| Fre/ N 1798,
BOpf Hy = ZZ;O A"

R TR s R R M SR H AR S R R
BAENK B e R LA 1) A = Ay,
R[22 i 20 S 90 i o 1 B s R 2 i a5 2) 38 0
Jk BRI RRYE, 1E H(t) = H(T —t), ] ASSI 254
B A5 = 0 3) SRR FE IR R — AN R,
BBk vh B AL B AF IR AL B, - PPy =1, Hop
np N JE T K S B SRS AAT DA AR Ik
B R 1R 250 R AN R RZ R, A AT 5 SC 4
HTE G Ae b R T AR

S Ty R R i, K opvE BT DL 2 AT
BF, bk et o 39 1) £ 38 A0 B AT B 2 — A e A 4R A
Py = exp(—ibyny - T), Hob T ABEELT, ny PR
D7 R A, Fom KPR e AL br 28 T Bt N ). i
i 7 8 2 Ak s R T 2 T R G 1 e A B SR D i 1),
NS5 3 A s 2R B e e Al bs RJE AT T —IKAH B
VE 22 50 A0 48 1 AT AL b 22 21 B A A bs 2R | 5K
B2 A T — U B (R A B s 52 . 78 4
X

t
Ux(t) = Texp (—i /0 flrf(t’)dt’> = Py PoPy,
(27)
Bl — R 5 B AR E TR, B AR R T IR
GEMy SR AR N Hiog (1) = UL(H) HUe(t) . ALY
T JE:

idUtgi(t) — Fliog () Trog(t). (28)

5 M b 2R NURE 5% 2 b 2R B9 2 IR RN prog =
UR(t) pUns(t) . RIS AR ST RIF, Bl Abbm
Z H— A ok el 50 JE I8 A4 AR SR AT R LR D
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mg>—eMMT*W¥wwa@ngw%_H$+
Y+ Y+ WA

/ Htog tl dt17

ta
ag) =57 / dts / Aty [Hiog(t2), Hiog(t1)],

gl =

tog —

(29)
0 S bk w513 R B B ERAE, B Ug(T) = P,
PoPy =1, WITEHEBRS TR IR 2, B0% A b 2 RTE
bR RE G, TINS5 2 P TR0 B 2%
JEFE M55 A He(nT) = HYE(nT) , prog(nT) =
pnT), n=0,1,2, 3,---

4.2 FHAZEGERRKDIEE

ok I 45 1 B (- 2 e s i ek ] RE 4
UE HARM H i, B He ~ Hy . RIL, DOE % &
ey 2 AR WK e AR (42 R e ) T anfer A8 Ak,
T, TR IR - B ZY Z gl (T
R IR 00 5% 2 AT 25 08 v Ry ik Y % A BT
R(a,B,7) = e70=0e70uPemi00 Hifi (a,8,7) N
A, On =) I, WK AT it A
(n=wy,2). BIEHE A RS S)T W2
1k, i Baker-Campbell-Hausdorff (BCH) A=t

ABeA = B4 [A B+ 21[ JABl +---, (30)
T 75
RTO.R =0, [cos(a) cos(B) cos(y) — sin(c) sin()]
— Oy [cos(a) cos(B3) sin(y) + sin(a) cos()]
+ 0. cos(a) sin(B),
RTO,R = — O, [sin() cos(88) cos(7) + cos(a) sin(7)]
+ Oy [ sin(a) cos(B3) sin(y) +cos() cos(7)]
+ O.sin(a) sin(§),
RIO.R = — Oy sin(B) cos() + Oy sin(B) sin(7)
+ 0. cos(f). (31)
X B AR S ], B 3 B BT
£ 75 B U T A5 B A 0y 8 i (19) A =
> Ty QIT - LI — I 1) TE5E 3 T i A e A

i<j

Wids 4 1o 13)
3sin?(B) cos(27)
e

_ sin(2f) cos(v) (i34 [i19)
2 zZTT T~z

(1217

x

~ 1]

B sin?(3) sin(27)
2

T4 AR b
DSBS 0 A A
1) 8 ki1 o R bk r g A )
{Pl,’rl,pl,PQ,TQ,p27P3,T37p3,P4,7'4,p4}, (33)
Hoh PP = 1. T BBk o 7 9 1%,
AT H ARG R Hae = C D T+
I 13 (O MERHA T Ja 9. 1 5675 125 1l W 9 ok
rrlnr“ﬁu Bir=m=m=r=r. TEX—HLTH

5+ 1 Iﬂ]}. (32)

F BB R DL K n]

BOERKMAIE {8;, 7}, AT LE A E T AL
4
ZBcos 1:07 Z Sin(yn) £ 0,
n=1 n=1
Z cos(yn) =0, Z 2 = . (34)
= n=1

KIGTRARE] By = B2 = B3 = Pa = B ~ 54.74° (X
AR BT [ AL LR AR AR ), T
o=, == KRR A, LT b
SR R IF AR T B = Z Tyl + 11
RESZER T AT E brnd %5 i i, %ETﬂAﬁiﬁﬁiﬂ
FEREOKR 1), b T S2HER 2), BIHBR IR & HIL-5
& 4% 7 JR I 1 27 B T H O35 TR i 8 ik
P FNFRTFRMEY 750 16 kb E 3.
Zx FTR, % 8 Ikl E 9 A% Lo i st A
Ivi] f ik b £ S BAS [ B b sy 2 0 i /(O) =
CHy, 36 125 AT B BARK 510 i H,, T Y
Wk iff B LA RO (4R R ¥ C.
2) 16 fkihpa: X BAER I — 05, H—
A~H Suter &5 022251010 2 F 16 K2 i
FPANanE 3 fis:
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F1 T8 Mk 51 SEBUAN ) F AR B 0 Ak X0 0 A4 Dk R 7 1

Table 1. Setup of the Euler angles of 8-pulse sequences for realizing different target Hamiltonians.
Hear c Hfi(n), n=1,2,3,4
S duleltd — LE - T : fe = b=
<s 0.5 Bn =1/2,7m = (n—1)/2
PR e A — — _1\n
ZJUU;I; —iip 1 Brn =0.304,v, = [1+4(-1)"]/4
i<j -1 Bn = 0.304,vn, = [3+4(-1)"]/4
Z‘]if (i) 4+ 101 1/3 Brn = 0.304,vn = [3(=1)"]/4
1<j *1/3 Bn = 0.304, v, = (71)n/4
ST lE 4 1) 1/3 Bn = 0.304, 7 = 2+ (~1)"]/4
i< -1/3 Brn = 0.304, v = [2+ (=1)"]/(—4)
ijj[féj;-i-f;fé 1 Bn = 0.304, v, = [1“!‘(_1)”}/2
i<j -1 Bn =0.304,yn = [2+ (-1)"]/2

l\'):l
v
l\’):]
\_/
8

T( TT
2), (3),

l\'):l
—
l\D:!
—

y Y

2T, 2T, 27, H HQTH H 27, Ty 2T, Ty 27, Tyl |7

L ShiEHUkhFES (R T) _

B3 16 kb5
Fig. 3. 16-pulse sequence.

{7—27R:EvauRy72TxaRyaTy7RE72TzaRmvav
Ryv27—%7Ry77-yaRIaQTzvélvaan}aZTZ7RLa
Ty,RT,QTz,RT Ty,ET 27'96,RJr Ty,Rl,Tz}. (35)

Hoh R, =e 1003 Ta=T7(1+&) (a=z,y,2). #
i 4.1 R R R SR AL A

—iH§" 27, o —iH T,

U

=¢€

X €

—iH{ T il

Tye

—1H<z)27' e—lH(y)

_ifl=) LiHEW
ve 1H 27'Te 1H

—iI:I[()Z)QTZ e—iﬁéy)Ty —iﬁéz)ZTme—iﬁ]gy)Ty

X € €

—iI:I]()z)QTZ e—ifl[gy)rye—iﬁéw)%'z

X €

7iI:I[()y)Ty efifléz)‘rz (36)

Jop S =30 B 1 P) (a=2,y,2)
AN T 1] AR AR i s i . R R I - S A
Ly SRR il

B =" (€I + €, 1007 + €.1007).  (37)

1<J
BRIV, 3 2o 9 ok i R B (T DL S A [ A R
FFRIA S (AL e, + 6, + € =0).

X e

4.3 BWAZFEHEEAR

T R G0N IR 2 8] AH BATE FH 5 30 it B 4%
N, T RG e R AARA T, Al - R G
BRAM T REFEHNEZBinZ —. 3 2=
(dynamical decoupling, DD) J&f# 45 AT 1M
A ERTFBZ —, Rl R B ARG
FRYERE ST I G LT B302102105 gy Jy 22 il FR A% O
R T 24 0 8 i B ) i R G- IMR RS
T8 A BT[] 2 8. Hahn echol'%1 J2 fe A0 02 o 17
LY DD JPA1, HuRR FBE R . Lk f e s an

{(/2)e, 7 (m)y, T} (38)
Hof, (7/2),, (), 23BN U 2 T3 10 B /2 ke
Ty J5 1000 o K 7 O Rl TR] S0 e AN A0 bk
o, bR A A AL ERIEE AR R T, ZF S
n Bk eb VR AR5 1 ATl B 7 5955 2800 37 77 18]
555 24 T WRFRE AT AR, IR R] LR A&
I AR T2 LR BT (s 3 AN Y 231k ) A1
oK O E AR X T 55 I B BRI (0 S A A A A
B, AT LR [l i [ 4, IR ik 5
N — FRFN ] R 7 ik oh, Bx8 CPMG (Carr-
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Purcell-Meiboom-Gill) 751 107:108] fiff55 A 51—
RIEMIRZEE/N, & PS8 DD F41, I PDD
(Periodic DD)["2, CDD (Concatenated DD )01
Uhrig DD (UDD)MO 8. 3y Jy 2 il 75 1% [ ok
T LU TS R A5 Y Mg e 3 2,

XF T RS AR EAE S, bk oA o H
fife kS, PR 55 A — SR TR] i ik o e )45
Magic echo J741, ‘& H AN 5 1] /4 /2 Rk v
HESERHT 2 J7 1a) ik 2 8 Y, RS AN 4 B s
ARV X e i 5 BE 2090 S B — > T R
AL — 5 1157 BT DL P T T
(A s B HSY) AR Ak

90 9202,

(nn),

(nm) o

tp

Kl 4 Magic echo %) 111

Fig. 4. Magic echo sequence/!,

T — A [FA% AR T 518 WAHUHA 7
F 2 E 5 . RS AT S i — AR
AR, TAE BRA AL bR 22 IS0 4 Dk o 1 9]
f5, S IR TE)AR B0 1 43 B ek . MR B + HY +
HE = 0L, 1T A B2 )5 1) -0 25 i e %2
IR, TR T R AR

e R T, SMFEZERT 5404 Cory
48 3], FESIPRACE h, PP AEE — e SR, Sl
S o R4 A 8 1 1 28 R S SR A TRUAE L T3S
(B PR 22 5286w AT L 1 % i v 22 1] %) [ B
PR ZE AT IE. B T X Ff 4 A RLAS (19 48 1y 2%,

Y
T T

2T

F5E G PR FE SR 2720 T W Bt 7 % 40
22 | BRI A5 RV ORI 51 110,

B e iR
JBE 6 R 5 B AR [ A S U v i T B 2 v
TR BB, IR R Al T — [0 52 Jil e i g
B (BT Hz 25 100 kHz), 76 ) P35 1 2 L
b (G9r) RBRALZE LR A% 1) S L AR - A
PRI VR DU ASREAH B AT A5 (1091,

DA AR R A A P D 81, WA 9 e ) ) £
PR FRAH — T 23 [ U] B T (3 cos® 0—
1), Heh 6 S i e A s 707 [l 9 R A (A
K6 B, ik — s P2

(3cos?20 —1) =

4.4

%(3 cos? B —1)(3cos>y —1). (39)
Horbry 9 B LS e i) e A, B8 NS
RGN A, BIR AT B = 54.74° (BEff) BIAT
T 2 3cos? B — 1 = 0, MITHERIEHAE EAEH].

JBE F G B AR AT LU T I BR R Se A BLAR
F, AT LSS & S vh PP K S — L6 AR HAEHIRY
SR, R AR R R R AR T B A T RS
THIE, TERE MR BT, MEEH R G, &
SRR STV 3 S G

1
Cij(t) = dyj [ ~ 7 sin 28 cos(2nwrt + )

1
+ 3 sin® (3 cos(4mwgt + 27)| . (40)

i h? . N

S diy = (42 ) U0 o MR R (efi
ij

Hz). — AN]SR E A e 25 1F T AR (dipo-

lar recovery at the magic angle, DRAMA) J#%1] [*4

WE 7 s, HAE R —A ARG B e = 1/wr

TIN T PSR AR B 90° ik . 2% 51 S B

N
>

ﬁ10<3flzjzz—i1'j2 ﬁ20<3jh/j2y7j1'i2

Hyoc 31, 1o, — 111

ﬁ40<3f11,,f2£,7i1-i2 ﬁ50<3j1zj2z—jl'i2

Kl 5 WAHUHA J751 112
Fig. 5. WAHUHA sequencel!12.
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He=>" Edij sin28 cosy(3I1] — 31,17). (41)

i<j

By

K6 SR K

Fig. 6. Schematic diagram of magic angle spinning.
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Fig. 7. Pulse sequence of dipolar recovery at the magic

anglel*,
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Fig. 8. Pulse sequence for measurement of multiple

quantum coherences.
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Solid-state nuclear magnetic resonance (NMR) has emerged as an important technique for material

characterization, finding extensive applications across a diverse range of disciplines including physics, materials
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science, chemistry, and biology. Its utility stems from the ability to probe the local atomic environments and
molecular dynamics within solid materials, which provides information on the composition of the material. In
recent years, the scope of solid-state NMR, has expanded into the realm of quantum information science and
technology, where its abundant many-body interactions pulse control methodologies make it have significant
research value and application potential. This paper offers a comprehensive overview of the research objects and
theoretical underpinnings of solid-state NMR, delving into the critical nuclear spin interaction mechanisms and
their corresponding Hamiltonian forms. These interactions, which include dipolar coupling, chemical shift
anisotropy, and quadrupolar interactions, are fundamental to the interpretation of NMR spectra and the
understanding of material properties at the atomic level. Moreover, the paper introduces typical dynamical
control methods employed in the manipulation of solid-state nuclear spins. Techniques such as dynamical
decoupling, which mitigates the effects of spin-spin interactions to extend coherence times, and magic-angle
spinning, which averages out anisotropic interactions to yield high-resolution spectra. These methods are
essential for enhancing the sensitivity and resolution of NMR experiments, enabling the extraction of detailed
structural and dynamic information from complex materials. Then we introduce some recent advancements in
quantum control based on solid-state NMR, such as nuclear spin polarization enhancement techniques, which
include dynamic nuclear polarization (DNP) and cross polarization (CP), significantly boost the sensitivity of
NMR measurements. Additionally, the control techniques of Floquet average Hamiltonians are mentioned,
showcasing their role in the precise manipulation of quantum states and the realization of quantum dynamics.
Finally, the paper presents a series of seminal research works that illustrate the application of solid-state NMR,
quantum control technologies in the field of quantum simulation. These studies demonstrate how solid-state
NMR can be leveraged to simulate and investigate quantum many-body systems, providing valuable insights
into quantum phase transitions, entanglement dynamics, and other phenomena relevant to quantum
information science. By bridging the gap between fundamental research and practical applications, solid-state

NMR continues to play a crucial role in advancing our understanding of quantum materials and technologies.

Keywords: solid-state nuclear magnetic resonance, quantum control, nuclear spin interactions, quantum

simulation
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gt HAR RS B2 RIS B D45 53 311353 200 mT /m
F1900 T/m/s, [FIHS XS0 & S SHECR AT T
Ak, WERTET 7T BHRPRRRAEE L,
1R R EIRBE A Y & AR ST TR ) FL R

Wit 5 R 1 S AR B R AN Wik 25, 9.4 T3]
F110.5 TO8 85 T 5y 37 0 1) ARG i i 8 Bl 252 7]
. BT, Begs R 11.7 T AREEIEIR i)
18 R G500 T % E R T REHLM NeuroSpin # 48 5214
s, B AR R 15 M L Ao B e T 81 T 4
HraE B, JFUEB T7E 11.7 T S 3m I E T 47
Nl MRI B2 4 19221,

P [ 7E 6 S MRI G0 7E A B &

2010 4%, HIETE G 7 T AMEB AR BUE R G+
| Bk 2 e A 0 ) BT 5 BT 58 22 e e AN e 4t
i, HifthEC A 14 6 7 T AMEREIHR R R4,
LR Z R TR EEBE MBI e T, A% 6 2
YER. 2021 4%, BRI BT 0 wIWE] 3708 o
5 T AR B REIIR AR R 58, H e 156 1 4 2
EHASEAR R 42 B A H0A0L, il PRIZ B S i R 20 Y
AR 220, S 1T BRIEAE MRI Ik AP Y [ Pr
Se ). A IRER A TR KR IR T 2026 4F
%105 T A NERUILIRIE RS, #E—2
#HEsh [ A R R R BRI A .

2.2 IESEAMH

F W4 B, MR A (5 e LB v,
#E5h UHF-MRI W % 09 #LE FL ik A sl 7. 76 32 0
Y By = Boz ™, 8UN A JiE S # 0 R F R REE
p =S LA Larmor i % wy = yBy %¢ 2 fh it 5, H
Wy BRORTIERE L (gyromagnetic ratio). #i37H, #
MR REEE LN 28 + 1N EES B, = —mnhBy,
o n A S A A, m =-S5, -S+1,---,S.
FEROE AT A, N ASRERE B B8 2 AR MBI 7R 2%
SO0, AT REY E,,, IREEECN

o—Em/ksT
Np=N—fg——, (1)

E e_En/kBT

n=—=S5
Horb kg MBURGGEHEL, T ONIRIE. BRRE o8
Gt M = 3

S S
MO: Z ,Ufm,sz:’yh Z mN,,

m=—35 m=—S5

S
2 mem'yhBo/kBT

m=—S
= YhN — . (2)

E e’n’yﬁBo/kBT

n=-—S5
FE MRI H, #E Be f 3 /N T PR R B i e, B
YhBy < kT, (2) LS
_ NA?R*S(S +1)

M() ~ BO X Bo. (3)
3kgT
P, PP T, 2G5 BE A R/ NE T 3
Wi RN By -

MRI [a] 15 0 497 14 Tt Jomn 56555 Jpk oy ) 224 5 51 fik ok
AOATRAE 45T Larmor RIS, BEFE MAKBESER
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RS RE, KAREIR, BEikiR K M ]
2y, Bzl Sy BT U Bloch J5 R 129) Sfediigk:

d Mo —M, . M,z+ Mg
“M=+vMxB _ L

;H\:':F‘, T ﬁ%fﬂ?&%ﬁﬂ‘lﬁ], Ty A K o) 5t ¥ B[]
MRI 6 B i 37 R AR A5 225 1) G ) 0 R B g A A
{57, el gead [RGB A4 20 W) A A LR L5
MR Faraday FL#E RN E H, BER )22 £k A9 1 16]
WEALTR BE My (t) oc MoevBot | IR B R A1 2 1Y
BEIARIE

signal oc % o iyBgMy x BE. (5)
WA TR B IR L T BRI T5 .t TRER
WS L 5 AN A G, MRI {5 ME L 5 E R

SNR x B, (6)
Hob, 388 T 1 < o< 2, 8% S mig. 24y
SRART 1.5 T A, {0 L Bt 25 S0 X 184 R i 4 P44
K, B a =120 2375678 3 T DL L, {FME bR TH45
BUH, TEA RO IR o = 1.65 5 2 BT 27 20, R
MRI ) i B, HAR M L.

=8

3 BEmpHtiRyRERY: FRL

Faxt b B
3.1 (SRRLLER

TEARUE RGNS B AU RTAR R, (506 L A 1
B B A5 G A 5 G A ] 43 B B0, g T B
JENE R L RS, 1 T EAR A

#

3 T MPRAGE (1 mm X1 mmX1 mm) 7 T MP2RAGE (0.65 mm X 0.65 mm X 0.65 mm)

(a) —

7 T 2D-EPI (0.85 mm X 0.85 mm X 0.85 mm)

.y
L

3 T 2D-EPI (2 mm X2 mm X2 mm) 7T 2D-EPI (2 mm X2 mm X2 mm)

(c) Y (©) .

e

al/arb. units

Signal/arb. units

K1 AR 3 TS7T) FH T mEUSE S — 48 EPTEME, FERAE A 3L s K22 3R UG AT 58 o, RS 230
797+ MAGNETOM Prisma 3 T #P§[]+ MAGNETOM Terra 7 T, Z il & N [i — A EERF B  (2) 3 T 1 mmx1 mmx
1 mm 43 FE T B WAk 50 5 v 2% PR R i [ % (magnetization prepared rapid gradient echo, MPRAGE) 1% (T & K} [ (repetition
time, TR)= 2530 ms, [l i} [ii] (echo time, TE)= 2.98 ms, )X % i} [ii] (inversion time, TI)= 1100 ms, & % i [1] (acquisition time,
TA)= 5:56); (b) 7 T £ 0.65 mm £% ] [&] 1 73 B¢ 5 T 09 1 b 5 BE o 45 SCHRH A 2 [7] 9% (magnetization prepared 2 rapid gradient
echo, MP2 RAGE) K% (TR = 5000 ms, TE = 2.05 ms, TI,/TI, = 900/2750 ms, TA = 10:57); (c) 3 T # 2 mm 4% [ [7] 1 43 9k %
T EPI E{% (TR = 2000 ms, TE = 30 ms, #%4 i (flip angle, FA)= 90°, [l [8] B (echo spacing, ES)= 0.54 ms); (d) 7 T £ 2 mm
21 G P43 B R B9 EPL E{% (TR = 2000 ms, TE = 22 ms, FA = 90°, ES = 0.53 ms); (e) 7 T 7£ 0.85 mm 4% [i1] [G£4> $EK F iy EPI
1% (TR = 2000 ms, TE = 27 ms, FA = 70°, ES = 1.08 ms)

Fig. 1. Comparison of Tj-weighted images and 2D-EPI on different magnetic fields (3 T ws. 7 T), images were acquired from the
same healthy male adult volunteer on MAGNETOM Prisma 3 T and MAGNETOM Terra 7 T (Siemens Healthcare, Erlangen, Ger-
many) at Center for MRI Research, Peking University: (a) 3 T MPRAGE image at 1 mmx1 mmx1 mm resolution (TR = 2530 ms,
TE = 2.98 ms, TI = 1100 ms, TA = 5:56); (b) 7 T MP2 RAGE image at 0.65 mm isotropic resolution (TR = 5000 ms, TE =
2.05 ms, TIL,;/TI, = 900/2750 ms, TA = 10:57); (c) 3 T 2D-EPI images at 2 mm isotropic resolution (TR = 2000 ms, TE = 30 ms,
FA = 90°, ES = 0.54 ms); (d) 7 T 2D-EPI images at 2 mm isotropic resolution (TR = 2000 ms, TE = 22 ms, FA = 90°, ES =
0.53 ms); (e) 7 T 2D-EPI images at 0.85 mm isotropic resolution (TR = 2000 ms, TE = 27 ms, FA = 70°, ES = 1.08 ms).
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FREZRIET IMRI S99 5 FH ) Ty AL ZE A F
TS 1 A% (two-dimensional echo-planar
imaging, 2D-EPI). 5 3 T MLk, 7 T ALK HE
THM {55 B0, 3 BRI TE DR AR i 17 R LU Y L il
AR E AR, ST 2ok R A WSS

UHF-MRI 7 {5 W 1o b f9 52 THid 2 35 19 58 1
1 I P % (magnetic resonance spectroscopy,
MRS) B33 LA K Z2 A% MG I PR 335 AR B4 g4
I R RN SR B, T —20 40 i 1 HAE A
BAETT T ).

3.2 It ESEB

UHF-MRI fighg i QRS L. Bt 32
WEA R EEIG R, K YN s Fg mst Ta] Ty K, 3X—4)
BV 5 A RO i AR AT (time-of-flight, TOF)
BN KGR BEAE S AT A AT ) 75 A5 5, DA i e
MBRAE S BN L. BEAN, TR S A R R T
B/ I LA 225 ) %) 2401 R A5 LB i ot S R 7.

Bifi % F= 75 B (BRGS0 1Y
R AR P TR RN R, Ty X
FLEERR S, 5 Ty M C I REAL R MAURE (suscepti-

B2 7 T RS kR B bk i 4 25 4 A%, PSOR A 1 b
KEEREIIRIBARTFIE AL, RS 7 TF MAGNETOM
Terra 7 T, ZIAE MERBAFET M (a) TOF BUGRLER W7 iH
B KAE R (0.2 mmx0.2 mmx0.4 mm fH{EFH#, TR =
35 ms, TE = 3.78 ms, TA = 13:54); (b) SWI i 14 7 1% Wr
iR/ MBS 3 (0.12 mmx0.12 mmx 1.5 mm #HEFELH, TR =
21 ms, TE = 14 ms, TA = 7:27)

Fig. 2. 7T brain arteries and veins structure imaging. Im-
ages were acquired from a healthy male adult volunteer on
MAGNETOM Terra 7T (Siemens Healthcare, Erlangen,
Germany) at Center for MRI Research, Peking University:
(a) Maximum intensity projection on transversal TOF im-
age (0.2 mmx0.2 mmx0.4 mm interpolated reconstruction,
TR = 35 ms, TE = 3.78 ms, TA = 13:54); (b) minimum
intensity projection on transversal SWI image (0.12 mmx
0.12 mmx1.5 mm interpolated reconstruction, TR = 21 ms,
TE = 14 ms, TA = 7:27).

bility-weighted imaging, SWI) . & & #4 1k % hli 15
(quantitative susceptibility mapping, QSM) F
fMRI 45 GO0 H BEAS B 0. K 2 R THET T
TR PR TOF BB SWI EIE, 4l
BT RS KRNIV A 23 A . e %) o A g 43
) R E AR RERS WS N MU B 2548, Jre B G A
W MR AR BT T

4 AR v Iyl AR A ek AR e B R

UHF-MRI #0555 M A s % L B2 0 AR
P PGSR AL . DIe SRR A% 5 Sk A 2]
TIZ MR . SR, BT S A 2 5 P n)
H AT UHF-MRI 76 A {4 57 FH 32 2248 b o R
DU R, AR YK T A4 B FH AR X 85 /0. RS MR ZE I
i R0 A i A5 S 2 AR MR AR AL B A2 W R B e &
2T E RMER, (A HAEIIARAE | 0 55 D) fe Pk AR
ANy ST e SN W BB ST & ol
. UHF-MRI 2%, 45 5276 D) RePE A Qi 4 5
WIS 2 W LA T, A SCH SN 4 S
T IR AE RN T B ARG A% 7 1T A o R BRER:

4.1 BEHNINEERE

i Ty BE (% e UHF-MRI 9 %2 % J& 7 [l 2
—, JCHGETE o PR E I REAE 5 4 E T RE R
18, DL R 2 0 HL T D) BE A S5 S0 1o
411  RESReAE G ERE

MERASZLE A 2o RO RE (0.001—
0.1 mm), | Z2IREHE 5 K200 2 B9 W R
(0.1—1 mm), FEEZZEHEEXE (1 mm 2L E) /Y
T WL RURE 891 A [w] 18 25 [) RUJRE 220 1) 1 R ik 245 4y A
DIty e ML AN RZ IR R BE Y K2 )2 T
A & nl LU T HE R A S AESE MR, i H 1A
(electroencephalography, EEG) B il #% & (magn-
etoencephalography, MEG) Z&F-BtilF17 %, i
LI 00U BE 1) 44 22335 0 D 30 o 5 A v A P
Boift AT G, OB VG 32 R AR, &
=3 MR LA S E MR LA 3, RBAEHE 23 a] 43
PR 2 M, LR R A A W) BE AL
B AENWRE |, J 2 B AR S RE R 4T
FEATE BT REAT RN K 2253 2%, AR 1 M e 2 rh
FATHAHOT P E Y o PR IMRI A B TR

078701-4


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

) 32 % 3R Acta Phys. Sin. Vol. 74, No. 7 (2025) 078701

XL ATT, IR AMIF A BAZE LT HE
BE TR, H R TR R A

SR, 8 1 37 e 20 R EMIRTL T 1 23 () 5 e 1
ROXERE. 55, IMRT 3@ H fiH] EPT BEAT DRig A4,
FIA Ty X, 5545 5 32 BN 4B K8 1 T4
HWR, H T B B 2 IR A 28 3k b T kit 1o
R, FEAF T AR R, MR T
23 [A) R S 104 Sy 1 4 R =i 3 EMIRT A %5 [H]
Pk, R AR T AHEFIE (spin echo, SE)-
BOLD™ I ik [ iEdric (arterial spin labeling,
ASL)W47 i 4 23 [8] (5 {37 (vascular space occup-
ancy, VASO)!90 4757k, HEREHAE - S MR
(N FHERT T AL

VAT T R )RR R 7 ) b, S o e
fMRI REGE WLETE B2 J2 h SRR S A i e, 131l
n, Yacoub 45 PU ARl 7 T 2R H] SE-BOLD
J 50 WL BN 26 KM i B 22 v 1) 2 A MR AT 3
(ocular dominance columns, ODCs) f¥ i B 5 5
BEOTA, ESE T AN SEWIRALSE K2 V1 5 e -
IRt i FFAE.

TEHE 1T B2 3R Y 7 1) b, B 3 o P
A IMRI BB AT B2 )2 030 J2 UR . AR A 20T iy
B BEMPAEL, NERIEZE (BEZ N
1.5 mm F| 4.5 mmb?) A] 53 A7 AR JZ B3l AS[A]
B E B A F R A A1 | IR, TE R
G A EHER AR A v ARG DX 1] v B DX
Rt (feedforward) {5 5 WAL S A T 2R
]2 (IV J2), T\ e G X A% 28 BIAPR G ki X1 s
5t (feedback) 3% He M 24 T 2 FIRZ (-1 2
V-V 2P0 883 7 T IMRI 53 B AT Ik
0.8 mm & [a] [} 14, BEREHKE B2 2 70 WK JZE | P2
FIR )2 =8R43 P79 X JRAEGE Y 3 T IMRI HELASE
IR

MR PR MR 24532 4T H Tk
FERIRIBERG X, (W pE 0072 Wi (7279 JRAKIZ 3
IR 8091 S5 ) {3 K E BT 5 1% HE. Huber 45 80
£ 7 T M VASO £K, B 0.7 mmx0.7 mmx
1.8 mm FJ 4R IMRI 5 T FHEEa1E 5 T
NINRIGE 8 K 2 (ML) ANRITRBE 0 2 2 D R
N, UERH T )2 K R S S RI90Eae 2 (S1) 1Y
Bt ARG, TR Z B2 R30S W) 5 Hi itz s
ARG, 8] 3 HTETHRB AT S5 h M1 X B R )25
JZIIREMUR AR, s Ym0 PER IMRI I BEAE T

FER SN T RE AL 52 JZ2 D e HEAE Bt 1) (40
L 628689 0090 (ARBESp 2 O TR (6999 O¢
WK Bz 22 04950 A B JZ= D REE 5 5790 981 46 ) | LA K i
S Y T BE I 45 28 99 Finn 45 BOffEH] 7 T
VASO HARMISE T 12 TARICAZAE 55 bl SN i 4
it (dorsolateral prefrontal cortex, dIPFC) 7E 4[]
155 By Be WO K J2 0, IR T dIPFC B2 2 )2
O 55K F AN R ARG, B J2 T2 0 )
s ARG

(d) Laminar profile of percent signal change
16

. . — BOLD

14  Cortico-spinal output — VASO

Cortico-cortical input

S 10t
) | f
g 81 /
<
2 ot /.>‘<;_}—\_;'
= 4+
2 ol I\
n
0F
_oF 1\
WM GM CSF

& 3 TAREZaESM 7 T MIIBERR, BUSRA Adbat K
SEREIRBR T G, SRS 9751 MAGNETOM
Terra 7 T, 1 & A HE AR 35 4%, 6 VASO )3 371 B9
(0.8 mmx0.8 mmx1.3 mm, TR,/TR, = 69/4419 ms, TE =
25.4 ms, FA = 45°, ES = 1.1 ms) (a) VASO E/MZ # 6 &l ;
(b) BOLD FEHRHIE I (c) K2 AMEHRBIX (region of inter-
est, ROL); (d) B¢ )2 43 2 W0 4 A (R S AR 22 40) 5 B2
WM E R, KR (gray matter, GM) fiz 7 4b 11 5 S i &
Y& (cerebral spinal fluid, CSF), & TR AL 1 % 4 A it (white
matter, WM), ¥ {4 #f £k i BOLD #43G 4 7 , 41 (4 ph 28
VASO B 434, 1t £ ity i 22 48 S 143 )2 ROL I SE 1t
AR IE2E

Fig. 3. 7 T fMRI on finger-tapping task. VASO sequencel®!
(0.8 mmx0.8 mmx1.3 mm, TR;/TRy, = 69/4419 ms, TE =
25.4 ms, FA = 45°, ES = 1.1 ms) was implemented from a
healthy male adult volunteer on MAGNETOM Terra 7 T
(Siemens Healthcare, Erlangen, Germany) at Center for
MRI Research, Peking University: (a) VASO activation;
(b) BOLD activation; (c) layer ROI; (d) laminar profile of
percent signal change activation for BOLD (blue) and
VASO (red), the error bars represent the sample standard
deviation within each layer.

P HER I BRI RERE 5 00 2 e R
fMRI WP FE IR SUSZ —, FEINHI R 2 B
A RE B RTRT S, BER R0 PR IMRI Y BAREL
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ARG H Ak BT VR A AEAS T S [12.99:100106] e A
IOWRUEE T, A v 3 e 2 B EMIRT X ik ¢
ZIIREAEFN I E UG, X AT 2 8] Y A
BT TR, A B TR D RE 5 K 2
P2 TR AR B 5 ], TR A R A A SN )
RE Y ph 28 BE At S AR SC A AL ) (1071090,
4.1.2 AP TE TR

e Geiy FMRIT 8 o G 0 1L 98 50 7 =5 B Wi O
FIH BOLDMO | Ji Ifil 3 (cerebral blood flow,
CBF) 4511012 i ifi 25 #1 (cerebral blood volume,
CBV) 850,183 i AR (cerebral metabolic rate
of oxygen, CMRO,)M* 161 ZEX by B (1) A8 fb, SR
X R 2 Sl ) (] 2 A T, BRI, X 8T A AR R
A JRIBR: 1) 1 B 77 2 R 5 8 Sl AF AR ]
WA, TCIE RS UE S WS A il 223 sl A Bl g 2
TR s120] 9) [F5 25 5 Z B KA 19 T4, F30m
AL 5 A AN Bl Y A A6 AN 5 A X iy (12124
PRI, AT MRI B4 X6 2 0 1 shif AT R — A
JE IMRI HFFE# ) FH AR 129,

R 2 0 P 28 T R — 2 1 2 [R) I HE 51
I [m) 25 HL B, T B i 28 W i 2 7 A SR R 1 4
SN J&) [ 20 UK BT Bk sl 8, AT e g A
AR AL (120127 X B AT PR A fh 48 J0 HL
WG I AR 1% (neuronal current MRI, ncMRI).
Xiong %5 128 $2& t H #4 ¥ MRI (magnetic-source
MRI, msMRI) FLHEEARIN AR Il K )2 1) #f 28 T0 T3
HLIE ). SR, TS ARSI P L 58 2Bk BOLD
X B RE B, 120k i TG — e PR AR A
T X — X, AT T T 282K, Luo
S 129 16 Y M RCIR S R I S IR ik R 4, Jiang
& 0] JE FHTCIm 218 2, RSk E4HESR BOLD
XF neMRI T4, Chai 45 131 DR I R B0RE S )
HIEBEYRZ I % (spin-lock oscillatory excitation,
SLOE) J341 192 23 7E 3 (K B h I st % 2
PRI ncMRIAF 5, (HiX 55055 YR BE AL Y)
IS 28 T HL G ).

TE ncMRI IR, 1E A7 Y 52 g 45 2R [128.135-139]
BT ) SRR A5 R M0 JR A G T neMRI RER R
DN #f 28 T FEL X — (R BAEAE . S T S
EHEIEX — ), Luo %5 9 XF neMRI {7 5 #F47
THEBIRTR, T KNG 2 s 2oy L eE
ARFNAL A P AR, B T neMRI R 5. 858 3%

W, A4 FEME neMRI AR S A H s, HoE B A2 b/
THANITZ—, MR 0.02°. Pt FIH] MRI
BRI A0 25 70 L T ) iR R R B K
e, TR 2L AT S IR = (5 R LU RN
RYE, I TR AN SAG TR
I, Toi & M0 $ 1 ARt Ze 44 1147149
Mk, 76 9.4 T /NGRS RGP L) 5 ms
749 15 ST 8] 43 % 281 0.22 mm 1) 155 25 8] 43 JF 5 52
X /N R 22 0 Bl L R (direct imaging of
neuronal activity, DIANA). 5325 2 7%, DIANA {5
5 5 E A P R R AR OC, BRAE AR 2 AP R
b E AR 200G B, IR B B AT IE ST
[F 15 DX K 2 03 2 i A5 4 . DIANA AR
PR T RIS AT R 0 e A L % o 28 5T
TSR R DGR, 51z 6. SR, 124 A 1k,
DIANA F5S2 5045 5 i ARAEHAD S 90 % vh gl i o) i
G BSIE 190198, —SERfF 5 A, DIANA {55 7T 6E
S TR AN T B PSR 01
WF5E N e s e 1 0 7 AR B AR —
1Oz 193 DIANA {55 AT B2 bk i 5] 5 S o )
Wz B PR 255 | & DR 192, B FiTX — S
FELERCR IR, 20 AR s AT e A 7 v 194,151,

4.2 BEHREAK

e 7 W AR 0 53— E R e Ty 1) A
A&, st MRS BRI & 20 2 o [ Ak 21 T i
AR B A8 Ak, DT T 61 M 000 A 803 A i ok
. BERHIRTE MRS A =2 e
1) TR, (M LB, XAk R i
R EFE; 2) WY KT MRS oA A iR
ZIA] AR 22, YD 1 U o S, R TR R B )
B 3) A A B R B I B AR L, H g
JHE SR Z EIEFBIBUN, 6 TR Y
T R B A DU A A . XS AR
Y MRS 1A 5 G B B AT ).
421 A5 R

AP ("H-MRS) RE#% JC 81 i AR X
P 2 g Z R AR EE 190, 40 4E N-Z kR
X RQMR (N-acetyl-aspartate, NAA), B JHFK (total
choline, tCho), JLR (creatine, Cr) 5 B iz N 2
(phosphocreatine, PCr) ., #i%j# (glucose, Glc). FL
R (lactate, Lac) . AR (glutamate, Glu) SAE[HE
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¢ (glutamine, Gln)., -2 % T 2 (gamma-amino-
butyric acid, GABA), H & & (glycine, Gly) %,
UnlEl 4 Fir 7R 057, 3 TH-MRS 70 22138 JoT ik J&
AR T T BT SE R, H T TH R T et
UK R PR | 106 g i i R W, LA SR 2
BREEFE BRI AT 198,

=37 TH-MRS 3 3k I 55 AN [m] i 22 38 o ik
JEE R 22 S AR DG I, BRSSPI 21 5 1 g AL 1)
Biria 55 199 i ] 7 T '"H-MRS Wl & g5 A 453830
i 5 N Rl T 6 Ay PR 2238 i Glu A il Pk 22
EBTT GABA [k B K-, BRAG R A AE Hij$07iT K
JZ 3B g B XA B2 R Glu 5 GABA AU
JEOKAF R E ARG, H SR AERE L 0 R R 3 L 3k b AH O
P, FW A -4 o 22588 JoT K 1 2R A FT g A o ae
I 9 B2 SR WO, B R MRS AT LAAS: I 2
RBAT 55 28 T AR B2 7284k, Bl Akt GABA
55 Glu B[RS 160 P i 28 388 T AE A RN
gt R B VE T, DI A 2y Re b 22 HIL
(B (161163

# =% MRS B % (MRS imaging, MRST) A
% [ I ) 5 2H 2 rp 2R R MRS KA ik
B, SRAEH U 2 R ACEHME B SR, AL GEARA g
1 MRSI RAE Ty AR HA< 104, BRI T HAE I
PR ERYR. Hingerl 55169 JF & 7T 7 T 'H-
MRST [ Hf 33 [7] .0 [/ (concentric circle trajecto-
ries, CRT) Pl RAETT ik, i RAE A B T
(free induction decay, FID) {55, BB 7E 15 min

PRAT 2.7 mm 45 [] [R) P 25 18] 43 B R 1) MRST &
1%, 2% NNA, tCho, Cr 5 PCr, Glu Z£#/t
W [R]85 AR M L T AR e AR g
2%, g U R A IE L A5 (fluorodeoxy-
glucose positron emission tomography, ¥F-FDG
PET), # 4% MRSI B4 oL SR etk m
AR UG S HER s SR A, TR B B R A s R RN
FEN T 7). Bednarik 55 190 [ FHIX —H AR T
KA R, 2108 1 IR A A (2H-
Gle) J&, *H Ju R B A g 'H, 1M 2H 78
TH-MRSI AT UL, A "H-MRST A 45 i 18 i
Y FEREAG, R T A s i AR F . i o 4G
R, 7E 0 B M5 e HL R GE 24 0 AR T 51 S HE
T, B  MRSI BN X A P A R4 5 1)k
25 [B) 53 A AN ) A AL A T U
422  SHEE SRR
BT LAY SR TH ISR, Hoft [ e AR 5 R
?& (-)[m 2H7 3He, 1307 170’ 19]:—“, 23Na, ?slP7 3501, 39K
) 7 Bt RIRE T AR AR AL, 7 S0 K
Jil B PR IR, XY X B 2
¥i. ZEITERES S5RNME ¢ E TR, feft
45 S8 MRS Fil MRI JC k345 0915 8., W44
pH {E 167 188 7P 108 4. SR, T 200
PG LCAAR HARX E G T 4%, 2% MRS 5 MRI
{7 M L3 AR, PR LG o 75 B e AR R R =
ERERIRE e

NAA

4.0

3.0 2.5 2.0 1.5
Chemical shift/ppm

3.5 1.0 0.5

Bl 4 J5dnar Bl B (posterior cingulate cortex, PCC) 19 7 T 'H-MRS, £t R & B b 50 K 2= w3 IR USR58 0, F RS R
P§ 1 F MAGNETOM Terra 7 T, % & # 4 i fE i 4F & M, 1 A semi-LASER 7 1] 57 (20 mm x20 mmx20 mm, TR = 5000 ms,
TE,/TE,/TE; = 7/10/9 ms, FA = 45°, - %L (Averages) = 64)

oA

(a) PCCHRZ AL ; (b) 7T PCC 'H-MRS J— L4 4y 1% i

Fig. 4. In vivo 'H-MRS on PCC using semi-LASER sequence (20 mmx20 mmx20 mm, TR = 5000 ms, TE,/TE,/TE; = 7/10/9 ms,
FA = 45°, Averages = 64) from a healthy female adult volunteer on MAGNETOM Terra 7 T (Siemens Healthcare, Erlangen, Ger-
many) at Center for MRI Research, Peking University’"": (a) PCC voxel location; (b) 7 T PCC 'H-MRS and metabolites.
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Bl 5 A7 T 2Na @S0G (A R b BRI 2 4 0 BT 5 BT 4R 48t , 4 SO 528 176 1] 7 MAGNETOM Terra 7 T, {8 /1]
TR AR BT A A ER ALY 2 Na-tH BUI K ARk Rl 523038 D A e 4R 53 1k ), (T8 82 W1 % (UTE, ultra-short TE) J731 (2.5 mmx
2.5 mmx2.5 mm, TR = 12.8 ms, TE = 0.27 ms, FA = 19°, TA = 4:25) (a) 44K0f; (b) AR ; (c) HEWT i

Fig. 5. In vivo #Na MRI of human brain at 7 T, UTE sequence (2.5 mmx2.5 mmx2.5 mm, TR = 12.8 ms, TE = 0.27 ms, FA =
19°, TA = 4:25) was implemented from a healthy male adult volunteer on MAGNETOM Terra 7 T (Siemens Healthcare, Erlangen,

Germany): (a) Sagittal; (b) coronal; (c) axial. The images courtesy of Institute of Biophysics, Chinese Academy of Sciences.
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100

FA/(%)

Bl 6 7T MRISFHGLE BRI AL (circular polarized, CP) #xCF A MAR 9 FA 2345 Bl (Bt R 48 A AU K2 g e g i g i 58 v
O, TS R 7577 T MAGNETOM Terra 7 T, 3238 #% {8 B BL4E 5 1)

Fig. 6. FA map covering the brain on the 7 T scanner in CP mode, images were acquired from a healthy male adult volunteer on
MAGNETOM Terra 7 T (Siemens Healthcare, Erlangen, Germany) at Center for MRI Research, Peking University.
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SPECIAL TOPIC—Technology of magnetic resonance
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Abstract

Magnetic resonance imaging (MRI) is one of the most important imaging modalities used in contemporary
clinical radiology research and diagnostic practice due to its non-invasive nature, absence of ionizing radiation,
high soft tissue contrast, and diverse imaging capabilities. Nevertheless, traditional MRI systems are limited by
a relatively low signal-to-noise ratio (SNR), which can be enhanced by increasing the strength of the main
magnetic field. Ultra-high field MRI (UHF-MRI) typically refers to MRI systems with a main magnetic field
strength of 7 T or higher. The UHF-MRI improves image SNR and extends the boundaries of spatial resolution
and detection sensitivity. These advancements not only provide clinicians with richer and more accurate
physiological and pathological information but also open new avenues for research on life sciences and cognitive
neuroscience.

Currently, the UHF-MRI plays a pivotal role in brain functional and metabolic imaging. In the brain
function research, the implementation of high-resolution mesoscale functional imaging techniques has enabled
the investigation of laminar-specific neuronal activity within cortical layers, including feedforward and feedback
neural information processing pathways. In metabolic studies, the application of hydrogen and multi-nuclear
spectroscopy and imaging has yielded more accurate metabolic data, thereby holding substantial promise for
advancing our understanding of the pathophysiology underlying functional and metabolic diseases. However, the
UHF-MRI is also subject to certain limitations, including issues related to radio-frequency (RF) field in
homogeneity, elevated specific absorption ratio (SAR), and susceptibility artifacts.

In this paper, the historical evolution and theoretical underpinnings of UHF-MRI are reviewed, its principal
advantages over low-field MRI is elucidated, and the contemporary research on UHF-MRI applications in
human brain function and metabolic imaging research are integrated together. Furthermore, the technical
limitations associated with UHF-MRI implementation are critically examined and the potential avenues are

proposed for the future research direction.

Keywords: ultrahigh field magnetic resonance imaging, functional imaging, metabolic imaging
PACS: 87.19.1f, 87.61.—c, 87.61.Qr, 87.64.—t DOI: 10.7498/aps.74.20241759
CSTR: 32037.14.aps.74.20241759
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Fig. 1. Diamond NV center-based quantum sensing under
high pressure. The figure on the left illustrates the basic
structure of a diamond anvil cell, which consists of two spe-
cially cut diamonds and a metal seal. The sample is loaded
into the central hole of the gasket, which is filled with a
pressure-transmitting medium. High pressure is applied to
the sample by compressing the upper and lower diamond
anvils. The diagram on the right shows the physical struc-
ture of a nitrogen-vacancy (NV) center in diamond, which
consists of a substituted nitrogen atom and an adjacent va-
cancy. The spin state of NV centers can be efficiently polar-
ized, controlled and read out using optical methods, en-
abling sensitive quantum sensing at the nanoscale. NV-
based quantum sensing is compatible with diamond anvil
cells and provides a novel method to realize magnetic reson-
ance and magnetic measurements under high pressure con-

ditions.
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Fig. 2. Working principle of diamond quantum sensing: (a) The energy level structure and the optical transitions of NV centers in
diamond; the right diagram shows the ground states of an NV center under different external magnetic fields (Zeeman effect);
(b) typical optically detected magnetic resonance (ODMR) spectra. Top: ODMR spectrum at zero-field. Bottom: ODMR spectrum
under an external magnetic field of 24 G (1 G = 10* T). By fitting the resonance frequency of the ODMR spectra, we can deter-
mine the strength and orientation of the magnetic field.
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Fig. 3. The influence of pressure on the optical properties of NV centers: (a) Schematic representation of the zero-phonon line (ZPL)
and the phonon sideband (PSB) M; (b) two methods for placing NV centers in the DAC high-pressure chamber, the top diagram
shows placement of diamond particles with NV centers in the pressure-transmitting medium, and the bottom diagram shows fabri-
cation of shallow NV centers on the diamond culet ['%; (¢) PL spectra of NV centers under different pressures, the experiment is per-
formed with 532 nm laser excitation and NV centers in microdiamond [M; (d) pressure dependence of the ZPL, the experiment is
performed with shallow NV centers on the culet, the results emphasize the importance of the hydrostatic environment for ODMR at

high pressure ['2.
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Fig. 4. The influence of pressure on the spin properties of NV centers: (a) Ground states of NV centers with and without external
pressure; (b) schematic representation of NV orientation and diamond cut direction; (¢) ODMR spectra of NV centers under differ-
ent pressures, the experiment is performed with shallow NV centers in (111) cut diamond ["¥; (d), (e) pressure dependence of zero-

field splitting, D; data are acquired with (d) NV centers in microdiamond "', (e) shallow NV centers in (100) cut diamond "%, and

(f) shallow NV centers in (111) cut diamond!'":4].
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Fig. 5. Working pressure and sensitivity of color center-

based quantum sensing!!.
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Fig. 6. NMR of N spin ensemble under high pressurel’¥: (a) Schematic representation of high-pressure NMR, enabled by NV cen-
ters(left), dynamical nuclear spin polarization of N nuclear spin at ESLAC(right); (b) energy levels of the coupled electron and
nuclear spin system, with the transitions of the NMR measurements labeled; (¢) typical NMR spectra of N spin ensemble under

different pressures, NV electron spins in the |ms = 0) state(left), NV electron spins in the |ms = —1) state(right); (d) absolute

value of () (red) and A, (blue) as a function of pressure; (e) pressure dependence of the width of N NMR spectra.
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Fig. 7. High-pressure quantum sensing with color centers in SiC and hBN: (a) The physical structure of Si vacancy and divacancy
in 4H-SiC “7; (b), (c) typical ODMR spectra of the PL5@SiC divacancy center and the pressure dependence of its zero-field splitting!*?);
(d) the physical structure of B vacancy in hBN, V5 ; (e), (f) typical ODMR spectra of V5 @hBN and the pressure dependence of
its zero-field splitting!™.
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Fig. 8. Magnetism evolution of magnetite to megabar pressures!'!: (a) Schematic diagram of the evolution of magnetic domains and
their stray magnetic fields in magnetite with pressure; (b), (c) pressure dependence of the magnetite magnetic field BL"¢ at the se-
lected positions; (d) pressure dependence of the linewidth broadening I'™?€; (e) the phase diagram of Fe;0,, FM stands for ferro-
magnetic, FiM stands for ferrimagnetic, and PM stands for paramagnetic; (f)—(j) magnetic field imaging of the surface of Fe;0, in
exp2 with an external magnetic field of ~240 G at pressures of 38.2, 45.5, 50.4, 58.4 and 65.0 GPa, respectively. The dashed blue

line in (e) marks the Fe;O, sample and dashed gray lines mark the magnetic domain wall.
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Fig. 9. Imaging the Meissner effect in CeHy under high pressurel'”: (a) The experimental sequence for probing local diamagnetism;
(b) confocal fluorescence image of the sample, ODMR spectroscopy is performed at the labeled points; (¢) NV ODMR spectra collec-
ted at the blue spatial point in (b) on field heating at H, = 79 G (following zero-field cooling), the ODMR splitting increases as T
is increased across Tc ; (d) the local field, B, (left y-axis) and the four-point resistance (right y-axis) as a function of temperature;
(e) simultaneous measurements of four-point resistance (right y-axis) and the change in the local field, 6B, (left y-axis) on field

cooling with H, = 79 G, the measured resistance identifies a clear transition at T¢c ~ 91 K.

117601-12


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)

117601

P2, I SR IEAT T 550 i R R i 7 0
i, LI 9(e), LEAF i PR TULIN B 1 AR X 55— 2L Y
PUREAT 9, TRl AR i 22 5 L 0 2] Jeg e s 374 o
AL, X5 577 1 A vl S R IR HRBR
RN ER — 20 TEGR R K A58, B L
I E R B BN R AT, DA A P A
REEETHLAT Ry, VR i R SN I VR — 2P 1Y
AR FRIESE TR R 19,

4.3 BETEREUDBSERNZNE

Bl 5 — A 22 K 1 TR 72 Ruddle-
sden-Popper (R-P) #7511 La,, Ni,O3,.1 (n =1,
2, 3, -, o) BA LY. 2023 4F, Sun % 3§ iH
LagNi,O7 M 7E 14 GPa @ FHI B T 29 80 K
1) iR L) B T B NAMFR )2

4660
0
o,
=
~
2
2460
=]
g
=
260
(b) o A2
702.4
p -- =
=\ =
; &
4D Al I 679.4 &
) B | I )
= h=1
I \ &
\ ]
Ll()_pm / 655.0
S

LazPI‘NizO7 (Sl 011)

E 10

Splitting/MHz

AB./G

i T LagNiyOq 5 Fl LagPrNiyOy i 3 02 37 44 2000 19 4oz 3 £ 101

T R IZZR GIVER 5 1R SRS AN 5 B i v R
51k, (HARSERE S A AEAL 2R A A R 5) L N TLA 4R
2SN R B R =R R-P AR N X 75
A ZR A A T AR ) S T A S PR 99
BN, T3 PG A 5y X, Zhou % 7 & B
LagNiy O # it il 2R R & LA 2 1%.

UEI, IR TR R RN Pr oA
La &AM LagNiyO7 HHAD R-P FHAC SN AR [n] 1,
Wang 45 59 g 2y il 4 1 4 B # # B9 LayPrNi O
Z eSS, TEVT 20 GPa Y 58 T W 8 T 24
60 K M SBI4. K5, Wen 45 10l JLF NV At
ZRES AT T R R A i A AR 1) A
TEAE T (111) VIFI 4 NIA X TR N % )Z NV
sy, PIIR SEI 43 5 T RV AN KBr A% A
5. & 10(a) B T AR AE R A% A o A X T

()
680
. . .o
0-8.g°C, LasPrNiO7 (Si oil)
FOg R %¢
670 -
4
7
660 <
FC /;}'{Y —a— A0 (FC)
—u— A0 (ZFC-FW)
—»— Al (FC)
650 1 Al (ZFC-FW)
—e— A2 (FC)
A2 (ZFC-FW)
640 L— . . | .
0 30 60 90 120
Temperature/K
(d)
0t g gedoire-eo-ofo—ay
i/*
/i/
F
_3t /*,}
%f —w— LayPrNi,O7 (Si oil)
—m— LayPrNiO7 (KBr)
6} LasNi;O7 (Si oil)
0 30 60 90 120
T/K

(a) La,PrNi,O7 #: fi i 3 R B DOCH A, 1L A By

A (b) FHWAF] 7 K 55N 120 G RS TGRS, Horb i G XSRS/ T AL, Je LR Bms X8 (o) JLRL7 B NV
HhC P45 % 7 T I BE A IR AL L Ag S R, RS A A FERR S b ARG X2 B BB A TIRE R A, IXTERE AL I
T AR LI B TR R R, AR E NG THE (ZFC-FW) Aigd (FC) SLE6h i 2 TARIBLE, AMInEs KA 120 G;
(d) AN [RIAE it A% R A 7 A B SR LR AR 5 X LG, ARG 3714 0 120 G

Fig. 10. Probing the Meissner effect in pressurized bilayer nickelate LagNiyO7s and LayPrNi,O; [: (a) Fluorescence image of sample

A (LayPrNiyO; in silicon oil); (b) magnetic field imaging under an external magnetic field of H, = 120 G after zero-field cooling of
the sample to 7 K, the blue area shows clear diamagnetism; (¢) ODMR splitting of three selected points under ZFC-FW and FC

measurements, point A is far away from the sample and serves as a reference, point A, is on the sample and local demagnetization

is observed at low temperature, point A, is located at the sample edge and a local enhancement of magnetic field is observed, simil-

ar phenomena are observed in the ZFC-FW and FC measurements, (d) comparison of the diamagnetism effect of the three samples

during the ZFW-FW measurement, the external magnetic field is about 120 G.
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SPECIAL TOPIC—Technology of magnetic resonance

Magnetic resonance and quantum sensing with
color centers under high pressures”
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Abstract

High-pressure extreme conditions are crucial for realizing novel states and regulating material properties,
while magnetic resonance technology is a widely used method to characterize microscopic magnetic structures
and magnetic properties. The integration of these two fields offers new opportunities for cutting-edge research in
condensed matter physics and materials science. However, conventional magnetic resonance is limited by several
factors, such as low spin polarization and low signal detection efficiency, which makes in-situ measurement of
micrometer-sized samples under ultra-high pressure a challenge. Recent advances in quantum sensing with color
centers in solids, in particular, the development of quantum sensors based on nitrogen vacancy (NV) centers in
diamond, provide an innovative solution for magnetic resonance and in-situ quantum sensing under high
pressure. This article summarizes the effects of high-pressure conditions on the spin and optical properties, as
well as on the magnetic resonance of diamond NV centers. In addition, this article reviews recent advances in
high-pressure quantum sensing through applications such as magnetic imaging, pressure detection, and the
study of the superconducting Meissner effect under high pressure.

Keywords: quantum sensing, nitrogen-vacancy center, high pressure conditions, Meissner effect
PACS: 76.70.Hb, 61.72.jn, 03.67.—a, 07.35.+k DOI: 10.7498 /aps.74.20250224
CSTR: 32037.14.aps.74.20250224

* Project supported by the Innovation Program for Quantum Science and Technology, China (Grant No. 2023ZD0300600),
Chinese Academy of Sciences (Grant No. YSBRI100), the Natural Science Foundation of Beijing, China (Grant No.
7230005), and the National Natural Science Foundation of China (Grant No. T2121001).

1 E-mail: gqliu@iphy.ac.cn

117601-16


https://doi.org/10.1038/s41586-023-06408-7
https://doi.org/10.1038/s41586-023-06408-7
https://doi.org/10.1038/s41586-023-06408-7
https://doi.org/10.1038/s41586-023-06408-7
https://doi.org/10.1038/s41586-023-06408-7
https://doi.org/10.1038/s41586-023-06408-7
https://doi.org/10.1038/s41586-023-06408-7
https://doi.org/10.1038/s41586-024-07996-8
https://doi.org/10.1038/s41586-024-07996-8
https://doi.org/10.1038/s41586-024-07996-8
https://doi.org/10.1038/s41586-024-07996-8
https://doi.org/10.1038/s41586-024-07996-8
https://doi.org/10.1038/s41586-024-07996-8
https://doi.org/10.1038/s41586-024-07996-8
https://doi.org/10.1063/5.0247684
https://doi.org/10.1063/5.0247684
https://doi.org/10.1063/5.0247684
https://doi.org/10.1063/5.0247684
https://doi.org/10.1063/5.0247684
https://doi.org/10.1063/5.0247684
http://doi.org/10.7498/aps.74.20250224
https://cstr.cn/32037.14.aps.74.20250224
mailto:gqliu@iphy.ac.cn
mailto:gqliu@iphy.ac.cn
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

#) 32 2 3R Acta Phys. Sin. Vol. 74, No. 11 (2025) 118702

T BEERFEAR

K5 F 5 AR AR X R R L R S AR R SR

g EY

B 2 4

IRE

& 3 B D350t

1) (WK MR ARR R B Be i & R 2=, HiM 310016)
2) (WL KA B TR SR, UM 310027)
3) (WL RZFERGME FINAREAFEI, SN 310029)
4) (RETEE, Bl 311112)
5) (WL iRk Sk B4, M 310012)
6) (WL R2-2E TS5 LAl & iR Rl G, BT 310058)

(2025 4E 3 A 12 HYk#; 2025 4E 4 A 12 HEMENH)

IK 735 5 0 N R S A S A A R AR A AN D RE RO 2 A, R RIS AR L TS LA S AR AR S A T A A
PR TR 3R T 1 DN ek K 731 6 240 i 4 5 8k R mT B ) 2 20 48 60 A4, WIS 7 I 21 40 MO S T
REAS Th 5 20 M N K o3 TS B ). 205, AR BT A 4 b i SRR 15 5 19 248 BURRE, JF R K 4y
Tt R A i R AT ] RE R R R IR 0 R, R G IR O ik D K O3 A R S e i R B =
BERLTT P35 Zead JL 47 59 K %, 1 4R S0 Y 7K 73 5 200 i 5 45 00 e ) 2 R R B80T AL s —
o Tt BRI [R], 5 — bR T 1 AR SOR R BIUR OC RE SE AR B 1) 5 JR Dy A, R AR B iyl 2t U L Koy /

A=Yy LY AN TR B A 0 I i 5 2R S S e AT A

LU K AT .

Ji X AN TR 7 B4 R 3 S ARG Bk a5 2 AT T, IR XS

KR AZRIR, BRI, Ko TS A RS e, A PR

PACS: 87.80.Lg, 83.85.Fg
CSTR: 32037.14.aps.74.20250325

1 3

TEAE YIRS b, SRR N YRGSk
F T RV T LA R N ALV S5 T BT A BT B
2Py BRI S AR ELAR A X sy BRI AL 228k
AL 5 AR Bl LA BT 22 (8] mAs
[F) 4 A P o =2 ] Y 5230 2. AR 5T/ o
TASHAHLHE, nl LUK OIS 23 B e oK U5
1 EONE S Fo%) i v (&2 & i R 1
5 LK 1) SRR s (Gl R E SOR REAE

i

DOI: 10.7498/aps.74.20250325

H:F% (magnetic transfer))? | /KPR FH
AR Bl AL T ST 1 A 3t R i Ak 2 254
(chemical exchange)?P4, DI Al 9 HLSZEL AN R
VIR P oK o 1 2 B, A 355 B 400 i I 52 48
(transcytolemmal water exchange)®fl.

Ji¥- /43 6] () 38 48 g e ) Ak 7 =
E X TR, TEA Y BE e U B T2 T W
RS i 8% Wolff FI Balaban!!! £ H AT/E—
BRI RGO LU RE, WA B X B Tl 2 v 1) U
PEEEHAERTTE FBOB (N2 KAk fEAL ) J5 T3]
ISP (781, 5 1A 2 S 4 8 A 2 S8 8 1 A 7% A

*E R HRBREES (B 82222032, 82172050, 92359303), BHEERMLAIHT 2030 TALIH (kS 2022ZD0206000) Fl R

ST IR (HEMES: 2024SSYS0019) ¥ BRI
t BIEVEE . E-mail: ruiliangbai@zju.edu.cn
© 2025 FEYIEZS Chinese Physical Society

http://wulixb.iphy.ac.cn

118702-1


http://doi.org/10.7498/aps.74.20250325
https://cstr.cn/32037.14.aps.74.20250325
mailto:ruiliangbai@zju.edu.cn
mailto:ruiliangbai@zju.edu.cn
http://wulixb.iphy.ac.cn
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

#) 32 2 3R Acta Phys. Sin. Vol. 74, No. 11 (2025) 118702

PREMZ (chemical exchange saturation transfer ma-
gnetic resonance imaging, CEST MRI) 7£ 2000 4F
B Ward 45 U8, AT 020 2O Rk BE AR 1)
23 (8] 537 S B e RO 0o & Horb, 7 CEST 4k
filt - & Ji& th >k i B i it #%7#% (amide proton
transfer, APT) Bf&% H Zhou % P! F 2003 4F42 H
JE SRz . BT, A OCHOR AR K Bl b
FHE e 0 500 01735 101 e fi e 732 A ) (1412
B R R AR I 11514 S5 T

N [ Rl w8 9.6 ST 2 27 S B S ¢ e
WA R PR A ) B Sl 1Y A [R] 4 U 55
WK o s i, FAPEE R 1Ko
iz i ) PP IR X B ) 1 3 Bl R AR AT R A8 48k
EATESN 1% FA A, B i shid 2 g
FIRZEG IR, KT Sr PP E REE N, 1]
oK 53 AR 355 s 20 5 3 1] 1y 2 485 R PR 091,
SR, RSN BB AL m) 52 48, RIZK 53110 R i )
SRR LT AT R 8, 7E S L A

(a) Blood-brain barrier

Astrocytes

Pericyte|

Astrocyte
endfeet

(c) Blood-CSF barrier

Epithelial

Blood vessel

A DLR AR TR 2 R B A 2R D0 AR ST TR R
FERETERRS T Ko TS EAc .

HRYEIK 53 T b 20 SUR R B 19 4548 A [R] UL
FE 2 M R R], B Ac 4t BT LI R 2 H
ANRIAETE. LA N 5 B K 28 3 A ], KB4
1) 7K 3 15 20 M JE 52 e 171805 2) 7K A 1855 1 kg
f&% (blood-brain barrier, BBB) 3 #f ['9); 3) ik 2% M
K 45 IR W57 B (blood-CSF barrier,
BCSFB) s¢ 4 20; 4) 7K 315 1k 52 Joz -k o i T s
i V8 o e ) s A8t (A8 ol 40 i 2 R 2 A
PR BY. g 2 rh oK o1 s T AR R T A 1 B
7N, HH Arachnoid 2 Ik P i ; Astrocyte & &2 1
Ji¢ Jiz 4 i ; BBB(blood-brain barrier) &7~ IfiL i 57
B, P L RE R R I 5 A A 2 AR I Blood-
CSF barrier A2 Ifil ¥~ i 5 5 52, FH LB I 45 B
A PRI B ; Bone J&; Cell membrane 24
L, CSF-parenchymal barrier +2& 85 I A & - ik 52
Jii J5# B%:; Endfeet J& & J£ ; Blood vessel f& Ifil 45 ;

(b) Cell membrane

Astrocytes

AQP4 Membrane

H-,O

Astrocyte
endfeet

(d) CSF-parenchymal barrier

Bone

Periosteal layer
Meningeal layer
Arachnoid mater
Pia mater

o Astrocyte endfeet

AQP

BT RSPk T B AR (a) KT B LA R R AS 45 (b) K2 M IR S 48t (c) K a0 B LA - R A
e, TERGE T, KB IE R 1 AQP A 75 TR V5 T8 190 % 45 M 40 0 1y R IS A s () /K 20 B i Y- i 92 5 e e 0y S 46, bk I BT
IR AT 0B 388 2o 8l I ] LI B2 3 A i, 4% 0 3 5 o T B T i o A 2 T ) /K B T 1 A ) B S 4

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.
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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.

ULAER, B RIS AR GE M A BE, DL R
oK 2 1) B Al T ST 7 T A R L 5
AR, ARG 9% B PA it i e o o 1 LA
S i 55 Ml 2L R K o35 S AT 5 32 2
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WEAERI R e T T B Ay U7k 7, Wang
S 2627 B BT B bk B bR IC Ry Tk, DL S el
Bai 45 S 8 /K IR AS R BUS 7 12%, Lin 45 29
2 1) WEPCAST (water extraction with phase-
contrast arterial spin tagging) 77k, LK F KD
T BBB 22 4t 1 i 4 ff 5% 1 8 AT 2% Dickie
A5 B YRR s . TR RIRARTE R R Gerh, BRAK S
5 BBB WA LASN, TE RN S BT A A K o
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FES R A2 4k 23/ AR B N 7K 4345 B I TR B AR 5 e
JeE I AR 281k B2 3BT RO B354 K 7K i 2% 1) 1)
AHIE. HARH, 40 Chawla 55 BY & 3127 40 g Py 7K
Gy AL (7)) TR Ny Sk SRR BIR 20 s i o
PP I s ks 0 DA 00 S8 5 (R A A 30 DAL, o ek
K G 15 240 R S A2 46 W] R Ay 5 4t R 3 e el AR
AHOC PSR B A H B A b ks

A SCH AR XK G 15 240 B A A6 1) G
PRI AR ST SR T4, B G AFRE
BOR B &2 )5 B F0y /A Y A | R TRl HOR
0 45 SR N I, B R U Y & R,
TR AR A RTA TR RN 3 55, B Jim R4
WA R TR,

2 KT g R R e B g SRR &
HAH R 3R

SR AR AR, BESLIRGT H AT7EK 2T
P A AR AL e I AR B R B LA I3 P 2E: 2T
BTREMEE T BTk, 2Tl i ikl g
TS HE T, b A — 2 2 B 45 4 O 1) sty BRI
] () st 1] s IR mFE] (To); e T4 A 75 1%
Je— P AP HE IR BRI B, Hom i AN )
HYUMIA L R I3 T B9 RSB K 701 85 4
PR S B AR A . SORF 23 PR T A Y
WFEHE R T4.

I8 F H RS T K 2315 20 M s i AR Y
ERUSHAIRG —, N FA IR AT, A
SCHEHN AR RE IR AT 5T R AR K 731 5 4 i 5
IBHER I ZEL

1) Ko F AR H Lk, Il P oA
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[F) 273 PN 7K 731 B SRR, A o 2278 AL 7K
S BN A P A5 0] 1AL ko N ZRAEAT K
SCHEN AN 2 AR EL P, k= Kio + Ko
TEK TS R, kiofi = Koifo, fi F
fo S AR A AR oK 215 i L.

2) 2B [E] (exchange time) 7o, H5 k@Y
KEN 1ex = 1/k . ARHESCH ARIEAM A K ST
TE 40 P Y “45= B S [E]” (residence time/lifetime)
7, PURWOIR O35 A0 M A 4 R RN S 7y
HIRERN Tex = Tifo -

3) 240 R A P R p , R 2 M ) [T A
PE. Ko TR A it FE BN AN AL 3 Fn.

Outside Inside
fo fi

<~ ki, T
Tex

Koi =—t—>

B3 Ko TR 7S B 5 Ae s R A RS | e 01 07 HE s 40
Ma4hZS ] (outside), 732 J5 HE 7R 41 Jifd P 25 1] (inside)

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.

2.1 ETtBrtiRMEA LA RHE
2.1.1 AT iir s keymicdizis
1E 20 22 70—80 4FAX, FhZM Bl 5L Tt 2
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(1) 2CAR B LT 40 B2 P 1 2K 51 38 46 1) 58 e it 17)
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O3 F A st ] (A0 . SR, AR Z T R AL
O X6F A e i )00 S 4 s e, D4 B PN K 3T L/
ZHHAMESNE XY RGN, X R
]38 25 S BOWM 2 i I8 AT o B 4. R, %
o5 T EEAE A M AP it v v BE Y M2, Gnte, B
RIS M K o F 2 e 2255, DORTRRAR =]
TR X A [ A T H ). B T A0 F Min2+
VE Rt U RIS, I St A i 5T 3 1 AR e 1k o
T A SRR PR AR EUR, A R T ok
W& 7K 43 15 0 A A9 22 e K. 4, Gianolio &5 [40)
ot L EU R SR IEAG T 00T 40 B ) 7K S8 R
FFEN A AR N 7K 2 B I IRIFE 20 ms A2y, HhZ
HIET Mot 15 2 945 B3 B [ KL Jia 55 MU (8
LT R 75000 2 A (7] 200 i 2R 194 M o 90 440 J 1) 7K 43
5 0 M B A 4 R IR RIE T AQP4 R A i)
T Ko VAT AZ B 50, LA B S5 96 400 A v K 43
AN RS ead B2 A A BRI AEIZAFIE D, Jia 55 1
IR Jo 6 440 L Y Ko 7E 10 s 22 A, AQP4
BRFINHT , ko T2 50%. B 718 FHXT He R 5
AN, Al FH A = A A A st PR s ]
7. Yang 55 U2 FEA Y — 2 57 R 40 s 77 1A
R 3 P T DR I Bl A TR AR AR A 2 43
TR 1) 5t P FsF (0] A DX A3 4L P ALy HE % 5E
W Yang %5 142 2 890 R S5 40 i A 2 o0 i A0 il
K F 18 BRI R 40 SI7E 0.57 s A1 0.75 s 2245

2.1.2  E TSGR K0 BIRE LR

TEAN ML B WREA b, ol T 0 2SR B —
K3 Ak B AE AR fT R, AT LU it i L)
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IFFE R R R A B 4 5GP ) 2 AR AR M 2
B IE R A5 5 52 B 22 4% K0t T )RR 14900,

118702-4


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

#) 32 2 3R Acta Phys. Sin. Vol. 74, No. 11 (2025) 118702

1972 4, Belton 45 16 76 75 e LA 4 21 Hp B 1)
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2{{ 710 [CRo] 100 T T ﬂ(l—pi)] +712(1—p1)} ) (8)
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2 ! 7i (1 —pi)
. ) A 1/2
— pi Pi
— = 1; — 716 [CRy) — -
2{ {R o [CRo] = Froo 77 = 75 —pi)} Ta —Pi)} 7 ?)
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a B 1 - 1 [(Rll T1o [CRO] RloO) (1 2p1)] + p (1 — pi) + T (10)
as+a. 2 2 ’

Hor, ey AR HEFR) 40 Fa] B K 05 9k e
SIRIER, [CRo] XS EFIWRE, Rigo JETEBLAT RS
LU I 20 B A K 5 B A ] st P R, 7 o 2

v .
ve Yy ? o X .s
kob f kep\\kpe

v

wikss=|r,-ri W kT (@) wn

4 PITEEE (shutter-speed, SS) W& & A, SS & X
S 40 N AP T S R AR A 2208, T, ko TR IMLAE YK
3 30 40 ML 1) B2 B R Koy 355 AN L I R Y K 43
) 08 N BT A R, Kpe F2 83T HL I 43 DL P 3 40
JIEL ) B PR 95 8 TR, ke 375 X LG TR 43 F DA A I 1] B35 3B
F 1B NI A GAd ANRXT LR 4> 7, AREEA AN
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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1M, I K8 1 1 77 SARMELE AR 67T, R
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REFRE).
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PEAE 53561 SR, LB FE Al FH AR (st B9 e
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K5 (a) WBESEARAE S RIAY RGN0 B IR K Ryp , Ros FEANNE SN0 R Z [CRo) B9 72 A M2k 29, RAFFE K S e if, Ry
BB AN LE T B R BEAF & 710 [CRo] + Rioo , 76 B H R ZE M X3RN (Ko ko) IER TARTTEEE |RL; — R1o|, BLAT AL T 438 Hi0
Fts (b) (a) B ZE 0 X IR TR () 22 0ot B R AR Y 21 43 19055 7 FE BB T LG 700 e B2 A A8 Akl 2, 2 D048 0 A o b K 25 & oy
B, AR AR e E A SR A it B, O, 6k A 45 B I TR A BT B % (1) 38, B Ry = Ry + 1t B ITZERYE (8) R—
(10) 2441, Hoh, p;=0.85, 5 =1.0s, R;; =0.67s"1, Rio0 =055, 71, = 3.75 mmol " 1-L-s~1

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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+ 2/~ 10 [CR () — (Rao — Rui + 1/7) /o) + 41— po) %] }. (12)
as (t) _ } . 1 [(R1i — R10) /Po — 710 [CRo] (t)] (2po — 1) + 1/7ips (13)
as+a. 2 2 )

[(2/7 ~ 710 [CRa) () = (o — Bus + 1/m) fpo)? +4(1 = po) /ritme]

o, Ry RTEBAT LA (CR) MO BT, 41
SN TR R, BV IR AR, Ry J2

TE VAT SEHIG G B, 400 A1 0 A 10 3t 35
B, o ST HEFRIABER A, [CR) AN LA AR BE,
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Forh, L FoR—Gol w4, RO 17X Hei A i 3 )
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E - F MRS HE RS 25 AR I i 2 i) 2 R,
hoe AT LLES, po /e dMEIRIBRAK 3+ i L, fio
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i PN 7K A3 P45 B R TE) 7, ) 20 ) B K 201 o5 EE
240 B 1] BSORT HE R S TR, AHBE K 3 st R
B Ry, LI T LU FAE 2 L A5 A Il 3 e 1 3R R
E - F.

SR, (EFHE B R ZTE Yankeelov 55 P31 25
RS BIER 1 ARPRT R BEAR Y (Shutter-speed
model, SSM/S'M), Z0& T XF Il 4 7K & ik o LAk
T (BH 0), B e 38 T IR0 LR i %
BRMEOL. BJS, Li % 00 X B — 20 58 3%, #
TR 2 AU T AR (S2M), R T A I
FL 2 5 R BN B, DA i D-MRI {7
S A A B A L AN M A | S K
Lb L K AR R IR — A T A
PRI L 4t TR B A R LA P 7K B = AR, 25
T IK A3 1855 A R RS %) A 4 R L AE PR AN 7K 458
B (BH M 4). Li 4560 %1% 58 T 48 7K i A 8 gt
TP ELSC I, A3 B0 AR 5 7K 435 1 45 A 4
FIHRITEERE (|RLy — R1o|, R1y AN NIKS>T-HY
TR AR, R1, 20 RI B K 43 B 5 R ) A
TR TSRS P TR (|RL — R1,|, RY;
SRy 40 B PN 7K 3 TRt TR ) o (1] ) A2 Ak £k
FEAS RIS T LU B3 3R (krens ) RIS [a] B ]
T, PRI AR AR A, DR K A3 I A A A R
0SS e A FE AN TR AT R (PR s 483 el ke
S ), DA 7K J3 - 35 10 5 46 R 5 24
FEE A2 480 Xof 0 T 5t P4 A7 5 1) “ DT AR AR FE AN [
W ELAE R, FE IS IR LS g R
(Ktrens ) KF-0.1 min B, 55 1 A% SSM B! (S'M),
P ZmE 7K o365 148 28 48, %5 K O3 5 241 A A

&4, AT LA SR A AT LA S i R IR st B A5
52 gtrans /N 0.1 min ! I, ATRASRATES 2 18 SSM
IR (S2M) s bR s, RO R 25 fok o115
0L A5 R0 41 BE B 1) 22 $. Bai 45 02 7258 2 8 SSM K
RUR A4S T 2D e, A T3 AL A B
2% M AE B T/ I, X6 LSRR ) JBT 2 [
PR A o) st 5% B ] A AR A /0N 50, ik 2 28 e i i
BESERENT, |R1; — Rlo| /N T ki tky, BEATES 2 48
SSM ARAUXT ] BT K BE IR 04 i L (po) VA K AT
ANHE. LG, Bai 557 55 248 SSM AL B 41 1k
SSM,s A1 SSMyy PAIFBEAL. T3 1 X7 L5 A I
BB B OUE T SSM,, BERL, BEif
po B E Ry 0.2(AGZHEZ), ki, $EIEIE 2 1000 s,
R A MU RSK 43 PRk S8 4. 2% LRI AE H 2
A, K R [RL — R1| KT ko t+ky B4
4, 38 FHF SSMyy ARLFRY . P AN AR 75 3 3 AR 9 £ 8,
AED AT A 23 B LA 2 s 405 . Bai S50 H X
S suziry s WNIESI A (dpigs )b
FAAES TME. DCE-MRI AR B8 (17 2 P UL IE] 6,
Hrp Blood component A Ifil.4 41 43 ; Extracellular
component A 4l fitl ¥ 4 43 ; Intracellular comp-
onent NI 57

B, R R AR A A 1 ) L R g 526364
I A1) s 105661 Sk 2510 i bR 240 Jif g 199670 46 22 il
PREEI R O8], fE UM b, DR & BAe IR
PR, DT B AR A B A48 7 I RE PR Y A
R, BV DX S A R B SR Y 7S [B]
SR, AE “HR Y DXl T AR R O R ML A R
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JETPE 04, oAb, FEFRT R AL RIAE B R R S8
TAT BT o3 9 A g R AR IR, U A fetrans
ZH L. SRS AR 1 AR AR T, BT
TRE R RIFG B Y etrans FE 0 R b SR B v
{8, 5 R AEME b PR ALAE 2 Y Ktrens T G 22
S I R A Ay BEEE TR AR AR S I
Jib 55 1 e TR A 7 DX 4 (631, 2Rl b, AE TS
g AR DCHFSY R, O A AR 2 Y
Ktrans W] DL GG i DX P R T A7) i 4 4 166,
TE Sk SR IR A e b, P T AR L S
253N 1 A, FER IS 5% IR R A EER
P AR A RCR Bk 22 5N, B 1A
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S2M eTofts
Blood Blood
S™ component CIRP H?‘ob component CR,
R kt!zmsl|kcp k’""l ko ktmusukcp
CR,
Extracellular Extracellular CR, H20, Extracellular
component H20, component H0, component
leoi ¥ io Ko W Kio
H,0; H,0;

Intracellular component

Intracellular component

Intracellular component

[l 6

DCE-MRI A [F #5580 i) 7 2 &, Hodr, SIMFT S2M 43 ) R 45 1 ARAIES 2 ARG BT 3 BE S A (SSM), LAk, 78 Sk 4% eTofts 1

TR 4 3 DCE-MRI WYL G2 A03 Jy A BOR AR, 70 ST v, 220 T K b L, 25 IR 2RI P A1 K S8 ki I ki 5 7E SPM P,

[R5 1 ki 1 Ko

Ko F Kop LA S kT80 1M1 5 N Kpe Fl kep 5 #E eTofts LRI 1l 3 P 41 FINAH I N A 7K S84 Bk A1 52k TG 55 B

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.

JEE A TR A T % ek 988 DX 358 1) 40 P K 4345 B )
[H]7E 211—364 msP3. _F 3R By Ilg R R 1] 1 3R W 7E
DCE-MRI ¥4 7387 v, {1 25 1K 1 85 400 Mg
A Mt R PR ] RS (R . R T TP
I T A TR A 3] (1Y) Retrans M (4 I PR N FH AN
2022 4%, Jia 55 M 7E i BRIk B T B
RIS E A AL PN 7K 53T R ko S AQP4A 3R
INE U =R R TR AR AR S (B 7), JF
HA&A AQP4 Fik K5 BB a7 IR e B
A K, WK 8 i 7n (Chemoradiation sensitive
SR UR; Chemoradiation resistance J&ifL
JTH#EPL; FCC(fast-proliferating cells) J& P34 7H 4
fitl; Nucleus s& 4 il #% ; SCC (slow-proliferating
cells) 2 ME2FTAANAL; Treatment resistance JEJRYT
HRBL). X R IATE R IR AT SR o Ko “HSRE™ H
I XA AQP4 R IKIKF- oA B, O e g iR
ST SR AR A HE 4.

B —4, ARS8 A K o5 40
JEAZ I R E R B A Gt AR Ao+ 24 ORI
i 7K 1A AR B ) TE ko W FRAEH. SR
1M, 2011 4F Zhang 55 09 BF5E 00 & T AR & AR
T R 24 ) 20 e S 37 RN A B P K o 45 R
B IE] 7, S5 SR R BRI A0 ATP %I C, 5
5B FHIEEEE N (P-type H-ATPase) 1Y

TEPEAH G, IZAITTEIE IR Kio BN 2 1] B[] o 52 3]
KT Eghsfm Mg shsfimngm. J522, Springer
A 370N S I ki 55 M0 A1 20 PP A 28 5T B FRL T B0 AH
K, I HAZENFRAENE SIFEIA, R kio PIREZ 20 AL
WS SR T A R b . T 2 TR S RRAC
BRAEACHHE Sh A FFE I i il 278 30HR [72,73]. X
SRS E N, AN R ZE A oK 5 s d Y 3
B4l Be AN ]

ETH#utiRNEKS FEESBR

RIS R
TP B LRI 5 K o3 1 20 B R S A
B A sl i E) 19 2 60 4R, & ik 60 4F
BT, 2 Gk 1) 3 2 I i B R AE P 81 ity =X
b AT BR BT HIOR BE i 5 )78 (single diffusion
encoding, SDE)[™ FISH Hk: B 4t /551 (double
diffusion encoding, DDE)[™! 1] 4. 7E#15 /K57 F
155 A4 Y AR A i R AR AR | KRBT AR A 2 T AL
2y = T HONY Karger 8, 25 [OK T8 802
FRIY Karger fAY ) DA K — B S Vi 8l S 2481 (2
g3 o LERER A AR AR . T SOR LA A T 46,

2.2.1 AT SDE F7M=H K& A&
1969 4%, Kirgerl™ \NHIE FHESH Y R

2.2
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e }5 v "1 .
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5% Il y =14.1 s~ L.AQP4%+0.2 s~!
l'k ; e’ ; 1 3 =i o I \ \ .
g B e 0 20 40 60 80 100
™y > = AQP4+ /%
Yo P e N
b 5 5 4 e i Nuclei
= h_\ o iy 25 pm
(b) Saline injection (1st day) TGNO020 injection (2nd day) 10 10
ki, map ki, map sl H
8 H
n 6 I ‘ °
RS :
4 =2 & 4r o o I
2 -
2 .
2 mm 0 L °
_— 0 Saline (1st day) TGNO020 (2nd day)
B7 AN K AT R Ky BT T AQP4 RIR S BUS . MR R SRR Y () A& Ly — 0 T R
kio ZHUE (B &) M R, v (T Sk 45 17 4 BRI A A 07 55, X6 1 736 G At R B AR 4 SR WL A2 T I, A R ok H 19 4 M TR

BE I 45 DTG R ko ZEUH AQP4 3Rk (0] AR M S5 2R, b AQP4 SRkt i U1 A rfy AQP4 [’D PE 0 20 M I i Y L £ 3E
FrE it l; (b) Zc PR 7 R UK BB AL (Co 4 i) rh 4 1 R AR BRER K FI4E 2 KA TGNO20 45 5= HE 4 il AQP4 J5 , i IX.
B kio Z R0, A T D9 T A AR AR K AT TGNO20 J5 R X3P 3 Kip IZETHSE R, TGNO20 45 7P il AQP4 )R, ko W3 T F#
43%(n = 9); *RIARGLTH 34T p (H/NT 0.05. 18 )1 2k H 225 3CHK [41]

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].

FIK A FAFAE PRI BER S, HX ke H
T [T 5 . SR 2T 145 A BT A8 HCRAS
[F) R 24 40 22 40 LB Keirger B 7778] Karger 1‘5’%

S = Piexp (fquztd) + Pyexp (ngthd) ,  (15)

Hr, g = /b/ta, b T BOMALH 5~ 57 H [E]
ta=A—=6/3, DyoFl P o RIKANF:

BT LA FIREE: 1) 269 B e 10 F, &80 . : .

KT BRHERFE (/Dtg > I, Hrp DjﬂT}”*ﬂl%S DI,ZZQ{XB‘FXF\/(X&:—XQ oo | (16)

o J BUFIED, 1, SR 7K 43 T30 ) SOV 4 e B 1 OF

IR ), BN O B 9T A B 3 OV 4 M R T Xe =D+ 1/’ Tei, Xi = Ds+1/¢°7ise, - (17)
2) S BN | KT TS HI IR, i K2 <7t p_D2mpDi—(1-p) Dr 18)
B 37 B A2 57 1) 4 ﬁn HI vDr > 1o (U -l 4y Dz — D,

?ﬁc#ﬁ%ﬁﬂ”llﬂ) A AT A 228 5] 7E Kiirger o pDs + (1 — )Df—Dl 19)

HA THﬁT%%/TjﬂlHTXX? oA Dy — Dy
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3rd day after TMZ
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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].
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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]
W FEXT J5 i 0 21t el X R i g 284 v
25 NG AXR L, D2 gt R G 11 J5 R K 5T Y
AXRZFPHIAE 1.1 s 1 F 0.4 s 2247, WRisR s Y
I IR SEAACTR 23D £ B A SR ) AXR, 2900 2.9 s
FEXI J7 417 2 B S 5 XUH 7 R G oK o+
JBE A2 4 %) B i 1 A&l 11 pras, Hir Detection
block A MAEER; Fast diffusion component AR
P14 43; Filter block Aid €A ; Mixing block
WA AR L Slow diffusion component 418§ H{
Hor.

F FEXT HOR®EHR H, HAEMEHLUR K o+
25 241 i R o il i R T — g T AT, N
X 43 Hikg FEE 988 S AR AT IR FEIX 1101 AN [] ) 3Lt i I
RU21 SR, f T IEH Ll 2 UM B o 2
7% (MMIEEZHRE), AR K3 8T R
WHAE SR, R il A4 1K 9
U, SEPUGHRERE 7K 315 A 46 e AR ) 0 A,
FOMRIXE. 2020 4F, Bai 5 2 ARHE TVIM, B ifn 4
WANKFFERA 22 1 DNEEREDL, il e FEXT
A e AR S < U8 A N KAE S, SEBX K
315 0L J e o P M . AE A T K oI L
i o e 22 46, TEQE R B 4L 2 b B T AR OE S 24
PE, SN AMK T8 BAT M N R AR, iR
PR AR “Bric” 4 N AR T LR S, S8
X 7K 315 240 L PR A ash R () 3000 £ B A2 2. 46
1, 2014 4F Sgnderby 4 113 7 B A figi (4 5 v &
B FEXT 791 th ™ Soln A B 7 1a) A ot 2 4k 3=
e fATERE, AXR AR, J52emos & 7efd il
B A i B RIRE AR AXR 7 kP, B
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Filter block, bf

Fast diffusion Slow diffusion

Mixing time, ¢,

Detection block, bgq

component component
: °® '.°.° N ADC/(tn) = ADC-(1 —ge~twAXR)
[
o %0 00 ° —_—
. Equilibrium !
Equilibrium I Exchange and ADC recovery
= I
Y tg/ '
° N
° Q |
[ ]
o0 Et "
Filtered fast '
diffusion water I
: % o e Filter block
° >

° «~i»® @

Exchange during
mixing block

Mixing time (ty,)

Bl 11 FEXT 7 317R B IAT R I 4t XU 0 28 45 P oK o 8 TR S e 1) SRR 41, 7 FEXT T 51 (9 1 S8 A B v, 36 3 37 SOBR B (9 e
TAT <3 987 RGEY BRI K T5S, TR, P10 1K o 1 6 A B B Sc 46 5 S R 40 2 LA R ADC I B I 7R A6

DA e R4 D)

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.

VR A F0RR 7 ) 8 1 1 J5 2 4 = ) 1] e300 e )
AXR & KT 806 B 5 10 AT B4 4 32 )
B0 2 ) AXRIMAIDL S SERfF Y B AXR 4558 &
T I S E R B, SR, ARSI ST Y
AXR BB FF S PERAE A TK 53+ 85 B 4 it R AT
ANEHRR. AN, ZERIH FEXT 477K 23115 20 i fi
A ad AR S, AXR 2 40 R 37 P 11 [R) 42 4%
TE, 2352 4K/ IR 2021 4F Ludwig 45 116 3@ 15t
15 BSLYGHREY T AN M RS a5, 4 i /N L s
AFSEE ST AXR A5, 2022 47, Khateri
8 7 5E 5 ELSC IO ERSE T bR A M RSSE S A, AN
[ 24153 H IR SRR AE A R S i AR [l K 4 F- 9k
FEIEXT AXR A4 TAORZ.

A, 78 FEXI HAR#E ADC #1454 AXR A9
A R i N - N [T 7 ) 7 16 1105 R E =
e AXR A B il FH B — B sl A (5
FH A2 SO Bl 2 v 06 T A2 I ) s v 8 26 1)
), AT REANE FH T AW A 2P i B 0K B0 1Y 5
2. 2024 4F, Ordinola &5 18] £ X i [m) 81, $2
— 38 ] K o B RS # RA 5K, LA TR 4y

T st B R LR AR 2 N —
YERTHCY O 77 R R HME S T AN A K AT
i LEBER A AR At £k, DL iE B OF
TE3EF REXSY (relaxation exchange spectroscopy)
Fea i B E XL EATIPAL . 7E REXSY 1Y
P EEE T, Ordinola 55 M8 K L FRIBHE AL LA
Cai 55 9 1y p HrAEZR HEAT X LY, E7K 71 i LU R
ik BB AR R A, (S FE R 22 5

2.2.3 TR E A LA L

HHT, & R SURAF 7R3 AR 2 K T
s A1) T 1%, ETR]— DU REREAS 1 AR[R] 5 i 22 Ji]
(R 1) LA B T U b O i R 2 R T —
B Tian 45 119 33 {7 FCI2B0FI 20 MBI S 50 DA
T CG Jyik M FEXT Jy b7 D 2 7K 43 5 4 A
SCHA O ER EE R AT, 25 R R
W EIEIL T, 7F ko< 10 s 1 CG 5k ftAl
XHHER ST, B2 &, > 15 s, CG Jrik
AT 5 B SE Z AR R R IR 2. FEXT J5 ik
e K, ETESZBRIG OLBLARAY SNR T RS H 41
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AXR =110 s~! ‘

200 1

Tintra = 48.5-ms

p
WAXR =15s"!
20

15

Exchange rate/s™!

& 12

DKI(t)
Modified SANDI
DEXSY

FEXI/FEXSY
Cg-dMRI

T1

T [ A Ak 7 9 AR AN (5] A A AR 9 K G B RS 4 R 3 S e ] TR e B 57 Sk [120]

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].

HAMSEAG T, BITE k< 10 s 1B, CG Jrik
YHERPEE &, 535 SNR, FEXI J5 B AE7E 1
RS ) SNR SRR G HAL T k. 2021 4F, Li
A 120 e AR/ NI ZH L BV T FEXT Al DKI(t)
FED 7K A 5 20 B Rz i % b ) — B, SR
FLEWIRA T, FEXT M) AXR 5 DKI(¢)
S P 05% B I V) ) (BB IR A DG, R 78
SXof A ) A8 et R AR, SR, B e 2 rp R T A1
TREEAR I 2k, 7EBUA (Y B RIVE R, 32K
P BORUK o> T3S 5 1 2 YR FE—ie, 3%
F DKI(t) 7K 53T 284k SR 1 27 4 2L 454
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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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Keywords: nuclear magnetic resonance, magnetic resonance imaging, transcytolemmal water exchange,
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Fig. 1. The pulse sequence diagram of ss-EPI DWI.
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FEOEAIE, IFCE N AR T XU GRAPPAR
(dual polarity GRAPPA, DPG)., Tt5 % J5ik (re-
ference-less method )" 26— R I & FIFA.

By WS AN SIVE Ty SEUR T 08050 | 23 1t
BEURASIE | A7 WE LA A S EHRASOR . X 2
VAt o 35K EPT AR AL S 507 [ (97 Y 22 fde . — 5
T, FRATAT LAV ARA 7 %) & 28 (AT R AG 3
SRR (B Ak, 38K RAE), TR R0 5835 R
RAF . R A R A9 &3 Dy 82 ) DL i SENSER
GRAPPA S5 347 R B SRR IR . 79 —Jr i,
A LA TS PERERE I R 4T, HE K G, WU R Al
KIFAEARZE /NS RE. R T s S thse, ot
FNNETIT R T —FRIVE NS IR EOR, A TH
TEJG SCHAT B4

BT VL EBRbE, 4k ss-EPT W%+ R B A7 1E
R EHE] (TR) i B IR (78 & 53 B 5 42 ki B
G g al LLkE 10s UL ). /£ TRIZKRT T
MBS, B THAMBRECEELWE, T
TR ARE4E S E ML, PR AR A5 1 LEACR IR,
i 22 )2 [R5 & H R (simultaneous multi-slice
imaging, SMS)47 X FRR L7 % (multi-band
imaging) AEMEE— 2 ezl Bl. SMS #
ARAT FIRAE)Z 7 ) 52 B RAE 5 Gk o
WA TR 2 0 38 2 Dk b it AT &, RIS 2 AW
RF A5k . e fin iz ok o vl B & 2 AR R 2

HI ARG 2 2 S ITE— iR B, BA TR Z D7 0]
RGP BB X 53 BE 1 Ik B, 0] D) 7E o
PR 2 R 7 BT K. Larkman 55 09
T HLAE 2001 4F B0y ) P4 P8 R 088 4 J2 7 1) 1) AR
o3 B8 22 )2 EIR, DA Sk 2 4 i A4 A ). -
17 UG ARAR], SMS FATE 52 B0 RG24 [+
iF, BREMBG R T O KT 15 SR i,
i i B A% BCh R SMS AAR HE 47 A
RF Jkfifk 7 RY) RAGECE M. BRI
TR FLECRAERT RIS T R AL, (AT e
A g, TR R TAHLUY Ty, {55598
A3 84 WA IR, AT5AR AT LISRASHE I R A%
M55, X SMS SR B AR B A BIH T
BARHAR—HE, 1 VR AEHE MR LR

SMS FAR R — A H KR SH TR S
K (blipped-controlled aliasing in parallel imag-
ing, blipped-CAIPT) 454 16, CAIPT HiAR (1t
FxfE CAIPIRINHA, controlled aliasing in parallel
imaging results in higher acceleration)*s j2 i i
BT RF Wb BRIz g, 1] [6] IO 2 5 1 A
by S, B RIR SRR Z NIRRT
K143 85 FF K. Blipped-CATPT £ A 44 SMS
EPLJF A1), 78 EPL B2 BB in G, =M dss e
B [RTESF, FEJ2 T 1) it fin A [ g BE AR P 1 G, =
WERBIE, LIHTE R U I 24 2 ) AN R R
SUACE T AR AL 2 5 07 1) B ) A 8%, S Bl T
CAIPI F AR MR . X i 45 7] LAfE el e rp e
Feor A L B R BUEE L, 2 EIRENZAE.
i blipped-CAIPI 32| IR S E& b, AIRIZETEH
57 2t B 7 ) 1 7 B AH B S T, AT AR IREE P i
g ¥, B RRAR R ok 7 v A MR 7S TOR A . i T
JEBITFAENIAS , T Z L TTHY slice-GRAPPA 5
2 DR [Rl B B 20 T TR ORI, T 2SR
WA R R, 2B ik — 2. SR E XY
R T B — 24U A —1 GRAPPA #, ¥
% GRAPPA & ENREEWE 1, Mt —2
AR

3 ms-EPIDWIW k& E&#

F T FFAT 1B 3 A7 %52 B e Wi 2 Pl ol T K
FIfEE LERIBR S GEF BN R = 3), IR
W RS BR LA AT 85 1 (B B 5 N, ss-EPT 1532
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FI MG AETE N MG B B 52 0. ms-EPT # AR GE1%
PEAEE A HER AL Y HUER . ms-EPT T HL
AR AL A 1 T2 BB AN R  k 22 18] 8 A A AR —
. HR P LE T, RGN AP 5 AR R B
ffi &2 RN A PR B (Ao Bk R | i
WA 2h55), WATEA R R & Z [ 7= A Rl 2 A
Ak, TERE I SO G B0 5 iR S
it (K1 2(a)). P Fe v ez A 7 64 7
KIE (Bl 2(b)). 2Kk HAR F 242+ RS-EPL,
iEPI, PSF-EPI 1) )t EPTL

K2 4Bk EPT DWI MM ALIERT (a) J7 (b) BIXT L
Fig. 2. The comparison of 4-shot EPI diffusion-weighted

images before (a) and after (b) motion-induced phase cor-

rection.

3.1 RS-EPI

WK 3 iR, RS-EPL BYSEA 5 B2 | B k%S
[V B2 7 ) 2 A B BRI T Gy 7R
BRI AL IR R k2318 7 Be, i &
FADLASTT 1 H) Gy PRAFIERE , Zid Z2 Uk Rk

90° 180° TE 180°
: ! : ]
RF A v{:\v — A \
b Gar ! Gan  ERIE VoS
G, :
Gaift i Glaige Gy
Gy l_\ i Dﬂﬂﬂﬂﬂ!ﬂﬂﬂﬂﬂﬂﬂ : :\ n AAND
G T
BEh o BLEPT
[ —— || ——— 1
| —— 1 |
[ — — | |
| — p— [
| — 1 |
7 b e — !
[— S— |
| —— — |l |
p— f— | |
| —— —— || |
|\ - W ___ |
EEEdmb S 3

&l 3 RS-EPI DWI (#3731 K1 F1 & =5 [H] L300
Fig. 3. The pulse sequence diagram and A-space trajectory
of RS-EPI DWI.

FEFSEHEAY k23 B . AR SR T R AERS I K
AR Gt 7 1) B AT R0 B, DI/ NG AR T R ]
AR

H TR RS-EPT A [F] 3 & 2 1R AH A A — 3K
H R, 5 T B LR (navigator echo)
R A AR I T . LSRR SR & 3 L E r s
TS 1A 180°H Rkt 5, RAEEMR MK (image
echo), FI TR BIEMR Y k23 (8] 5 Bt Bl it
5524~ 180°F Mk v, SRAEMK A R T 0] 3
FHF L st R RO B AR (5 8. RS-EPT (R4 52
ST D3 (R AR T K- R AT MG Il A ], PR e
T MR BCHE, AT EL A MG 25 S [mT i (14 A o7
PEATAROEAEIE 91, [a] i, S Tl 8 PRl 5 B4 AR T e
TR M EEAN B R BB 1 T T A0 3306 R 43
HERY BRSO N .

1 FIZ 5 T T BN R A T R B8, 3
JRAEWFE]. AN, RS-EPI & 28 4 il 1 14 45 32 3|
i B O B I e R B D)4 R A B 04, SO R
AR E A ERE R G, S B (A TE T A
TYE AR AE EPTEHE, DA 46 4 3% (A R A2 ][]
MAE RS-EPI Hv, T2t B A A R AR T ss-
EPI Al iEPT 45 0 A 45 2, 52 H % 1 e KRR B
FRLLETE) A 5 O TR/, 32 AR AR, R, AR
BTN R R BCRENS A RO/ NE A, B S ] A5
Gy HEEEET, BEIMEOR B A5 R4 BOM X
B FEARHAE S B Y T AR BRIV R TR
£, B AR/ BT, AR N 1 £ AN (A A
FEAC AN TA]. 2 o v 1) 2 B R IF, RS-EPL
MRS B B, 8 22 B e 1 B BE - 15 4
KA. FEX PGB T, 3R DO s NV T 1
RO R 3. T VRN AR B 1 83 0 i
— BB, R EANTER GRAPPA 4
RS-EPT i 14154951 BRI, 7522 [F A0 G ]
RN L [0 0% U 2 AR AL g [l R R, SRS 1
GRAPPA fifHHRRE. XRIr kKT k, Jrinl
A 850 T8 RS B AR BB, RS-EPT DWI
T F IR IS W, A6 FLR g 0254 i ), 4
i 0057 LR 2 3 ) 46,

3.2 iEPI

iEPT 1 & z3 (A R ARSI A& 4 F B, H
AR RS TS PE J5 10 32 55 ) EPT#L
M kS 18] Dy, s SRR —A k2] 2l L
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WK, ST R A, DT N RL i (6] B
mE 4 EEIFUR, BIREE Gy BRI R Y
k25 RIAC4S, 1 Gy RFEAAE. F1 RS-EPI —#, iEPI
L NER 2 4> 180°H R ik bR AR A HE R 1
AU, FHF AR IE. o T kRl T4 B
TR B ey A TR == R A IS L2 S
A3 7 (14> EPT 32 H IR A0 4 22 s 8] [ DA 43
BRI ) kB S BRSOk i % P9 AEPT ik
[V ARAS TE 512543 A R A0 (B g R 5 S0

90° 180° TE 180°

RF A v/:\v : A
v Gaie U Gair BRI ' %"ﬂﬁ.lﬁl/&
o [\ nanaAnan Y np
s _ A AL 11V
i Gait : Gd)ffGl i i w

Gy : /_\ ﬂﬂl\ﬂﬂﬂjﬂﬂﬂﬂﬂﬂﬂ : i‘ ﬂ LAAD
G T
S5 RIEEPT
(o= ——————— === ———— = 1
| I I
| 1 I
[ I I
| I I
KT | 1 |
I i I
| I I
| I
e W I
SEEdmP3 S

Kl 4 iEPI DWI )75 AN £ 25 (0] ik
Fig. 4. The pulse sequence diagram and Ak-space trajectory
of iEPI DWIL.

3.2.1 A TFFHEkagtniais EH ik
iEPT 7] 38 5 4 (2D) S o] 308 R A 1F A B
12 Bl 5| 0 AS [F]3  TR) A AR 28 Ak TRIS 4 A 60
H R U5 5 9 AR SENSE #5841 ok
D BEME. oA RO SRR, BRI RS
[R1J 2 6] ] BEAF AR AR 22 5, R LA kA T RS T
Y1 T B S A BB SR A A A A b A T AR (0061,
eGRAPPA ¥R UL RO SV E—Fhgmin (s B,
AT AT k2 AR B R A, Mk
YR k2355 6263, {145 T IRIS, e GRAPPA
XiF 5 0 TR ) AR T 25 S AR I 1), 61 M
[ 3047 P4 LA A2 T 3 A AR T R 0 T 9 =2 (1)
IBENAFII AT e 22, [N, iEPT § HUS 4 5
FUT I8 1) R A e AR AT A g, RO W 2
FEAE UG A TE AR —BU IRl R A2 52 ) Js S AE 47
RESIE R MERR . BEAb, X 2805 BT B AN
—~ 180°H 3R ik o IR A [l i, s Koy k&
FAINZ) 1/3 B RAERT]. XF b, DR ENTIF A T —

FHNEET A AR IET k. JE TR
T ORE IR, S il R T2 R
THURE 2T R R 2SR A 50K

322 AT 53 A XHE R AL
RIEH X
Chen 55 04 £ H 1) 22 % 52 ] 72 S0 S B R
(multiplexed sensitivity-encoding, MUSE), J&
S [0 i BV AT S AR E. MUSE 589 (% 0
TET: ZWRBCRY BUSGR I, 5 — YR R AR
1) EHR IRAEAR TR, (EZ AR LA ] i R4 LR )
J7 R MR UCRER AL, BERT LAZR A 1 SE A A
P BRI AT AR A TE, THE YRR TR
MUSE Bk, X AR k25 AR AR PS5 Y
PEEME AT AR A
d=V-R-GF-S-P-m, (1)
Hrh, [t d R ZWIEY HIEIE, Mt m A H
b B HOMAL EHR AR AE, 57 P Ui
KIWARRARL, B S A BIHUREE (5 8, B+
F R B A B G R IR AR R RAES
B kS HP0E, B R MRS k2[5
Ptk S BN RRARPR R, 57 V gl i B AR 48
1EH iEPI FPARAE Z RS BUm S, SR
RIRABFRR kA EEENRT (G, R) /LA
HRIRABPR ZRAEHIAHCHY ST, FETMPRAZ MUSE
R )
d=Q-S-P-m=E-m, 2)
Hrh, 5 QUK iEPL JF 9IS A, R AR I 5 | A%
SMEEARNL, X THE RIS S 4, Q,
ST AN (S AT LA 3E A Pl s ARt 4
BEEE R AR AL GE R AT USSR &
WABDE P, SUREAR HH RN B HUEER m . MUSE &
R T 2K SENSE sRff. 55 1 RO T4
— R HACR AR (2) X, (£ 40 SENSE 7k
KA s UME B RS s, BIXET (2) bR
ds = QsSPis = Egig, s=1,2,-+, Ngpot, (3)

HA Nt MK BIREL. 5 2 R0k
R HIEP R ITE i . SEGEEARE
J&, MUSE #| /{44 SENSE k15 i, 2 )5, ¥4 —
R i, BAIDLER A B BIMINL p, , BHZARDL
YERCAE R, ARk (2) b P iiiE %
m . BERFSRARI A FEECE J2 (3) ZUHIY Npot 75, SR
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TR R g PR 5 A P M 7 R A 5 4 g 41
il 18 5 J#R T ss-EPI, 4, 8, 16 Ik EPI 1E 5
JERYBORAR, T WK PR B 2, BIRL
AR IEAR /N (ANFAL). R T 3218 Oz shat ok
AN AE AL, HE Wz 3l (Fanksl . Ok) b2l
KA [l A 2 ] A5 R ANV L, DA 3 g Pl 5
B, BLAb, X FAE Bl (WNsk ERE ) el B ot L
JE, HE T AR e A S B B R A T
EEXEANIRIOR: Z 0] (R 22 Wiz 3, WF5E AT T MUSE
FR AT T 3 — 2P W B IE 90 i 4n, AMUSE
(augmented MUSE) 9 ¥4 SENSE i & Y &5~
R EUGHEA T AL, PRIER X ST. B Al
T H 0 e 2 6 P R T A% 1) s B B L3 MUSE 55
AR R ZF S AU & T Bz 8, it
T b AERERY Bk E IS S, PRE T O AU
IEAfPE. SEE R, AMUSE fE08 A8 & 7] 72 W
12 BT > USSR D S ot oAk o+ ik

MUSE Wy AH 15552 B 3147 UG 5 o E
H PR, 7E 8 E 4 B POk B — A
i 4 R, AINATRE 232 BT JE A R W S
RSN L B R AR TR P2 1 T, Xk, BFoe
fiTxt MUSE AR #4780, & 17 A /it MUSE
(self-feeding MUSE, SF-MUSE) 5" Fl" £ 55 M-
USE(projection onto convex sets MUSE, POCSM-
USE)©. SF-MUSE" 4 MUSE = 4 1% i {8 <l #1
Witf SENSE Tt K fife (00 - 8 AH AL AR R S g ]
&, it e 50 {5 BOE W b SENSE $& 7 % T &
1 25 8 1F WAL SENSE 3K 15 /Y A8 457 18] f2 Bt &
MUSE H, AR A, SN A 3 T A A R
%4 MUSE FIENfk SENSE () [ L (self-
feeding mechanism) fifi 15 75 5 2 (4 38k IR
fiE S BLAERR A AR A2 A5 3. KA1, SF-MUSE & #HAE

HIKMAEPI AR EPI

ARG T A IR W R s S L
il E— A G (CSF) 1/ 35 Sk i i 20 AH
PASE G S B k. g B, SF-MUSE Reig7F
8 3 T 2 Bl A 17 0 T e fet b B A S WM E B IR
&. Chu 455 MUSE ) 2 AN ASREE R
RIRRAE R EUR . eRr 2 B RS A AR 2
W, HH POCS B HBREGIRS. X AR A
ZIAARD, AR AR ZL RS I, 75 29K SENSE KA1
AR A R AR L0 A e O 1 i & vk
B i SENSE #9925 ]38, POCSMUSE X 8
BN B AR R I T B T R 4R
LR VB R A R RTARA AR A L B T
W2 POCSMUSE R 3 A~ il d i 4 1K
B & B DWI El{%. POCS-ICEH 5 POCSMUSE
) SR BRI AL, F LB B AL i s AT AN [
3.23 AT R4l EH K
55— AEPT (Y AR 5L T AR IR AR
. Hu %5 09 {42 sh 5 R A AR 752 () 2 5 AR
N8, W —A e (1) n MR R 1 Ry Bph i — 3],
B—51k AR BEE (N,), IR R4
n x Ng 25 [ -3 & Ry {mi ... n.}. A ]

VA gt SR AR F) R AL
Ry{m,.. N }=1I¢
L - 0 et ... elfun,
=1 D : ;4
0o - I, eifn1 ... gifn.n

Forf, TRYXH A ZRO0ER D FroR A B AN 128 S A L
MEREIR, o & HRBA THNMERNIZE)
HAGE. IRz 35k A AR AL 6 76 2 (6] A2 4k 1 2218
W24 p B H 2 —MEFRAE . T 1 9 W R R

8K K EPI 161K A& EPI

JUAZTE i

B 5 ss-EPT AU IR & AU ms-EPT B % L

Fig. 5. The comparison of ss-EPI and ms-EPI with different shot numbers.
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2[R FE I Ry {m o, v, AL S 02— IR ER
R, DRI, O T o) A5E 28 0 45 () - 380 Jmy PR AT Rk 2
I (shot-locally low-rank, Shot-LLR) 4% & i ok #
A DWI BIG. 38 o 4 Bk 2 2 4 i A 20 R
RS PLA R B A —A I e, FRATRERE AT
CRNCPSR

N
argmin Z | DiFSm; — yzHg

myo2,... ,Ng i=1

+AD R {ma o w3, (5)

beQ

Hoh, D 0 k23S MRERAER T, m AT E AR
UG,y IR ZlE kS R, P
AR SRR S e 2l R, A IE
MESE, 0 R—AEE A EERIIRES.

XF TR B SRR E AL, T LAE i e 4
Be R AR k2 (0] B A i L BB K (virtual
conjugate shots, VCSs), Jf- ¥ A TVE J % 41 1) 4
BB E) R BRI b R, R R
AN EORIY 245, 45 R @7, Shot-LLR 1E 8 i
KA BL T B A A R BT POCS-MUSE
M POCS-ICE iR & Db W i 5/, (RAT547- 7 Joy
MfF S B, T — 20, R R R 0 & R AR AL
-2 Ji 4 15 B B 4724 POCS-ICE 35U WML,
It T POCS-ICE MY SGE B, [ AE A% I i ik
% Shot-LLR HE 55k BRI X T 52 IR ALy
Bk, iz 3 SR 2L FLR , Shot-LLR &
(1 44T POCS-ICE #1 POCSMUSE iR & {4
D ENR .

{HASF B A&, Shot-LLR J7 ¥k 75 E 5 it
PRI, SE Uk, 75 k23 [t iRk 29 Rt fig
KAEIZ 5 R AAR A A5 k. Flan, Mani 55 70 £ H
T 2 AR A AR R R B 52 I ) 22 TR R R AR
i B B BOEPE K 27 R (multi-shot sensitivity
encoded diffusion data recovery using structured
low rank matrix completion, MUSSELS). % A
I T AN Z B ARIE G ZR . BART =, X T
BV WO S 7 0] 2R p U A q K,
AXFERFTEICR: mp(z)dg(2) — mg(z)dp(z) =0,
oty (@) = p(2)ép (@), m() = pl)y(@), pla)
RFERMEE DWI EIR, ¢(z) RESINET
FTRAE SN L RAAL. BEZAR T OC R R B k=S
(s, PTLIASE: M, (k) * &, (k) — M (k) * (k) = 0.

H T () FE GBI 1, I (k) 76 K %5 [H]
R x e A BRSZHERY, k2S R A AR C R 1T L
5 F He-3 vd /R H5 % (block-Hankel matrix) 5 A
H(M,) &, - H(M,) $,=0. Ho, H(M) M
BE—F7 R kasal i e < or W38 1AM 1 Ak,
@ N (k) BIT G E. NIk H(M) - & AN~
R BERAE. BT A U P DU IR BT
G 77 ) BRI, R AR A B H- I s AR G5 4
H,(M)=[H(M,)H(M,)---H(My,,)]. 4t
R, Hy (M) B AR, Rt EEXT Hy (M)
Tt A% S BRI DWT B, i

argmin| DFSF~1M — y||§ + AH (M) .. (6)
M

Hep, M OEFERGERIGI k2510, y RRERZiE
B2 WP k2 s, PR E- il 2
I 72 4 T 00 el L AR B BRSO 220 1E R U
K, DJ& ka5 mFERFER S, NVEIENLSE. K
SR W E B GRS D5 FS, AR TS B e
) DWI 2.

FE R Bl A5 M LA A B o, o T ekE &
4 n] {1 S5 R, A BB RS 7E MUSSELS Ry LAl
I B SPEEL AR A AR O R FE kS (AL
i 7 L) —jonk, F1 —j2mk, A1 24 F X P45 ek R i 13k
G 3, RERAW G5 R R E T S — BT
SRR AR, [RIRE, - DU R G5 A6 P IRk
M. XHZH B A TIRER 205, B e a8 70 i KSR &
F4) ) T oy AP T ).

H T MUSSELS 7 275 B — W& h X E R
P BRI o I 45 ) B At S (L 90 M, 3 B3 e
FERNG. XFit, R E AT T AR E AR N
Ife MUSSELS (iterative reweighted least squares
formulation of MUSSELS, IRLS MUSSELS)[™,
/N T A SR A R R A T AR A% B e T
SO EE. 1 Shot-LLRIY ZE{LL, % HR 4 HL 2R
£, FTLARIA k23 (8] i B xh Fred a4 S i
[ K 2 () B0H0E 18 k-0 o 7% i e R G A ke i 254
piEL e SN INTTT /=R & S P S 9 A € i
SRR TRLS MUSSELS A% T 5 % 448
) MUSSELS A BT T 29 5 45,

AR, MR A8 T — R #H iEPT
SRAEHE AR R A AR, X e T A R AR
B TARRRL . i, Liao 2572 4 T BUDA-EPI
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(multi-shot EPI with blip up- down acquisition)
HKARBIC LS B9 H& R, 7 BUDA-EPT H,
5L ACRIY k2 B K, R, 4 2 A
ORI k23 0]k, Sa)se .l SENSE 351X
PR ) BUSR IR S, 1580 IR LA 22 J7 [ AN
] ) B4 3T FSL #AF ) TOPUP Jy ik 1374
{5 3 PR i P R SR A5 514 (field map). F iz K]
FIAH R IRER A R e A T

N
argmin Y _ ||FD; E;Sm; — i3 + | Hy (Fm) ||, (7)
moo=1

Horpr, m, RIEREH LBV EG, v 2RENE
W koS AR, FORMEENTRE T, SELE
Jﬁiﬁig@, D; & kélﬂﬁ%%#%‘?, E; 21t
M IRAERTE B, A JZIENIESE. 76X A1 1) AR 5
h, TG AR I EURTE a-k, YR G 4 AR 4 37 1] 1) A
ALPE T A ], 2 R b Z e T, %8
A ) /1] N BkAE (blip up/down) A9 K&
HFKkfaaE, SR 25 B BRI P AR
i) b /1) BRAR A EHR, [RIEHE A 1) L /) kAR
PR UK 3 & ) A A7 A Bk 1 24 B, o B 1
DWI EM4. % F A0 T SENSE 4/ 1 S &Y
SR, A R A MR M T L R R AN
gSlider!™ 25558k, ZABASZHL T 860 pm 45 ][]
£, TTASIE B9 DWT L. XF T 58 o HER R 1Y

(a) Xk
ky+ks =0 EEPOCS%{%%
(i) (LG SV
ks
Ky

(b) i ® RE
e OFEX
O
o]

O
O
O
[ ]

RF q's‘ﬁ AU L

KA, M IRTEAT R i )y ] AR IR R R 2|
TR IN T PRI & B A, S8 T 52 1 B S 1) 4%
. ExRzR R, I By 5150 MR, e
f5¥ DWI By 53 FE4E 0] 600 pm 4% [ [{] 4. A0
REESRHER (40500 pm) SRR IR R ALK, 5
A FUGARI ) [A) 58 Liao 45 1 454 T circular-EPI
B Fl BUDA-EPL #47203% . # BUDA-circular-
EPI & gSlider /e —ifL, 454 S-LORAKSI™ &
SEARFRZ R T R RR, BRI B DR LT | R
FE . 500 pom £ ][Rl PE 23 BE A0 DWT . IR 2y
W AR N I3 T /KR 43 #H. Dong 4§ (1950 JF
KT AN B IS HY ms-EPTRUR A, XF7K
JR 7 L 3 ST IR R 2R, BB W] i) S B n] S % K
e 48 TR TR R IE. EAE K, TS 4 T4
T —RFHEET N TR RER ms-EPT DWI H 5
e, BT F 908 e, T LS B e RA B
T e R L (520 RV ol g 89,

3.3 ZETHIEHH EPI

3.3.1 PSF-EPI

PSF-EPI # 5.1 Robson %5 1 £ 1. R T
L5511 EPI %4, PSF-EPI 5| A T — M 4iAMIAH
P ity (WHRAME PSF it kg ). 211 6(a) s,
YERRA BPT [ 5% 2 B v AR 7 4w 7 1 it i — 4

90° 180° TE

Diffusion
gradient

(]
O
O
o}
O
O
O
O
L]

[ ]
o
O
Q
O
O
O
O
L]

B 6 A5J CAIPI PSF-EPI %51 B A5 5 R A4
Fig. 6. The pulse sequence diagram and data sampling pattern of tilted CAIPI PSF-EPI.
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Bif A ) 3 e 50728 i 1 ) 6 B, B AT A5 304 ] 1)
PSF #wts. 2 ZWRMA )R, B—ZE G E1ES 2
HHAT R i (K, ) AHAL G0 AS (&, ) F1 PSF Zwfih2H
W =4 kas ) Hp )k s EAE RS k, M
[, X Fa—NEE M by, Bk, A kg 4180 — 4
k23 T8 v, A~ [l A0 5 A R A S AN 3 5
AL B RRAN T, /Ty 3 Bl R0, 5487 BT ok P % — 4
k 73 [ R Ha A5 21 1 G 58 e oA T8 B T2 .
JIA by AL EAR BN EUR A A R, BeUE 12515
WA H R X TO IR AR TR Y R . SR,
oI TG PSF 246 &, PSF-EPT RAERCR
BAR, P s W) HAE S BT 49 4 R X IS 2 Y
EPT 48 47 [0 AR T A 1 B8

fii /N FOVES U R34 7 i f% 010 F R | figg
SEEL 5—8 A I, AHATEERAN 2 LA Tl AR 24
Ho 45 192 Y PERERE B [ X PSF-EPI #Ef T4k, ik
— R T R S Tk, IR RS
#EH R (tilted controlled aliasing in volumetric
parallel imaging, tilted CATPT)2%) 7E 4 {3/ 4 i T
] (Rpg) A1 PSF 4ifih J7 1] (Rg) [0S 5 FE K. AH
7GR 77 ) B R AR T 75 220 PSF 4 i JLAw]
AT FRR K-, B R S T R ) PSF ik,
PR I 75 Y EPT B & B /D SR 4R 1) [R) B
Tilted CATPT it i3 {1t Ao R A0 8t 5870 1] FH AR L
F1 PSF gt (55 09 [ A FH Gk ky-kg F-TH —45°
XL A S AR G, B g AR, By 51
(AR A AR R RN T SN [A). DRI R 408 30 540 a5 1) A
7 22 52 T3 /N, T DL i — S FE R 7R

S A IEPT

® .0 Q
;

24

. Ahe -
& 53

W W

81

W

23R IH ky-ks T T 1Y B2 A% A A5 B X e 5
it GRAPPA AGHH{E 7 KR AR R EE
M. 7() haafEf{E—1 PSF-PE GRAPPA
FAER IR (tilted kernel). 4 T 7543 F) 4% Fel
RIS, B ] T 2D CAIPINHA Y728 it
AL RAS (8] 6(b) 47), FRAE tilted CAIPL
J 7% PSF-PE GRAPPA WA E, FHE
AN RAE—IHE (calibration) HdlE. XN EE T
AR ET PE-GRAPPA IRE 84X, IFHFH
LR W R K K s 18] DA S o b A 1A% A
. A SR DR, AT AR IE 3% ] AR A
Ak, BRI, 45— PSF dafii R #3817 —
W HEHES (ky + ke =0), 7] LLE T PE-
GRAPPA R i & B AR , B Z AR 24
HEFE TP AR A i AME B2k PSF-PE GRAPPA
Wi, Xt T B2k A 58 U AL, BRI & 142 s
I B PR 2 A A T B AR O AL B, 25 Ao
HHF AR, I ASCEL T 20 A8 hn s, fr s 2 1)
WO RBRARE 6—8 X, {#if4 PSF-EPI ] LLiz H]
TP DTI#FSE. K 7 J&/R% T iEPI, PSF-EPI FlI
P FE M (TSE) BURAEBUR Y DWI BAZ. W
%25 PSF-EPI BB TH BR JLMARTE, i iEPT 847 5%
KRAE (HRER i), FIFH PSF-EPI (240 01
P EMG, Hu 45 199 SE BT — 22 mT 48 A K G 40 5 1
K. AN, Li %040 3L F PSF-EPI 5280 T #0661
IK IR 4> B Rl s R LB DTI id%. 4% PSF-EPI &4
YERZ%, Hu 610 iTF R T HTIREE- I 1 ss-EPT
AFEAL IE AR

K% PSF-EPI

,”",t‘ ' ’ \

£\

W W W w @

4 )
»“‘ N

& (R
‘.. 4B

7 iEPL, PSF-EPI Fl TSE £ /Ui U4 1 X Ly
Fig. 7. The comparison of iEPI, PSF-EPI, and turbo spin-echo imaging in skull base.
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3.3.2 EPTI

EPTI 5T ky-t 25 [H] B RAE SR M 271 AR G i
Wt B ss-EPL, 2%} LLEE EPT, - I W% 3 A%
& EPSI L4} PSF-EPI 7£ k-t %5 [R50 AN TR
XF A A UG ASTE A0, X B L SRR AR
BIAHAE. EPTT DV 1135 3% iR EPST & J& i
o, BB R BEXT k-t 25 A R A5 R, A
i [F0) 24 32 R0 AH 437 2 B 248 5 19 4 O P W A 5 2R 1)
Bl L BT R %, EPTI 2R F i -2 1R 2 4 1l
(spatio-temporal CAIPT) HRALHIE, 38 2
K M W k-t 25 [R], SEEL T PG B L G
BOM 6 258 LB A% eI AR 1 EPTI R A B,
515 (By-informed) f) 5 8 5 3%, HR %5 PSF-
EPL i (2L, B — 5% ky-t 28 (B IRBLR ) HH 4D
Bl S 2= 52 By A SRR M AEA L K T3
TEUR. AR AR A T3 DR AH A0 B 5 =2 ]
TN, TR I T LR Y 5 ST ) 24 8 A AR 57 B 2R
T; W AE N gt (5 2, it GRAPPA 8Bk

AEASE G i A0 58 S R 4 A o8 PR I3 A0 4, 7538 L
A T, /T3 X5 RIS F 5. # EPTI RAE4
BB BE 113 i€ R (GESE) J¥ 81, REiB 1S
Ty, T, JRTHE (PD), B, MlE BT EE
. A RCEIRL R (GE) JRAT, WIEERS
AR TR, SCBUPGE 9 2% L s g, inshas
T 4% . £ 1813 BOLD fMRI L fEsE &1k %
U5

BT RVINAAR EPTT M HEH AHES, Hise
AT T — 25N — LRI & Fair 55 P9 4
XTRIZN 2 W is 3, F & T 4 s A 45 1) PROPE-
LLER EPTI(PEPTIDE), $27 T EPTI X}iz gl 1
ERRE, JHIEW T EPTI SEELY HL-th 4 a4 (diff-
usion-relaxometry imaging) FJRI{ 7147, Dong %52
X EPTI H A& 123 (Rl H f 5k, A il AR
PRI (B0 I S i A A 7 A, s 1
FEAMRE, BT T EPTI EE A ETE. 5T
I, Z P BRI A H T AR 2 R AR I I AE CATPT £
AR, ¥ EPTLY JRE| 1 3D, S T 72 5 RRERAE.
Wang % 1981 i F| EPTI T2 [al ® g 7E 7 T S H
T4l Ty, AR SE-BOLD-fMRI. 3£ F 3D EPTI,
vFA-EPTIY a8 sk R 4 4 i s 43 HE R 10 22 ]
e 22 B 61 00 B8 (Rl B, SR A A U IR I 22 B

FOANRMAE T EE G R, P, Wang 45 (100
SCPLT 1 min 2K 1 mm 45 ) R M 00 2 S 50E &
Wif% (T,, Ty, Ti, PD, By+). Dai 55 2§ T 3
T A SRR EPTI(scEPTI) B4 #US A% % &
J%, 4t T EPTL Y H#UE 5 A [F] A AH 67 21 AL,
P T — A A AR AR P A AR T
IR TR AR ASE TE 3 7R FH Sl e 8 i R A 62 1)
AT . Dong % B FF & 1) ACE-EPTI
FEXTHBUSUG AT EPTL P AR AEHAT T4, 565 1
AR W A U U A 1 [ 0t e S [ R 9 3
[0 5%, AT SRR BE /N TE 75 [l K
MBI E. 55 2 SAETMRALT by -t ZifS 1Y
B A I AR B A A T B A ) SRR A
HVRE, 78 k25 ) O A1 TE B 2% 82 1R
T4 2 s Wt R B AR 2 D VAR A8 RS ] A A
ke AR AR BR Tl E blip AY /NI I I8/ ) [ 35 1]
FBRT, B RSG5 T B AU
SR ALK 1. ACE-EPTI % 84048 ] LU 728
[ (4 7 i A

argmin||Ugp F'S Py — ysh||§ + AR (c), (8)

Ho, c TS dk ¢ B R AR, SR REUE
K, P B AR5 T, Ug 250 sh DRI k-
t 25 (A FEERAEIE T, yon SEHT sh UCRIERVEAE. R (o)
JEMENTE ¢ bR ERARRR 20, I 2 1) b ARk
PEg s R ERRPERIE IR LE. Py J25 sh UK
T A I [7) 24 J32 AR o7 38 A0 03, B4 SRR AL
By AESES R ARRLLL BB 35 R ARG, Py
AR A T 2 T RV B AR 2 5 S A
AEER ] 30 22 TR A AR 2. 3 kISR 1) Ky - ¢ 2 DB
PERERS R BGZAN N 224 HAE P, AR 79 SRR
T LARIE. 336 525 6] 75 vk o0 S FE A R R
R AR WIS =, H5 FBE 10 P I 20 (56 14> [ul
) BIAANEAE iz 35 R R AL, K HIIA Py .
M TSI EGR R, By FI7EA R IR Z A2 A —
R PR 2O HEA T BB, B e — R
) By FIEAT R AR EE A, Al By £ s L 4k
A5 SR HTEECET Y By B AT i m O EE . ST DU
Bk, ZHIBNSEIL T 3 UK Y A R AARALAL
TE Y TS TR Y | 22K P 1T PN 70 B R 1Y
PR E. DM, IR T Romer-

EPTI(rotating-view motion-robust super-resolu-
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tion EPTT)PU. % $ AR 1 5638 2 J& J2 5k 4 W /)
TR AR | SR J5 253 PE e % 2 -5 ) T
ok G 5 R B2 15 5 ) [R) 4 3 B (O % 1) 4
AT A SR R U )
2 HWZEE
EE, LT TR M ROR. i o PR E
2, WA MK 23 B3 PG b F o o 20 e
8. KT W2 g, B AR TR 2 8] 7 i A 43 B R R
QI TCHE, SRV, 48 BUTE A 4 R
(A SR e g — IR BER EGAR H EPTI 32
R, FEFI ] ACE-EPTIBO th iy )y ok d it (K144
FIFHZHAR, ZHAMAE3 T A7 T ESRT 500 pm
1485 pm 4% 11 [\ P A A R BE B iR S 4R B 1%,
W N ZRAEMR DWT R A 2 HE R4 2 BT TR A 1
B, AR T8 Eh 43 5 K AT 8 L) Rk it N 4 1
JFATF SR AN 5

3.4 5 SMS #HARBEE R ms-EPI DWI

I SC T2 2 (9 T A 22 Wk B & - T 1 DWI
HORFRRRAEH SMS 45 & e ok, M A R0 b 93 /)
T Hli B 1], $2 55 15 2 L 80K . Chang 4 101
¥ MUSE # R e 2 2 2 [F k. | el
SENSE 575 M Bg— ki & h Ei gt T2 I ALZ ]
RS IEIE, S85 M RIUR R 2 R FBOR
B BIAINL, FRREZARNI [0 2 (5 S b T
(ERIAFRS A L. Frost Z:102 4T blipped-
CAIPI /% SMS H A 101 Fisth 43 Bt EPT 45 &k,
56 slice-GRAPPALS 0 A RIHYZ, S5
FH A0 IR T PR B R R AR 25, ZE3 T 7 T
FSE T DWI AL 19 hn i . Dai 55 193145 &
blipped-CAIPI SMS K, 7 S iEPI A& 3D
ks () B g 100 Sl T — &k ) i B R
DWI g A . X7 T4 blipped-CAIPI () SMS
K BN NG RREE blip AT LAREAE & J2 J7 18] #4 A
P g . R, blipped-CAPI SMS 2B |1
T — AR 3D ks IE], PRt AT DL it 2D
GRAPPANS SRk 52k B 85cHE . AR A IE fif
FH 3D T i 1|1 95, H R 4 i blipped-CAIPI
SMS. DWI [ FE 24 A F A, 15 e FI
TR b BUdE T LA B GRAPPA K& 3D &
TS B SRS BUSEE AS RIOR 4 A
[ k226, FIH 3D S #% A s I 2Bk, 16
HKE 4R 3D k2S5t LI R )2 1R

T MRS IE #0% 18) A A7 2%, Herbst %5 106 Jf 2% T
SMS MUSE # A, [F#£# blipped-CAIPI iEPI >k
3 B B 3D ks ), B 4E il 3D
SENSE Pk & iR 3D k25 (0], JHEHES 0 BIAH
fii. Il MUSE — ¥, $3Z A0 070 245 55 71 ) A Al
H1, B 3D SENSE k& R fift BT A3 8 & 1 AR
Dong &5 07 & T 3 FHIE ) SMS iEPI DWI #
R, B R R SR A B A A R A R 1Y
3D kz3[a], A AT A Y HO 10/ 3D k%S
6], BELEAG T H Pk . Mani4s 1081 blipped-
CAIPI SMS L) & MUSSELS 4% 4 i & (SMS-
MUSSELS). SMS-MUSSELS & 7 % 1 i [f] #
I i A T AN ZE blipped-CATPTA I ] F1 K
FLAFS A, F [ s X A [R] J2 A B 7 A B 1
TRFRZIR, REfE— S 2 MR & M — KIS &
B 1)K & . Dai 55 1938 F % T JULEP 8.3,
¥ MUSE Ml MUSSELS %5 &8 2%, BEf% B 1 )5 /)N
[ii) Fs} 38 2 )2 B0 KR, MUSE Al MUSSELS H 3t
HIhE.

4 ss-spiral DWI

il FH R O F AR R AL RO 4R UG A Fh
FIOCAL, FEAnREERCR S | X 32 143 B AN iUk
8, Lfd ] ss-spiral R4 DWI EHLHIE H T
F A, B e v HENIGR . 78T S
I LR LT ss-spiral DWI Bif%Hi AR, HN41 L
FhoRE I P B

4.1 2D ss-spiral DWI
4.1.1 2D ss-spiral DWI X% 7 %

I5cH UL spiral DWI BUECR BRUCHUE IR AR,
5 F— > 18] B A8 ss-spiral FF 9 HEAT 15 5 R 4E, W
Bl 8 iz, Je o AL & 1 i A R0 A e 132 1
5%, Fl ss-EPI DWI A3, WNRTATIA, MRE R4
XHREE RGEA S8 I K By i 04 i 3L IR 50 A B
S AR IS S, BB RUR I — B, B,
GBI SRR S M O, i DL — 0k, 185
BRI — U H A R (<40 ms), X PR TR
JRERLAZ PT S IR 2 [E] o3 HE8. Sl TR 0 A1 10
THE S PR, — DK ss-spiral REFHARL
AT AR ARG &, BIXT k28 M TR, IF
i FH 22 38 18 1) 2 Bl R B £ ORI B2 e 2 i R

118703-11


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)

118703

i (1) F ok D) il

: 90° 180° : : :
R ) A L i
o / \ / ' AN
A v VYV
BT s W A BPTITTIVE
g T
G : ’ \L_J ’ \: : Spiral % :

& 8  ss-spiral DWI &5
Fig. 8. The sequence diagram of ss-spiral DWI.

AER, ATV 2 P DA RS X 5t
FRIEAT SN WE, DT AE RS BT ] LS THIRE A 1
(A2 HE R (39,106,110 102] - g S e Sk — o AP f
P RE R 5%, FEnT LSS W /i3 . B
DI B I 315 B, ML ATTRES 2R A5 1
BRI (5 L. 2017 4F, Wilm %5 B3] 7E R340
PRIBN T, S 4 502 P gy X 7e w s &R
S 1.3 mm? Y RS , B8 R A 11 [l ik i
[6] TE 24 34 ms, Bk TAHR B2 SECT EPI X
£/ TE; Z )5, Wilm % B9 7E 3.0T #i3iRE4 I
KB SR B E R g, Wt 34502 i i
40.5 ms K BIRBERFEFIL LI T 0.68 mm? {3
R PERY B, TE 4% 19 ms. 7L
F 3], ss-spiral SREEW TE 7] LI4a%E, FEIMA T #E
AR B S, Rl DI X SR BT
SEELE AT HER L R AR L) DWI R Ik wE
PRET X TR G A & R 5 R HS Bl

4.1.2 2D ss-spiral DWI & # 7 %

FEE DT, X TR R AR A, R
filt 7% Bl 5 3 o R 38 A0 P s B A8 (non-
uniform fast Fourier transform, NUFFT)M3 jX—
T DK AE T R IR R AR k25 ) 55 A8 4 21 (115
f. — MM =, NUFFT 52 44 3 420K,
5 P M L B A Ak DL R el B I AR . R 12
HTE kA RIS R B 1R A28 B AN R Y, — A
L I 2R A B 28R, BT AT S8 IR ) s
SO EASR A, RIS — 26 RSO R R A SR
PR AT M. 9 M R B 22 Fp S A [114.105],
55 2 20 IS AR R e B B R MY 2SR
B RR A L. SEadE s, e R E L
() P Ad B AR 3 (fast Fourier transform, FFT)

AT SER NUFFT (41 #2. NUFFT A% FFT
eV, Fe R I R R 25 L RS, P2 TAE
TN NUFFT iR 22 [ i F 7 g (116),

XTI A B RAE Y ss-spiral BOER UL, EHIEL
FH NUFFT st vl LAk A5 5 gt e iy KR . (B a0 o
iR, ss-spiral W12 H B RN BE R, AR 7R BERE R
FER G AR e SE 1B, Ffd s AT R 0 Jr ok
SPGB RAE AT UG R R EEE T LA
IR FEF EURI Y CG-SENSE 53 B0 D) J
BT kA EHEE R R AR GRAPPABT A
SPIRIT!M) &%k

e A Ee 2 ML o R 3 T RS
CG-SENSE ##:. CG-SENSE J7 12 At JE A W i S
W B 2  — Al . BRI &, #E 3tk
FA GRS T LA 7 A AR

m = Euv, (9)

Hrh ERGERT BURRERSHIE, m Fonm ik
MREEAT bz B, v FoR iR BUR . S
HEMECH m A E, Ko, IBAX BIRPZE—A
rhAA il BRI, 4 B ] DIERR R N

E(y ), =05, (1), (10)

Hrp, v, TR p MERWAIR, K, Fm k25 [H]T
PSS kBRSO ARRR, s, FRARES 88 I R
FEEL. anbE X E Z )5, $ERTVIGE X m N— neng
HEFE 1), HA ne BAEEBCEELL, ng & k250
B g o WA RR A —A N2 ERE Ry, H
o N R EUGE R AR S8 X s L2 ), BT
DI FAEHRE B (conjugate gradient, CG) -k 18]
KAl (9) AR E AL L. X R INER CG-
SENSE #.ik.

CG-SENSE 5812 1AL s A2 HoW RIS i A
R T —ARAR IR, T A AR f5T 7 1 DR, [RIREE
XT3 [A] A SRAE P B 23K, 3 T I8 155K
FAEE R R RENEIE. BN ERFREPHEAR
MR I, CG-SENSE (880U 23 ™ B AR T 7 U
PRI A Jo . A R SR A PR ) o o A e AR AR TR 22
W4 B A W E LS R T Wt 2 TR, 53 4h,
DR — TR, 27 Fa A R B
MZEMNE. i, ARV CG-SENSE £
AFAE— BB ANAS O 11 [R) it (119,

BEXF EiR A, A —28 CG-SENSE it
AR . 0o TR CG-SENSE B AR E
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1000 s/mm?

b

i
a
B

Bl 9 B R ) ss-spiral SR 45 [0 W 22 K 2 5 0 FE R HOSAR 25 58, BN 0.77 mm x0.77 mm, M L= F 38R T
6 NMEAMRFEMIZEA b = 0 EMZ . b= 1000 s/mm? () DWI EZ . ¥ DWI FUE @ FA B, B BR T /N 8T« S e A

I 28 AL A 2R 45

Fig. 9. Results of submillimeter high-resolution diffusion imaging obtained from a ss-spiral acquisition with a high under-sampling

rate. The in-plane resolution is 0.77 mmx0.77 mm, from top to bottom, the figure displays b= 0 images, DWI images with b =

1000 s/mm?, mean DWI, and color FA maps for six representative slices. Enlarged views highlight fine structures in the cerebellum,

pons, corona radiata, and temporal lobe.
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BRI
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#4 shot HiEdd

P10 ms-spiral DWI AR 3R 2878 B . 3™ 086 B 22 5 R A WOBUR A A — 80, HHEE @5 B RS A4 IR &

thsg

Fig. 10. Schematic diagram of phase errors in ms-spiral DWI, applying diffusion gradients induces phase variations between shots,

leading to severe aliasing artifacts in images reconstructed directly.
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\@/ (/'(é%f/ﬂ

DDS| | (c)
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Fig. 11. Schematic diagrams of VDS, DDS, and UDS trajectories, the sampling density of VDS decreases as the spiral radius in-

creases, while DDS exhibits a very high sampling density at the center of k-space with lower density in the surrounding areas, UDS

maintains a consistent sampling density throughout the entire k-space.
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12 R 2 A2 R 6 YO R IEY BURAR S5 R, I EZT 35000 b = 0 MR . b = 800 s/mm? i K& | 15 DWI K&

HF A FA K

Fig. 12. Results of 6-shot spiral diffusion imaging with simultaneous excitation of two slices. From top to bottom: b = 0 images, b =

800 s/mm? diffusion images, mean DWT images, and color FA maps.
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SPECIAL TOPIC—Technology of magnetic resonance

Review of high-resolution 2-dimensional diffusion
magnetic resonance imaging techniques

LIU Fan  JIANG Yuancheng GUO Huaf

(Center for Biomedical Imaging Research, School of Biomedical Engineering, Tsinghua University, Beijing 100084, China)

( Received 6 February 2025; revised manuscript received 30 April 2025 )

Abstract

Diffusion-weighted magnetic resonance imaging (DWTI) holds significant value in neuroscience and clinical
disease diagnosis. The most commonly used single-shot echo-planar imaging (EPI) for DWI is affected by static
magnetic field (B;) inhomogeneity and T,/T5 decay, leading to geometric distortion, low signal-to-noise ratio
(SNR), etc. To solve these problems, researchers have developed more advanced high-resolution diffusion MRI
techniques. This article comprehensively reviews these imaging methods. In the context of echo-planar imaging
(EPI), this review covers multi-shot EPI-based DWI techniques, including readout-segmented EPI (RS-EPI),
interleaved EPI (iEPI), point spread function-encoded EPI (PSF-EPI), and echo-planar time-resolved imaging
(EPTI). These methods effectively reduce or eliminate geometric distortions while improving SNR and spatial
resolution. Additionally, the combination of multi-shot EPI with simultaneous multi-slice (SMS) acquisition can
shorten scan time, which is also briefly discussed in this article. Compared with EPI, spiral imaging offers
higher SNR and sampling efficiency but is more sensitive to B, inhomogeneity. In the spiral imaging section, we
review single-shot spiral DWI and multi-shot spiral DWI, as well as their integration with SMS techniques. This
article emphasizes the concepts, acquisition strategies, and reconstruction methods of these imaging techniques.
Finally, we discuss the challenges and future directions of high-resolution diffusion imaging, including 3D DWI,

body DWI, magnetic field probes, ultra-high gradient systems, and ultra-high-field MRI systems.

Keywords: diffusion magnetic resonance imaging, echo-planer imaging, spiral imaging, simultaneous multi-

slice imaging, high-resolution, high-fidelity
PACS: 87.61.¢ DOI: 10.7498 /aps.74.20250235

CSTR: 32037.14.aps.74.20250235

1 Corresponding author. E-mail: huaguo@mail.tsinghua.edu.cn

118703-22


http://doi.org/10.7498/aps.74.20250235
https://cstr.cn/32037.14.aps.74.20250235
mailto:huaguo@mail.tsinghua.edu.cn
mailto:huaguo@mail.tsinghua.edu.cn
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

#) 32 2 3R Acta Phys. Sin. Vol. 74, No. 11 (2025) 110702

T BEERFEAR

HTHIES Herriott ZRHIEREFR=E
NEEIEFHHBIN A

it F

i % 15 21

B

1) (FEBARAR IR SRIE AR, LR SRR E AU AL =, L 230027)

2) (AR =, WS Bk, G 230088)

(2025 4 2 A 23 HE]; 2025 4F 4 A 13 AU EIEHH)

AR 3 BT RS 2 00 i B9 22 R R R R R AR EAR T 45 T e — D7 K Herriott 22 IS IR HE AR
R G HRMEE S, B—F NSRS & FTEHSZ R P EEFRE. XERSTAFRI =)
20T IR, AR T R R [FRT, 38 & AR AR AR . AR A AR TR E &
PR A, 038 R R S IR & R R T R O N R R T AR s B TR
22 YRS £ 5B, FE 47 400 Torr (1 Torr = 1.33x 102 Pa) & 0H [ 4K 32 1 i 730 %8 345 i L 4R 15 5
FE LU AE 5 A B RIAE 10—20 Hz WK X E 18 T 95 fT/Hz'2 WG REUE. 25, BRATEIER T X i A
A IS 0 R SR 2 i R A v AU RE AR B DR SRR A

KR Herriott i, RFREIMYL, Yefhiz, B2 H2E

PACS: 07.55.-w0, 7.55.Ge, 32.80.Xx
CSTR: 32037.14.aps.74.20250220

1 5

AR R 2 s | ek S0
PERLE R G (MEMS) 33 il 3 LK 587
RUSEE, REdROMERRS E AT S A T 2 1,
B WYL SE B A 5 SR B R A B SR
R 1AL B R SR R AR R — A R
e, ST X D A 1 R R T .
A B S0 BRI MO (01 TR, S ok B0 T #U T
AR TARE, 2004 4, Liew % 7 I MEMS
T2 A BN B A AR S BUR FRE I HIE. P
HEH AR TIA R T E M HIEIRE T 37 E R,
AT ) /N R R s 8

N F AR R TR E, AMETE

uil1¥

*ER HRFEEIS (HEHES: 11974329) BRBHGLEL
t iBfE1E#E . E-mail: cphao@mail.uste.edu.cn
T BIE1E#E. E-mail: dsheng@ustc.edu.cn

© 2025 FEYIEZS Chinese Physical Society

DOI: 10.7498/aps.74.20250220

A5 /INRE AL A 7= IR T B 2 0 (R R
RGP A SCUNTE T8GR ARRIR T BRI
TR, SRR TR S AU B
IR 1 5 A 34 149 B2 AR A MR S i 01 3l
JEAT AR 12180 T R A% () R 30 e (1410) B i
Wy PR o 1617) SRS Tz R . SRR R T
s F3ASCAA) 52 0 48 A — R st [) P RE T T 28] 1 3 1
e/ VAL, HRRR D)
h 1

B= o S/NVTT' M
A, g BRIFRTFIESIER T, up 2R T, T
ST N R] R BT A B R R, S/ N
RERGIM R EMEL, 7RG ZIRTFIRT A ek
SEMEFEIE, S/N IE TR0 1/2 5. e (1)
Fi T A 0 ] P B e 4 SR R ) 1 e

http://wulixb.iphy.ac.cn

110702-1


http://doi.org/10.7498/aps.74.20250220
https://cstr.cn/32037.14.aps.74.20250220
mailto:cphao@mail.ustc.edu.cn
mailto:cphao@mail.ustc.edu.cn
mailto:dsheng@ustc.edu.cn
mailto:dsheng@ustc.edu.cn
http://wulixb.iphy.ac.cn
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

#) 32 2 3R Acta Phys. Sin. Vol. 74, No. 11 (2025) 110702

Jraks — A R B A st R ), RS
AR L. ASCE O E I 2 O G A
JEFRET, BRI A R IF IR, 31 RE
DA T2 18] B/ HIBE Bk S 15, AT SS B
{RM LU R e R R 195271

I Li % 08906 Herriott 22 5255 | AR T
THBIR LA, 22 B I A I 3 ASCFP A R TR
TP R K. AR BB B, 2 RO R AR T
MDA T, 32 BARARE R KRS i B2 5 S SR A TR
2 001 SR /K AE R L R R A RS U
(Rl < R J - A A SO, S i T SR

RESREL. BLAh, i TR 12 78 32 B 484

WETIEZ MR R, AR EIE R 2
FURHHEFE R ST AG L | S5t Re e Y55 AR R 22
S, A E A PEMELIS B OR R X 2L R] AT DL i 5 |
A BABR B A B R HI/E 7 Herriott 22 58 RS
ke,

H iR & 2 A=A L8
St MR ER IR, ERFRE —mEA —
EHTHHS R E A ERE R AL
X, R R E R T 2l G FF BN A
ARG, NMAESM ERE T —EKENE
B, 5 RS E SN RSE By —Ferk. T E, R
REMW RS E R E SR T% A5
ZAb. BRILZAN, IR FRERE SR 5K
ERE I Rl OB HL R [ SR AZ B R G 1 4
P RO21 R S 3R 1 BER A R AR U, X R
s 7 A A I R i L 1R B b 85 R B
. PR AT T DA BRI, R i
TR ] 221,

FF FCe, B Herriott 22 U i J
FREMPRMEACTINE, T 2fE s R i 71
FEMEFRE B XAER G &R0 T &
Bk, BXTHRSERE B2 PR OB
I 2 S S BB R A — B AR R A
] DL i R A o3 e ) AR, AR R T R
EPEREMARE I TE LR S, IR ESMILR
SP-EeERE R, AT DASEIAR [RIFHE O i (] ) oA
A SO AFREAL 25 B34S Herriott 22 U0t
W IR E R, IR FRETI RS
HISIE A A SO R IR A= B AT . A SO
A AR A R E AR S B A T
19 10 FH 5.

2 e HREERTFAEHRNEL
2.1 Herriott % &5tz

AR M 0 2 BT i 2 AR Y Herriott £
S SPT Fs 118:20.231 5 JLAR] Sl Js R i I P B 0 Pl A
TR i, AH A T HA A LA S 5 G BE 43
i, 38T/ 2. T2 B R
LT, 0 T SEBOGETE 2 RO IR 8P A Il i
FEPLEEA T ABCD 4B 6HE Herriott 22
S AR ARAS 5 ZE AT L S5 T B8 1 AR G 32l
& FA DA AR IE S . A Sl R 22 B i s S80S S
Wk (24] — % 2 5T 0 R T 5 AR 12.7 mm,
JEEE 2.5 mm, MiZF4% 100 mm, P4 T B (]
18.9 mm, FHIMIXFE A 52.2°. IEEEMIHIMER AL S
SCHik [25] —EL. mTEST O IF 2.5 mm EHAR/ML,
PRIE LA 5 J Xs Rl 2 7K P T 52 5° /NS 2]
ZRGHEH, 2 21 WS MAH R /ML 5

FERREAL S R T, TR EUIERT . SRS
B 30k T A Rk 22 ) PR A %88 o7 F S BN Tm] L TR
Z IS IS RIPERE— B A, AU T/ PR AL
BEE 1 AHIVERURE 20, Hom TRS BE SB35 1 7F 0.1 mm
DAPN. 7 PAR B 5 A, 5 B B A L AR ARG v 2
RERFIAT . 5 B BEA A B DR . MRS LI e E
) 5%, FEDLEE S B A RE 7 R 0.5 mm, R
SPM 21 mm x 33 mm. FEEES R, AR R SR
LR IE A, B8 L IR i, BE A H R 4
1200 V/mm , BEAIRE 28 300 °C. 7E8E 4R
B A LR B 10% ZE AT, B A B AR 4 R
— AN S I L 2 h oA, BT B R
A2 AT E 1 R,

Pl OSCTEARSCBT I 2 I T AL R R B, AN R
BAME— iR DB E RO S £ 7 Ry 0.5 mm,
=% 21 mm x 33 mm

Fig. 1. Illustration of the light propagation in the multipass
cavity made in this paper, the two cavity mirrors are bond-
ed on a piece of silicon wafer, whose dimension is 0.5 mm x

21 mm x 33 mm.
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Fig. 2. Setup for vacuum-sealing the vapor cell with a multipass cavity: (a) Schematic diagram of the main vacuum chamber,

al and a2 are No. 1 and No. 2 one-dimensional displacement stages, a3 is two-dimensional displacement stage; (b) atom filling part,

bl is the place to put a heater, b2 is nylon insulation layer, b3 is the platform for the glass container, b4 is the home-made atom

source, b5 is the bottom part of the atom source, which is to be broken later in the process; (¢) anodic bonding and packaging part,

cl is blade, ¢2 is ceramic insulation layer, c¢3 is ceramic insulation layer with a heater, c4 is copper, c5 is the same as b3.
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Fig. 3. The light absorption spectrum of Rb atoms near
D1 line using an atomic vapor cell filled with 400 Torr N,
and Rb atoms of natural abundance, the dots are the experi-
mental data, and the line is the fitting result of Eq.(2), the

inset is the picture of the cell.
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meter setup, and the probe beam is fiber coupled to the

sensor head inside the magnetic shields.
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Fig. 5. (a) Experiment and fitting results by Eq.(7) and
Eq.(8) of the magnetometer responses; (b) the field sensiti-
vity of the double-resonance magnetometer, where the results
have been corrected using the frequency responses of the

magnetometer.
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SPECIAL TOPIC—Technology of magnetic resonance

Atomic vapor cells with Herriott-cavity sealed under vacuum
and their applications in atomic magnetometry”

XIE Ziping? HAO Chuanpeng?? SHENG Dong "}
1) (Department of Precision Machinery and Precision Instrumentation, Key Laboratory of Precision Scientific Instrumentation of
Anhui Higher Education Institutes, University of Science and Technology of China, Hefei 230027, China)
2) (Institute of Deep Space Sciences, Deep Space Exploration Laboratory, Hefei 230088, China)

( Received 23 February 2025; revised manuscript received 13 April 2025 )

Abstract

This paper focuses on standardized fabrications of atomic vapor cells with multipass cells. For this purpose,
we build a vacuum system that enables the sealing of the multipass-cavity-assisted cell under vacuum. Alkali
atoms are prepared inside a glass holder, and the tip of the holder is broken by controlled collisions under
vacuum. Atoms are then transferred to a cell glass body part by heating. Once enough atoms accumulate inside
the glass part, buffer and quenching gases are filled into the system, and the glass body part is moved to
contact the silicon wafer which is bonded with a Herriott-cavity. Then the cavity part and the glass part are
sealed together using the anodic bonding technique. The resulting vapor cells provide enhanced measurement
sensitivity and improved device standardization, which allows for seamless replacements of each other in
practical applications. The performances of these cells are tested, including a test in a double-resonance alkali-

1/2

metal atomic magnetometer. A magnetic field sensitivity of 95 fT/Hz!/? is achieved in a frequency range from 10

to 20 Hz with a multipass cell filled with 400 Torr
(1 Torr = 1.33x10? Pa) N, and natural Rb atoms at
100 C. The technology and cells developed in this
work are expected to have wide applications in atomic

devices, especially in He magnetometers and nuclear-

spin atomic co-magnetometers, which have special

requirements for cell qualities.

Keywords: Herriott cavity, atomic magnetometer, optical pumping, vacuum sealing
PACS: 07.55.—w0, 7.55.Ge, 32.80.Xx DOI: 10.7498 /aps.74.20250220

CSTR: 32037.14.aps.74.20250220
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Fig. 1. Experimental schematic of interaction-based quantum sensing: (a) Diagram of the experimental setup; (b) basic procedure of

quantum sensing, including probe state preparation, encoding unknown magnetic field, and probe readout; (c) diagram of the $Rb

atomic magnetometer.
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Fig. 2. Spectra of *CH,, molecules measured at various orientations of the magnetic field: (a), (b) ¥*C-Formic aci; (c), (d) *C-form-

aldehyde; (e), (f) *C-acetonitrile. The splitting patterns match well the transitions shown in the inset.
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Fig. 3. Magnetic field measurement with formic acid molecules: (a) The procedure of determining a magnetic field vector; (b) as one

example of reconstructing the magnetic field vector; (c) measured precision of 6, ¢ when spectral amplitude suffers from Gaussian

noise ~ N(0,02) ; (d) histograms of magnetic field strength obtained from 300 repeated measurements.
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Abstract

Quantum sensing utilizes the quantum resources of well-controlled quantum systems to measure small

signals with high sensitivity, and has great potential in both fundamental science and concrete applications.
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Interacting quantum systems have attracted increasing interest in the field of precise measurements, owing to
their potential to generate quantum-correlated states and exhibit rich many-body dynamics. These features
provide a novel avenue for exploiting quantum resources in sensing applications. Although previous studies have
shown that using such systems can improve sensitivity, they mainly focused on measuring individual physical
quantities. In experiment, the challenge of using interacting quantum systems to achieve high-precision
measurements of multiple physical parameters simultaneously has not been explored to a large extent. In this
study, we demonstrate a first realisation of interaction-based multiparameter sensing by using strongly
interacting nuclear spins under ultra-low magnetic field conditions. We find that, as the interaction strength
among nuclear spins becomes significantly larger than their Larmor frequencies, a different regime emerges
where the strongly interacting spins can be simultaneously sensitive to all components of a multidimensional
field, such as a three-dimensional magnetic field. Moreover, we observe that the strong interactions between
nuclear spins can increase their quantum coherence times to as long as several seconds, thereby improving
measurement precision. Our sensor successfully achieves precision measurement of three-dimensional vector
magnetic fields with a field sensitivity reaching the order of 10!! T and an angular resolution as high as 0.2 rad.
Importantly, this approach eliminates the need for external reference fields, thereby avoiding calibration errors
and technical noise commonly encountered in traditional magnetometry. Experimentally optimized protocol
further enhances the sensitivity of the interacting spin-based sensor by up to five orders of magnitude compared
with non-interacting or classical schemes. These results demonstrate the enormous potential of interacting spin
systems as a powerful platform for high-precision multi-parameter quantum sensing. The techniques developed
here pave the way for a new generation of quantum sensors that use intrinsic spin interactions to exceed the
traditional sensitivity limits, presenting a promising route toward ultra-sensitive, calibration-free magnetometry

in complex environments.
Keywords: nuclear magnetic resonance, quantum sensing, quantum metrology, nuclear spin interactions
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