644 s F

4 2022 4

- KRICH S RITHEFEITHER -

S 1R B 4R B 150 B 0 37 5 B 8 4 M B 4

Z‘j—i}‘g:/ij—:l’ﬂ"“ M—_“Eé_#)ﬁ\l,hsw‘

j’\!"_ Hﬁ_2 gﬁi?S }a ﬁkl,ﬁl,i‘)*

1. YER¥EBEENERFERRAUHAE R RiEERTFHTHE
ERXELELEE/RXEER PO, RN 430071

Ol B~ W D

[ E]

FEARBHELERSE —EFF L HA P WA, b 100853
RX W 4R EER, R X 430048

# B B Bk, b 100049

WAL E, RIX 430071

FARRKFERR (AR HTEMRKDEFELRAFLELTARANE, BT 2HEE

WERHL RO L. WHMHHRGAEREHFREXFRAFT L, —BEXERREHEATTEH
AMAMKER. E¥¥RBAEZEBENEN AR N DI TFETRETEEEN, AXEHB
TERBAFEFTAERFFR LR D ARBRGIFEFTOEAAR AN BT ERNATHA
FEXRFME et B R - FEART S B AR ARG ERERLARE N ER,
TETREBZHAR NS HAARRBGREN T IR R BH B R L EE TR,
DA B 3 i B e o B0 454 = 1R B R BR R . B AE R R W B AL AR R R AR T B RO B B o B 4R
T AARERS TRECAVROW B TR,

[REEIR] # QMK 2 a4k R %" Xe MRI;'H MRI; i 7 8 # #(6" Xe

AR +EHFRHEMNERFERK
BFHARRSH R, FARR A FIF,
TABRABFEAFEERAE. B
FEAMAMEAMNAR LT LR 2%
R, TZAFEFHROGFIME HHHK
BEAR > T RAEF @R A
Proceedings of the National Academy of Sciences . Science
FIF AR L5 R4 LA KL 150 4 . BHRAZEE
PP R A E AT RM4,2018 FRALEHRARLARL—F % &
B+ KA A # A4 ,2020 FR A B H R LFREK,

R TEHFEHENEHFEH
RAVFH LR S B R, A+ £ F 07, &
BHFRFFAHRELLT. TEM
FAALACHE 3 IR OR BB H R LA E
A BF % . £& Science Advances ., Magnetic
Resonance in Medicine . NMR in Biome-
dicine % B I+ 4n % % R F) X & SCI & X

R H 3 . 2022-06-10; & [l H 18 . 2022-07-27
bR
% JEAFVE# , Email : xinzhou@ wipm. ac. cn;

20 B WA A FA 1S A4, SRR 9 H.2018 F K 4
AEBRAREAL-FL 204 FREREFHLERFLE
K. Zavoisky Stipend Award” .

PRttt TEHFHRHEZMNEHFEHR
ABHARXERLR G EEFH, £&
INERER S THGEBEMN B SEEY
B, BB FRAIEF/PXe/'H
MRIF b 5 &5, THBEE A AHF
AeBAETEARB . SR TERBD F; L
% Nano Letters, Angewandte Chemie.
International Edition % SCI #% X 30 4
Foowak o B F A 21 4R, SRR 10 452017 FRF B
S AT R L (FE—TARA) R BEANRRK G EA T
o EHFRF SRS P e FARAS
WoHLEAEFFHFEAL . HLEFFRRALTF, F
EFTNBRAREDHERLS ABEYEFL BEST
BRRAAFEAASETEFZ RSN EMBHRE,

S F E F H SRFFSE 54 IR H (91859206, 21921004, 81625011, 81227902) . [ 48 T & #F & 1141 (2018 YFA0704000) . i1 1k 44 Rl 4 T k&
T (2021 ACA013) F b [ B 2% B 56 B+ AR BIF & A BA I H (GJJSTD20200002) 9 5% B .



$368E Hal

EUMEIRAF . AL RE LR DR By 3587 6 Wi 48 95 155 By 645

B B 5 R 5 B8 Bifi 48 (Coronavirus Disease 2019,
COVID-19) , [ FR 5 e Jili 4 7, 2 80 AL 5 AR o 2 95
S5 VLI R 22 B, ©8 B Sk B0 B A S5 B P A T
HIRFIR R G Yt 2 — . Bk 2022485 A .4
BRYE I N2 0% 0 B 5. 2 4260, FE T ) 4 620
JiET 3R 2 E O 200 J7 1. 5K T 0
L6 JT B . 5 T B AN AL 2 % H 3 0 i 5 A6
P o 30 25 5E W0 OE B R DL B R i A T AR E L X R
FOERLL b8 % S A A IR R S
B BRI 9 LG 7 45 32 W0 o ER A A L i R K
GBS RIS Sk S/

il 2 7 2 e R 95 i (LA fRTAR 9 e 77D 8
Yl (45 B 8T e il 48 B A A UL A% i S S st 4
55 I W DRY XFE | 2 Wk [ Jo 78 il 4 B il £ 24 Ak S5 R 5l
YIRS . Z TR B 5T A A L A T e il R R D B
J& 6 AN H JE AT A7 A R 35 3 SR 38 e D g B B
XF 2020 4FEEIN 1192 448k il R B2 B i AT T
3B AR O BE VT B 2T & B 2 4F J5 A7 76 WP 0 PR 3 i IR
B HES B M e 6 A4S H IS 25 /b, R E R
1) it D) e WK 52 2 O H KO B K 22 8 i E R A
F4) il 8 7 B AR £ A A 75 2 17 BR o) 42 3 < B 1 A
Pk e EE A

A b At 38 % A P W S 5 L I e il 4R 2% Ol
FRBMHARGEEBHE . BEEEE. MR
G 0 H WL 300 AL A B M S L R 0 R/ R 1)
SE e AR . BT R B B R T
il 9 % v oIiE e 52 3 R s 2 32 B4 405 2 Bk ik
JoTJEE BB 1 T o WL R R 5 2R 8 A S i DX 1Y 4 24
D 5 DA Ath il X1 R 18 PE 22 45, OF B BN 0 D g
R N SO VT o o | [ 00 -E i Ny L LI
RILT 5B IR B0 R S KK A R 4 AR
B, ZRORE b WL R SE S R AE 2 S A K
SEAWRE % TR R B R AZ T R A
HREARAE 6 2 9 A A JE KA MGE . Y ET xR
il 5 Je G ¥ 458 405 1 AH DG F 2 S BR IR YL S 1 AR,
PRI R ATS A 8 A8 8 e s B 60 1 R A 48 43 2 5 Tl
W, DA RO 255 R AR

WFFE R W, W W 2R 495 5 o B ™ S0 174 39 et il 4% 8
H N2 R GEIR AR 2 R R A Rl
HIOR K 22 (4 4 2% I L AP Bl 405 R 3 TR AR A I
0/ S AR 4 A I T I B A R A8 1 KU R
1 E G B AT BB — 1 A 2P AR B T A i S
e LA Bl ot O S L A 2 A A L 5 — T
T 38 o G E R G A RE A Tk H B PR, AT S

B2 R G EIR KR s E Y . SR, B AT £
B v T e il 5 A Bre A L 2 DL B B2 R A S 5 i
TR A JBAE 22 18] A4 SC IR PR AT 5T . FRATT B R T 9T R
WY 4 4458 e il 58 S AR R BE 8 A R L ik A
FREIE D, I HL 4% 0 72 5 -5 fii 2y B 451 T A 1 5 1 AW
ST, RZ IR BN B /0N L 4 I i 5 AR 2
FRAEEL D RS 28 R GAEAR BEAT IR IE . k. )
i X 5 A A A S - G A 2 (W ) S B A AT
HIRABIEFE

1 Hur A T3 8 bb K12 B 89 s R B AR

1.1 FHEMHRERSEHEERAR

A1 AR F 590 568 it 98 12 W 1) 8 23 07 T A SE
R4 #5202 W (Real Time Polymerase Chain
Reaction (PCR), RT-PCR) 5 i+ % #L bt 2 3 44
(Computed Tomography, CT), H¥,RT-PCR FH
P 37 6 T 42 W2 Y A AR v L 32 SRR 7 vk L 15
JIE S R R R 2 BB B L 1 Sk e il 4k 12 BB Y
BB e ) 7R I PR E TR AS B S L CT B
53 #E CT(High Resolution CT, HRCT) i T HAE
SR A% LA R 43 S T L BR T AG ) HE S
P8 240 O 28 1R T HE 2 0 e s i R e A D e T
ERENEERG S E, COVID-19 B& % Wi
CT AR TN BE P 55 52 . IL AP i A7 76 A FL ) 30 2%
STV AN LI (18 /0N P [ 8 VRS s RS RS AE
A RE AR K 408 3T e R i JE A5 TR L 2 A 26 B Oy 2
YRR AR A S Y R S B B A T
COVID-19 BBty CT 5245 & 22 3 ik 47 Pk el A2
HARRIARER BAE G 1 WL CT FER G 3 28
LA 7 i M 5 A bt B BB 2 D 38 ) A RV A O
EL 285 i K AR 2 e Ok S B 3 5 s e R R AR SR 1~
2 JE P L B B B R ) R R A SR B S H s BT Al
SR AEREAR RAE G 2~ 3 JEI PN L I 5 R IR AR 4
P S B (R SR 2R B ) B vT WL 52 R0 AR K L 46
g )Tl AN S AR 1B NS Ly N S B A 1T B U
CT FH 2 B0 A 38 S5 o A B T 26 50 L0 B g
S BRICHE IR IR

PR A e R 5 S e Bl (N SR R R SR
AEFD Y 2R B R G L% A AR 1Y I R 28 5 R W,
COVID-19 (& #F AR ] fig 23 th B ™ 5 i) fili &8 21 4k 6k
A5, L. X COVID-19 H Be i34 19 5 22 7R Al X T
PRI oE A B X, PR, B 147
JE ) COVID-19 &, K4 CT & i 5%
B o8 A IR AR A A A CT 45 R 45k



646 s F

¥R 4 2022 4F

BB BB R h B AR R RN AR K
BAA] LA i — 28 3 O 2Rk 91 52 0 22 Ak T AR/ 4

TEVFAl COVID-19 5 i B35 2 B2 L il 2 fig
M3, (Pulmonary Function Tests, PFTs) {45 540,
AHEEZEMZ L., 5 BR, COVID-19 T 2 i
UIREMUETE PFTs th R 2RI Z RE@ <.,
{EBe e AE B2 Be it PFTs 19— #0 ) < i
( Forced Expiratory Volume in One Second,
FEV1) K& 1 i 1% & (Forced Vital Capacity, FVC)
EYMTEFELER, 2B SRHEH KB 6
JAUL B 6 = 12 AR A R B R ESET . W
IF B0 EEAE A 2 CHROE M 47 B 1 B ) i Be 3 4>
H Gy PFTs B V7 3R B, K873 800 8 & K IH R A
tB S5 8 i — 48k Bk R i (Diffusing Capacity
For Carbon Monoxide, DL » BT 5B 5% # 2h 88 %
B TR COVID-19 JL 28 % i PFTs Bt
KB IRAE COVID-19 7 L H i 175 5% (5 3 43
A i T 8 K TR H ) e TE SR B AT A T 2
i, e i B RS A7 Al id PFTs BE6 15 8145
ST CT Y 8 3 il 8 <2 e AH OC 1) B 2445 5L AR
PFTs kil vh 75 257 3 % Bl & 22 O 0 W <0 I
A AFAESE SO 1 AR LB 22 1T S B A ) il
DI aePEAl
1.2 CT #FHE AR AT #h i Al & 59 3 72 7

e R il 2 8 3 B IR 7 i R b, S AT AR
I3 H BRSO B A EE R AR B R
B ER CT G s 5 o fili 5 58 2 9 1
I J 7 THI 3 U6 A EE A R, BF ST R BT B O il R
BEBYES CT BUR 456 I R A0 52 50 28 $5 45 7 8¢
FHFH000 8 25 0 A 2 R B RTE A ik
HRR IR CT BGR rb 4 JCH B 45 4 e AR Jim A 31 58
THor BT ALY B AL 45 2% > BAY b g AT U 25, SR 5 i AT
T, IR AFEAE— SR 2 (D B TR
e R R IR, L = AR T A R T 3 %)
I PR R S Al Y 5 (2) B 1 LT ER Rl
JHT BBt 18] 5 (%) il 38 CT BR300 1) — 331 AF
SEAE R PR A B () 50 A Bl 0 CT 15 i A7 i DU
A RAARAS A A 25 SR 5 (3) A M R LT 4
S TE T 0 0 1 A R A T R
BT BG4 A 8 AR YT, WO R R m kA
HAE WP =R BN A A FE T AR AR X A A B
e It ¢ A6 5 DK E SO0 0 s 958 ke A0 SR ) S 3 S
SR/ B S AR A Y 7S (AL R /N B R K 2 )

U FA I T P I ] s iR CT R IT R T —
ol 35T 09 TN 75 325 o 3 DI I PR IR A 94 Al 3t DA I e A
RSB BB E T IF BE 1 AT M SR 75 BIVRE T Rt
o ek 8 R 70 X I
ek it ¢ K8 B I ke CT S5 4 1R 1 g

WLEE B Z 117 o 38 A7 A ROR AT IR . 7 X B AR
31, Je #8 Jii ) E R AE O 28 32 450 33k A i 2 BE 45475 FT LA
B RE AR T SRR I . FRAT IR R i R AR
B A B7EA [A) B IR A2 15 2 59 W it 58 CT 1&#11R
e T —RoE Ry CT 38 < RE IR T7 ¥k L fE vT A4k
A 73 A A8 B0 SRy B Al Zh BE AR R O X A i e
kb kTR AT VP AR L b ] B 3 A7 R A 2 g
AR A BAE E ek E JRE Y TN L Ry S ek Y 3
BEAT BN AT T DX A8 Ml P R S 4 i B X A
T AE 2 A0 B DX B, e P REAR AT 12 K Ty 8 & 1% i
Jay sl ko [ BB Vi A v 7S PR S b 7 BDRE 32
il 58 52 W) £ il P SR 6 X 3R B e R R A L Ml
58 A W 7 e il 48 S8 A il 48 A 7 R AR R L O i )

LIRS 8
1.3 eKR#EEIRBEGERATHEEEMINER G
WAh

WF5E 2 BT e il ¢ S 10 B e i) il ) e ml e
FEER I Z M B2, 20056 T /™ 5 2 bk v il
ZE A fiF ( Severe Acute Respiratory Syndrome,
SARS) (IWFFE R WY, 1 B J8 2 A4 Gl I BB FF 25 2
B U HxX — 2l R KA BT T B AUE,
PRI % 1 B J 0 3 e il ¢ A6 5 14 3 ) BB AT OF
fhic A feJaE . Bl oA Mo PETs X i Bi 5
(1 6 7 A £ 3 0 G A AR R AT T ORRARDOCY R
PETs X Jay #3832 68 5 4 00 SO AE A IR L OJF HoA
AE 4R Ik Iy fiE A0 25 4 Z W] B89 ¢ &R . SPECT (Single
Photon Emission Computed Tomography, SPECT)
AT H I PR 2547 il 38 <) BE AR 1Y 4 b o OF
E 8 T 53 A A3 [ 39 1] 124 357 e it 48 B8 3 1) Je) 9 3 <
RE™ 0 SPECT J5 ik 46 25 2% 5 5t , HL B A Bl
PE Bl &% B & TEEB A AT RE C 2 T 2K
AP R IR X ek CT #igs , Iifi SPECT J7 ik
A3l A T BE S 0 e i A A I A A

FEATHE T M B S B o il 48 S R AR A i 0
W' H w4 4 W 1% (Magnetic Resonance Imaging,
MRD 3 &5 45 2 T —Fhgh 25 H MRT i<
RERAG 7 125, 7T A 8 o 3 25l T BE AR AN 3h 2 iE
RIRES L T 458 VP Al BE I A8 B Jm) 35 il 2
AEfE B, FRATHE M AY3E T H MRI A9 i i < 2 g



$368E Hal

EUMEIRAF . AL RE LR DR By 3587 6 Wi 48 95 155 By 647

JRAR D7 W TR B0 2 4 ) AR I 5 09 8 A B 7E I IR K
T AL T o A £ 2 AR X AR, T o 1 3 500 A9
SRR T AL I PR X Ml DR 4y H e T e il ¢ A T A
fr)m il L RE VA B F oK. 5 TR %07 i ]
X B S AR B4 SR gl 25 aE RS RE R AT E A
IS (6] 7 B A 0] 0k 20 2280, A7 EO R LAY A E U RE
JAB AR ARG I H B i 6 A SR i R B RE R B O
AU, SETH MRI R 3l 2558 <) BE R AT 5E
VA e S 4 8 e il 58 A B J AR T RE L A B
JH T2 Wi v 2 i ek il 2% 114 e S8 3 9 38 ) e 57
- BB e il 48 i B SR BB AT

2 ZRihERELREG A TS 8 E M Ih
HE 151 {57 #F 52

2.1 SiZAhERE IR R IR IR R A ik

U CT fefs R U xt COVID-19 S350
Jili 453 43 1 47 PEAS B AR AF AE X BE R Bl AR 45 40 A5 B
AR S i T) 22 U0 45 il Ok 4 S R B 3R PR AR ) AL,
MRI AH# T H A I K AR AR, B A LRA TR
BRSO DR L R X AR 4 R 2 B A B T 45
SIRE S . H 2 I R MR H B8 X5 24 9144 9 14 7k
(B F " HD $EAT A T Il 35 Oy 25 Jis 25 4 7K %%
ARG o PRI o 7 T it #5025 s G 000 ) A e B AR R, R
SR 1L B A AR B AR T LA R] A5 20 Al S ) — 2638 R
Urhe s B (H 45 2R 32 IG5 Ab 3152 i 45K I IR f
HB AR, 2 %03 IR R 58 5w Ml R MRI
Fgt Hpext & CHD B 8% R iR BE 12 55 HE
R (R B A1) P PR SRR Ry 8 R ) AT LA S 3 i S
i AR P L AR 2 T X il S A 45 4 RN ) RE AT
FE T ARSI

Xof Jili S R AT SR L R AR R R R G IS R
s, AR Xe) B RAAE, IR, M
FEAR B . BA RArny A et v R B B4 i i
P R 2 57 B SR o AT LA fie A i S50 L 8 A0 2 21
B W N G R B R 7 U REE /R L NEREBS
T RE 72 Ak 4 1) 2 Jili 35 A< il 58 6 2 e 0 R I o B
T MBI, HARS SR Xe KA
B ARG R W R A eSS e OO R
A H AT S AT g g . BARCRUL, B H RO
HFH MR E T I, 85 8 L H e 38 8 filf
LN A S Rl U D) = 2 T R a3 e VNN ]
W Xe AP B IRF 5 RBUE R & 4 DY
SN 3 oy SR N R o 2 E 2 (A O 13
T AN FE B A5 A AS I S 300l 3 7 I Tl A i i 1%

TF 5% 3 W] fedt 5 52 43 R AR X e A 1L 1) A Ak T
R RI KA 00 22 A P R 32 RS 7 il A
AR R, Z IR W E WA 0.3 L &2 1L ik
UATRR NS

lIfi K MRI F G5 JC 2 %% Xe dE AT B 4 1%
h 2 ¥ P Xe) JEFAZ S CHD AR #E S T W
LR A 5 A0 R OR [ L I PR MRT 2R 46 1) S 400 4 Ji 3
TAEFERR FH0% b, Bk, J AT & T 7B 45 £ 3
SR AR S R MR £ 50 & 559515 5 (9
FTH Y Xe By 5 AR, OB 3R IR 15 S A 00 R
' Xe [l H B 6 A8 o R I PR B A% (D W 3R R
BAGALBEY R R 2 BB RS . 5Ol TG R MRI &
g5 R C HD B PR AR A HE
2.2 KESZMBELRRENERE

2 W Wil S 1 I AR AR 58 80 S W B AW L IR 2
G2 R S, M B m . BN B AT R A P E R
= B 2 i B2 5 R R BT A 5 e Otk T4 3
SECEB I JF R A AR FE AR . EEK A
SRR 4 11 % T KBRS 13 & BF il % 300 (GR8 2%2
HEFE D) T A fii 3 i DR 5 i F 5 1 A 3 I AR A
ARG 7 (81227902) B R A T AE Bl 3 4
(81625011) AT A HEATI H (21921004) | H KA
FEH 4 (91859206) 551 H M HFLk X FF T . &0 10 £
AR , W5 AL BT 1) 58 48 I8 ' 1 e <04
P USR5 7 1 D AR 7 1 L 2 R L R U
R R T R 5T U T — RS HE
M. PRI T HOR R R R RS TR A W &
JR IS G SRR ik ORG ifl 4 X R B O S S
T Xe WEALARAE S 1 3RKT 60 000 £ 5 & & T il &
S R AR R R R R T kL ST
AT e BN A i 350 A S i AR M R
(3. 33 Wi/Fb) . $& T+ 1 il & S AR W 0 2ok B 1) Bl 25 3
AR . fE S SR & R B T R il 3 E < )
AE G2 #3245 Ty B RS I 1 B T 1 R B O A
R ST A it 0 1 5 A RN A8 4 1) g G AR B 2 2
B I, . Z AN MRI AL AR © &k
Ty R FH 2 v [N B A 2 A B L T 4 TR R
(ST v [ 7 Y i el Vo N R 8 N 1 VY
85 22 AN 24 = W I B I TR s DR N FH A 9 5 F i L Aty
O B A 473 e i L W A 5 i 5 A 9 v B AH
5 16 6 PR 28-S 300 il 2 B T BE B 0 a0k A7 E T A
VAN . BIF K 1 2 0% N M Bl 3 R B A5 26 45 Al SR 3R
2018 AR AR KW — 54 5 T T m
Br Tolk 8 50 2 R 2 EAF e R B E IR R



648 HOE R

I 2022 4F

BN NI R B ITE R BRI E AR
WA AERL R4 25 FRAE TR R £ I A0 26 P i 1
Z— R = R AT i R A
2.3 SHMBHmERRGEATHEHREEI
BE 15 1T 1k

B Il R RN K A e . B AR 2 R S
LR R (MRD %645, 75 2 3k 5 I T REE R
I7 ERE I T B T8 L LRI R 4, DR
e CT K I A7 7E He 25 4 S . L TG 2% € D0 s 3588 2 B 1)
MEBL, 2020 4F 3 H B4 WF 58 A1 A 5 R 4 AR T =
B AR T [R) B B S LA T R T 2 A M R T Ag
MRI FH 5% 5t Jili 9 J22 1 Bs 45 19 BHAF 205G, X6 il 35
N T B2 A2 460 0 ot e A 3 AT B U RE 5. H AT
ORI 58 B 6 R L TEAE L fE TEE S E N 1
000 A AR P $i . AH L 11 PR S5 5 FH %) i 35 52 1%
F-B ilidh CT), Ml <& MRI HA3 JC it &5 4 4t B
FE T i 48 308 A< D) BB AR s F RN AL 52 4 D) e S R TR A
A5 R A AR B e B AR K B U i B
RS w5, AL RE R BUAR TT  R A E
i R B R A ) B A B L AR R R B RR
7 U T Bl A5 PP AG AN 5] BRE 52 96 7 O S8 X i B s
il T il B3 A CSR 5 R 3 K O B 7 W 38 T
Y 357 SEE il 2 15 762 %) i Ty R A8 14 2 75 S A A A

FATT e T 2 Bl A AR MR R X8 76 H Be
FBE I il 38 < V) BB 7 51 - 3D bSSFP; #LHF , 38 cm
X 38 cm; e FEAR [, 96 X 84, T 4 Ky 96 X 96; TR/
TE,5.6/2.65 ms; JZ%0,20; 2% ,9 mm) | Jili 3 i 4%
HWOF 3. 2 b HY BN A% b (.0, 10, 20,
30 s/cm® s LT, 38 cm X 38 cm; SR RESR 4 64 X 32, JK
5% E R 64 X 64; TR/TE, 15. 5/12. 5 ms; )2
B, 45 2,30 mm) FIA I 32 46 9y B OF 51« Ak 24 07
A AR 5 5 22 He i ], 10 ~ 700 ms, 3£ 21 4 P47
ToEE AL TEAL . FRATRI AL SR R B (K D,
AR S8 A BE SR R I CT 5245 R R <A ) fig
ZROTC SR B AR MRI 242 5oR @ < RE A %
AR 05« Al A8 3 Dy fig B A2 4 o R 40 3 A Bt
R I8 SR MBS S DI REALE 2R 6 AN T (Y Bl U I A
PR A g A — R A AR Xe R
AT i B AR A AR 6T 7 e il A S B £ 3 1) il T R 5
Pl AT T 5 B A A DA L R T e il 48 B o
BB A0 1) G 00 B8 (4L T JEL R O e i AR B RR
MR EIRYT IR AL T ARG . Bl AR MRI W] G Bl 3k
B — Z2 5] 114 i 368 /<0 R /<t 38 46 D) BE 55 S 800, BB AK
Tl I W R I A ) S AT A2 43 2 00 BT VR R

F T B A1 0 S ik 5558 e S8 5 £ i R B S 3 T 2
BT R SR WO B I R R R BB AN ST

B&s

29%

\ 31 X ‘
- -

l +13X ‘

BE&a

i
CT®#&

129xei%“

RABESHR

BSSHE

Pias; PERS

Bl =2FSHEaEmanmsse™ AEaT
ik h B 2 H RS BT SR CT Bl& ik S 1A B S B9 Bt 30
CT El % (HBEai /5 ) X3 Rz B9 B 58 S 4k MRI 8245 #0 fifi 5B
BEYESG(OAEXTESHRSIR;EARXTES
IR GE FRENEERTESYEEE)

3 HEiRE SR GTR

3.1 HETHE RS MR TR SR IR

B il 58 B 1 e Bk R AT Lok E 2k 2
P22 2R B8 JAE 5 B B A O H S
WEL 5 34 2 1R s S 2 7 e 2 G 4 i 5 3 1) o 22
FRYEIRST L B G R GO R AE A
RV RE LR R AT R £R S AR IR L A 4R
T X2 R SRR IR 4 & 2B VT RS T
2ok M5 B i BN o 22 R G A T R IR R
T8 2 G2 A0 S 09 S SN T 28 X8 ORI A T
B

B 58 UE W8T e A 2 AT L A T SR R 451 dn
A K5 IR0 TR0 I 2 2 rR ARG H I e A R Y 2 TR 2



$368E Hal

EUMEIRAF . AL RE LR DR By 3587 6 Wi 48 95 155 By 649

JE B 0 e 2 2 W I G 5 A BIL S
T — LB ST I A I 4 5 AL ( Angiotensin-
converting Enzyme 2, ACE2) £ 31 7&K 75 & 13 1M ik
FREEA iR 2 R G A 4B SRR R,
A 2 35 B B e 75 R 28 B 1 ST AT LA At
B R O 22 (R sl B 32 AR A 4 SR R AR 1L K
F -4 N 24 0 08 15 B H 78 (Glucose Regulated
Protein-78, GRP78)"""""" | 3 [ [ 37 T A4 BF 5% B 7E
2021 4F 12 H &R T X 44 2 876k il 5 835 19 7 4
ek 2 R AR T R B e B el
TR I RN B BT T2 R e R A AL O B
99 25 A T AS AN B T I R A7 AE TR AN 2 o,
A R 2 2R G0 Y K I R 2 L FE L B i A
X SR UE BB e A B A B R IR AR RN
Fre B .

W 1 E G v R A Y R ) B R
Ah, e[ Biobank X #7761 K G 5 A% 24 0 58 &
B SR Y e B JE K R R A BT — R 5
AR AR S X B T A A MIRT 25 31, % PR
Y0 e s 7 I R G e A A FRUAR /I L B R i 5% [
P14 6 o P52 R A0 4Lk L B O 20, O L IRUBE B2 2 Ty
FSE X SR A LB b s & R R AR . X
TR e B T P I R E R A . WEME— 2
AT 5 A A 33X 42 R i 11 28 2 5 4 K A 7 DA B

i 3 B 5 T 9 B U e S 1 R M A I 4 o
=, 0% BB el e 1 nT B A R e K i P R g L v 2D
R G AL Y0 T S R b R K M 2 R T L AT
ARG MAE IR, B & B, B R B R G
(Mpro) i it U] FI 15 F 48 il NEMO & 1, fff NEMO
BAKRELIIRE 5 5 NG P9 Rz 40 i1 B8 T R/ BRLU5K
M4 /) 3. NEMO & [ 897 NF-«B {5 5 i ¥,
LR G 25 T 00 A B 5 000 YT 3 e /D R i B
IR,
3.2 TSRS B0 AN AH IR 15 KB 3T

AR A I B — T UE 46, B Bl 9 AR A, 36. 4 %6
437 e Ml 98 B B Al IR . COVID-19 3 3 43
i & N B Rl N TG = G N L =
F T R T 3 Jok v B 1 A Ak Sk B5OR% PR Ik R T
hE G b AR SN . e Ah, COVID-19 HE /B &
R 24 RORE 3 AT BE 23 i A 2 T i R4
SR R 4 VA e 75 S8 M A0 3 453 40 7 O 3K A
FEARAE L Rl Y1 s AT o — 2 g .
AU B T AE b, AT 38 2 il 3 Xe K MR MRI A

it H MRI 25 4, 8 01 7 55 B ek 28 35 04 B 38 1k 285
FAR AL 55 il B 2 68 B Z [ OC R . A E )
61 Xe Bl AR MRI AT [R] B 35 45 il 64 B 45 4 2 50
KB i AR I RES R (/] 2), XS FEEN LM S
B0 F55 A0 58 8 B [ 8 50 (T il 4 29 1) B TS (D
FMLAH M H 28 (Het), [RF, 38 358 1 22 e ik i)
100 ms B 3€ 2040 il (RBO) By Xe {55 53k A A &
ML/ MM (TP ) Xe f5 5 M LR (RBC/TP) ., It
Hb R B A AL Xe §7BUMAL MRICDW-MRD 3 i1
A 5 R S A il IR AR (RO P B 2R M
(Lm) AR MK L (SVR), & 2 9 E RS Tk
it H MRI 9 45 #4620 30, Bl H MATLAB X B %
PEAT A EE L THRI K B (GMV) | iR CWMV) F i
VR PR 3 A L P A XA T B R T
JO RIS AR R R AT E— 20 0 — AR5, 2
A Ml ) B8 S B0 I R B (GMV) [ sh & 48 4k, 8
17 B e K A2 S8 A ) i 5 A< i A8 e B ] 5 GMV
BB EIE ML B d TR R R T S SO
14 9 FTII 4L, T AR 4 Ml P AR AL T 7 Ok 2D S 2 0T
P05 9 SRR 22—, 45 A I R A A 28 0 IR L B o B e
R AT REA M A B . TR AT A T AR A K
PRBU T =TT RE S T RE 2 s LS R Y ik K b e
5, [ B il 35 04 T B an A< 32 e T R A — 1
P

Wz COVID-19 HAE 1 Be 7 8 FE#E 9 B
JE B9 H i MRIG CT ER A Xe fili < 4k MRI
WE 3R, 4 A 14 B, BHE 9 788U R - 1 [
FRE R 5 (2T 5 A XD H 3053 3 0 728 A %
e fE S T, FLAIR %, 12 4 18 H M 5%
AR S (A HEX ) . CT B8R A L
ER/NESEI R ACAR NN I SR $L b G
[ P X380 IR e 2008 0 . 7E DL R] BB A il AR AR —
IfiL 32 45 BF [A] A 64. 7 ms W20 %) 36. 0 ms, 7 W i D fiE
B E . BE S FELAB M B /N 5w E S,
FERFEET 8 AN H . CT o HOUU K 1w B vy 2% 5 52
KA D) gE IR % A 2 ek i . X
SEL 5 Xe A4 MRI 5 21 19 fiti 2 fig 2 500 28
2 —2m .

B & B T 0 A8 S, SO R AL B AR 1 R
BT — RIS . BARGEELE PR D &R
Omicron B FE A8 T Hr 5 J5 A B A& Ml Delta 75 £
HA A B RS, Omicron 7E /N BRI G BRI &8 119
e Yt 32 B BRI, 1 At EB 48 40 B B8 1 T B, BRI
BT 2% 0 SR AR VTN S [ el 25 ik 3 i ) i 45



650 s F

2022 4F

2

B #8' H MRI(_E B ) Fn B4k ' Xe RS S &
MRI(TE )M RER, FERRTEENREE' H MRI B %
RERELSE, TERTT HMiE0H 548 S 5050 5 50
MEMNEESH,TEGEMBARE (r) FiEMR(R)
fiaRE(h),RELAEE (d) MHEHHKM

%5 #e B 18] 5 5 (1) F0 41 40 B JE AR (Het) D'

153 114 25 5 38 A L A L 3t J AR R A ST A . (H
ARG R IR A A R 1 R R B S B
G A 45 L A A P S DR TR N RS LR
I IR R R R LIS Y B el - R Y i
B PR H TR TR T E . RS TS
B e 7, CC 8 i s b N T (C-C Motif
Chemokine Ligand 11, CCL11) 5 M £ 2 45 ik %13
REZABUAH G, LA, 78 /N BRUER 3 Jak e el o 2 )5
IR T R 25 22 4, A0 98 e o AN i v /0 R GG A RS
X BB R A RESE 7 R I s B I B R Al
B e R RS IR AR & RS
SiE AR
4 &

"

1 e il 98 9 17 TE T 1 oA b A5 B AR BF A 4R A

12A18H 4H14H 12A18H

(28,

¢ .v N\
— Ij.. ........ ;6 3,,. ...... ’ 4:‘ 3.4.‘3.4

E. WEB 129xe MRI VDP: 6.6 % VDP: 6 % VDP: 11.6% VDP: 2.3%
: . ‘z\\ : £ )Tf\\ b w?\ _‘ R
"7 ""Aat. s A S q ‘ i
[ 4 E." 1 S ) ol ’h k3
C 7Y% #ﬂ‘ ; i ??. ,Q' k"‘.)‘. ‘!A‘l '?l‘ \

T: 48.7 ms

T:64.7ms T:36.0 ms T:30.1 ms

B3 AUAFEEEREHREFHEE H MRI(a),
B &8 CT 4 (b) #1' Xe B 88 S & MRI(c)M™

(R 2 BRI B N AT AR Ak T R AT B BE L 3 TS 2R
e 52 Ay 77 028 £ i A s B9 S B0 BE S B . BT
EAS KRN TR TRA N & LN I ok VS
SEAGBORAE B e o B 5 B A% B 454 0 Cln iy A0 5
S5 i R A2 Wi vh R T A AT AR O (H 2 R Y
e R B P B4 52 A5 150 R 1 37 T A8 % 114 B 52 Bt 7 P A7
15— & B R BR 0 CT Y o B i 0 ) i 1R) AL S, 22
A% i 50 1 M I ol A5 5 R A i 38 52 H6 D RE 11412 I
LA R A D B R SRR e e 7 S BORY A R AR 4
RAEZHIREFE S UM N REEHE. 5
S [ R &5 5 B AN T RE A IRR S AL B 4
AR AN TR A58 25 9 52 A5 K500 A i PR i 3l 3 47 52 SUX
FE I3 BT o 592 B 38 e 7 S B0 A% B B 02 W A gt
RS TR

& % x #t

[1] Organization WH. WHO Coronavirus ( COVID-19 )
Dashboard. (2022-05-27)/[2022-05-297. https://covid19.
who. int/.

A AR IEAIE [ K A2 bl s, BZE 5 H 28 A 24 Wt
5T 2R S PR AS E A  E  A BT UL (2022-05-29)/[2022-05-
297. http://www. nhe. gov. cn/xes/yqfkdt/202205/ac6647
6324994b17806441c858574a80. shtml.
Nalbandian A, Sehgal K, Gupta A, et al
COVID-19 syndrome. Nature Medicine, 2021, 27 (4).
601—615.

Verger A, Bahloul A, Melki S, et al. Tracheobronchitis

[2]

Post-acute

(3]

[4]
signs observed on ventilation lung scintigraphy during the
course of COVID-19 infection. European Journal of Nuclear
Medicine and Molecular Imaging, 2020, 47 (11): 2709—
2710.



#36 % AW BUFRAE . Z WG AR U AR B 77 7 56 ili 48 926 155 B 458 651
[5] Huang LX, Li X, Gu XY, et al. Health outcomes in people [17] Shi HS, Han XY, Jiang NC, et al. Radiological findings

(6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

2 years after surviving hospitalisation with COVID-19: a
longitudinal cohort study. The Lancet Respiratory Medicine,

2022, DOI: 10.1016/S2213-2600(22)00126-6.

Lechien JR, Chiesa-Estomba CM, Beckers E, et al.
Prevalence and 6-month recovery of olfactory dysfunction: a
multicentre study of 1363 COVID-19 patients. Journal of

Internal Medicine, 2021, 290(2): 451—461.

Douaud G, Lee S, Alfaro-Almagro F, et al. SARS-CoV-2 is
associated with changes in brain structure in UK Biobank.
Nature, 2022, 604(7907): 697—707.

Reiken S, Sittenfeld L, Dridi H, et al. Alzheimer’s-like

signaling in brains of COVID-19 patients. Alzheimer’s &

Dementia: the Journal of the Alzheimer’s Association,

2022, 18(5): 955—965.

Kandemirli SG, Dogan L, Sarikaya ZT. et al. Brain MRI
findings in patients in the intensive care unit with COVID-19
infection. Radiology, 2020, 297(1). E232—E235.

Mao L, Jin H], Wang MD, et al. Neurologic manifestations
of hospitalized patients with coronavirus disease 2019 in
Wuhan, China. JAMA Neurology, 2020, 77(6) : 683-—690.
Mahammedi A, Ramos A, Bargallo N, et al. Brain and lung
imaging correlation in patients with COVID-19: could the
severity of lung disease reflect the prevalence of acute
abnormalities on neuroimaging? A global multicenter
observational study. American Journal of Neuroradiology.
2021, 42(6): 1008—1016.

Raabe A, Wissing H, Zwissler B. Brain cell damage and S-
100B increase after acute lung injury. Anesthesiology, 2005,
102(4) . 713—714.

Gentile F, Bocci T, Coppola S, et al. Putative role of the
lung-brain axis in the pathogenesis of COVID-19-associated
respiratory failure: a systematic review. Biomedicines,
2022, 10(3): 729.

Marshall M. COVID and the brain: researchers zero in on
how damage occurs. Nature, 2021, 595(7868): 484—485.
Chen SZ, Lan YN, Li HD, et al. Relationship between lung
and brain injury in COVID-19 patients: a hyperpolarized
'*’Xe-MRI-based 8-month follow-up. Biomedicines, 2022,
10(4) . 781.

Pan F, Yang L, Liang B, et al. Chest CT patterns {rom

diagnosis to 1 year of follow-up in patients with COVID-19.

Radiology, 2022, 302(3): 709—719.

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

from 81 patients with COVID-19 pneumonia in Wuhan,
China: a descriptive study. The Lancet Infectious Diseases,

2020, 20(4): 425—434.

Fumagalli A, Misuraca C, Bianchi A, et al. Pulmonary
function in patients surviving to COVID-19 pneumonia.

Infection, 2021, 49(1): 153—157.
Fumagalli A, Misuraca C, Bianchi A, et al. Long-term

changes in pulmonary function among patients surviving to

COVID-19 pneumonia. Infection, 2022, 50 (4 ).
1019—1022.
Gonzdlez J, Benitez ID, Carmona P, et al. Pulmonary

function and radiologic features in survivors of critical
COVID-19: a 3-month prospective cohort. Chest, 2021, 160
(1): 187—198.

Oztiirk GK, Beken B, Dogan S, et al. Pulmonary function
tests in the follow-up of children with COVID-19. European

Journal of Pediatrics, 2022, 181(7): 2839—2847.

Wynants L, van Calster B, Collins GS, et al. Prediction
models for diagnosis and prognosis of covid-19: systematic
review and critical appraisal. British Medical Journal, 2020,
369: m1328.

Feng ZC, Yu QZ, Yao SH, et al. Early prediction of disease
progression in COVID-19 pneumonia patients with chest CT
and clinical characteristics. Nature Communications, 2020,
11(1): 4968.

Chassagnon G, Vakalopoulou M, Battistella E, et al. Al-

driven quantification, staging and outcome prediction of

COVID-19 pneumonia. Medical Image Analysis, 2021,
67: 101860.
Pu JT, Leader JK, Bandos A, et al. Automated

quantification of COVID-19 severity and progression using

chest CT images. European Radiology, 2021, 31(1): 436—

446.

Wu QX, Wang S, Li L, et al. Radiomics Analysis of
Computed Tomography helps predict poor prognostic
outcome in COVID-19. Theranostics, 2020, 10 (16):

7231—7244.

Cobes N, Guernou M, Lussato D, et al. Ventilation/
perfusion SPECT/CT findings in different lung lesions
associated with COVID-19: a case series. European Journal
of Nuclear Medicine and Molecular Imaging, 2020, 47(10):

2453—2460.



652

o R

Ht

4 2022 4F

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

Wang C, Huang L. Xiao S, et al. Early prediction of lung
lesion progression in COVID-19 patients with extended CT
ventilation imaging. European Journal of Nuclear Medicine
and Molecular Imaging, 2021, 48(13): 4339—4349.

Mo XN, Jian WH, Su ZQ, et al. Abnormal pulmonary
function in COVID-19 patients at time of hospital discharge.
The European Respiratory Journal, 2020, 55(6): 2001217,
Guler SA, Ebner L, Aubry-Beigelman C, et al. Pulmonary
function and radiological features 4 months after COVID-19.

first results from the national prospective observational

Swiss COVID-19 lung study. The FEuropean Respiratory

Journal, 2021, 57(4): 2003690.

Arnold DT, Hamilton FW, Milne A, et al. Patient

outcomes after hospitalisation with COVID-19 and
implications for follow-up: results from a prospective UK
cohort. Thorax, 2021, 76(4): 399—401.

Wang C, Li HD, Xiao S, et al.

Abnormal dynamic

ventilation function of COVID-19 survivors detected by

pulmonary free-breathing proton MRI. European Radiology,
2022, 32(8): 5297—5307.
Walker TG, Happer W. Spin-exchange optical pumping of

noble-gas nuclei. Reviews of Modern Physics, 1997, 69.

629-—642.

Driehuys B, Martinez-Jimenez S, Cleveland Z, et al.

Chronic  obstructive  pulmonary disease: safety and

tolerability of hyperpolarized '**Xe MR imaging in healthy

volunteers and patients. Radiology, 2012, 262 (1).
279—289.

Li HD, Zhao XC, Wang YJ, et al. Damaged lung gas

exchange function of discharged COVID-19 patients detected
by hyperpolarized '*’Xe MRI. Science Advances, 2021, 7

(1) : eabc8180.

Giacomelli A, Pezzati L, Conti F, et al. Self-reported
olfactory and taste disorders in patients with severe acute
respiratory coronavirus 2 infection: a cross-sectional study.
Clinical Infectious Diseases, 2020, 71(15): 889-—890.

Varatharaj A, Thomas N, Ellul MA, et al. Neurological
and neuropsychiatric complications of COVID-19 in 153

patients;: a UK-wide surveillance study. The Lancet
Psychiatry, 2020, 7(10); 875 882.

Chou SHY, Beghi E, Helbok R, et al. Global incidence of
neurological manifestations among patients hospitalized with
COVID-19-A report for the GCS-NeuroCOVID consortium
and the ENERGY consortium. JAMA Network Open,

2021, 4(5): e2112131.

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

Ellul MA, Benjamin L. Singh B, et al. Neurological
associations of COVID-19. The Lancet Neurology, 2020, 19
(9). 767—783.

Li YC, Bai WZ., Hashikawa T. The neuroinvasive potential
of SARS-CoV-2 may play a role in the respiratory failure of
COVID-19 patients. Journal of Medical Virology, 2020, 92
(6): 552—555.

Karvigh SA, Vahabizad F, Mirhadi MS, et al. COVID-19-
related refractory status epilepticus with the presence of
SARS-CoV-2 (RNA) in the

CSF: a case report.

Neurological Sciences, 2021, 42(7). 2611—2614.

Chertow D, Stein S, Ramelli S, et al. SARS-CoV-2
infection and persistence throughout the human body and
brain. Research Square, 2021, DOI: doi. org/10. 21203/rs.
3.r1rs-1139035/v1.

Mittal A, Manjunath K, Ranjan RK, et al. COVID-19

pandemic: insights into structure, function, and hACE2

receptor recognition by SARS-CoV-2. PLoS Pathogens,
2020, 16(8): €1008762.

Pennisi M, Lanza G, Falzone L, et al. SARS-CoV-2 and the
from clinical features to molecular

nervous system:

mechanisms. International Journal of Molecular Sciences,
2020, 21(15) . 5475.

Erickson MA, Rhea EM, Knopp RC, et al. Interactions of
SARS-CoV-2 with the blood-brain barrier. International
Journal of Molecular Sciences, 2021, 22(5): 2681.

Ibrahim IM, Abdelmalek DH, Elshahat ME, et al. COVID-
19 spike-host cell receptor GRP78 binding site prediction.
Journal of Infection, 2020, 80(5): 554—562.
Wenzel J, Lampe J, Miiller-Fielitz H, et al. The SARS-

CoV-2 main protease M causes microvascular brain
pathology by cleaving NEMO in brain endothelial cells.
Nature Neuroscience, 2021, 24(11): 1522—1533.
Miyamoto S. Nuclear initiated NF-«B signaling: NEMO and
ATM take center stage. Cell Research, 2011, 21 (1):
116—130.

Kawaoka Y, Uraki R, Kiso M, et al. Characterization and
antiviral susceptibility of SARS-CoV-2 Omicron BA. 2.
Nature, 2022, 607:119—127.

Ferndndez-Castaneda A, Lu P, Geraghty AC, et al. Mild
respiratory COVID can cause multi-lineage neural cell and

myelin dysregulation. Cell, 2022, 185(14) :2452—2468.



$36E a4 EUMEIRAF . AL RE LR DR By 3587 6 Wi 48 95 155 By 653

Multi-Nuclei Magnetic Resonance Imaging Assists Prevention and Control of COVID-19 Pandemic
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Abstract Coronavirus disease 2019 (COVID-19) is still an ongoing global pandemic, and so far more than
500 million confirmed cases have been reported around the world. Lung and brain injuries are the most
common clinical symptoms in patients with COVID-19, and some patients might suffer the symptoms of
long COVID for more than weeks or even months after discharge from hospital. Medical imaging
techniques have played an important role in diagnosing and evaluating the structure and functional changes
of the damaged organs caused by COVID-19. Herein, we briefly reviewed the applications of clinical
imaging techniques for assessing the brain and lung injuries caused by SARS-CoV-2 virus, and the new
methods we developed for predicting the COVID-19 pneumonia progress and pulmonary function evaluation
based on the clinical imaging techniques. Additionally, we also reviewed the development of multi-nuclei
magnetic resonance imaging (MRI) in China, and its applications for quantitative evaluation of pulmonary
function injury caused by COVID-19 using our self-developed multi-nuclei MRI instruments. These results
showed that the technique of multi-nuclei MRI could light up the “black hole” of the lung in MRI, and has

unique advantages in quantitatively evaluating pulmonary function injury caused by COVID-19.
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