) 32 % 3R Acta Phys. Sin. Vol. 71, No. 17 (2022)

174302

BORRERERSHEMME KRBT E
X

e
48 % 0P

BEED

I

ek £

k4] 9

e 9L D)

R

1) (B HR%E ER2E S TR, AW EETESL, B 200438)

|

2) (AKX
3) (AKX

(2022 4F 4

2 TR N B ARGERE, B 200438)
MR AL E B2 AMEL, B 200040)
4) (R ERF=MERRER, LiE  200438)

A 6 BikE; 2022 4E 5 A 14 HYEHEHH)

A HE T RE X P AL 00 B O E B AR I 32 40 AR A 4k & MR SR R T RR IR S YIAE . B
T, 5 P 0I5 T 4% 235 40 R It IR S 76 B B D BB AR A L RS 1 5 SR o vb B R S I PR R A il A
T 5 T BOAEAE o3 PR L O | T8 SR RIS AN Ao 56 (R, Gk 4 TR il A2 8 0 I S v A A 5 S B R
(A5 SR . AR SC LA F 22 1 P 02 45 T D5 1 R DR 7 R R kg Sk, g FH R 43 R 7 A R (ULM), S8 T
R BB B PN BT A AR . AR T A 3 T A e BT (RPCA) I IR 7 vk, 7 B B AL 4U5 5 fiz
B S S, T B e 7 L A B, S I K S R R A BE R . RS, SIS T
B AR S RO I, SRR A HEER AT AR T I IO B R L A A L R R BE | I A R R
S FEVE R I AT T B VP AR R G S 00 45 SR R B, UL AT 2% 75375 B (4 R BUE 6 P4 it 37 PR . & 12 o0 #r
FW, REHFE N 15.625 MHz (98 75 235 77 S0 13—16 pm {0 B AY 20 9E 3, /8 T 100 pm BRI K. 45 |,
ULM ] 8 R FH 458 PN B0 800G M A, AH S 45 SR mT o i 4 B SR B BB D 8 a0 5 3h 25 A 19 a8 — 25 F 5 4
HERE %, XA REBG 2 W7 . B 20RYT 5 UG K S G RIS IR — I S X

KGRI NG (ULM), PR, BT, H e

PACS: 43.60.+d, 43.35.+d, 43.35.Yb, 43.50.4+y

FREIE A oA Rl 28 2R GE Y rh Akl AR TP X,
Xof o A T B 2 DG HE . A RE RO R I AR B
Shy G AR IR A O 245 2 A8 R Jg v a8 U R A
BE 5 AL SRR H IR B 10 sk AE DG 221
GURSE N, TS R AR RA | DI BERR 1555 4k A
475 231, DRI A A A % L R PR AR R
SRS DIRERITEIR RS VE S SEmHAN By F 20

DOI: 10.7498/aps.71.20220629

YR, A TS SRR N 48 A5 Sl
Tl 12 A W AN T Sk (I RIS W T B M4
TS 1 A bn AL AR R LR 4 852 (MRA) &
LT Z R AR M 5% (CTA) PG L&
5 (DSA). ARUEALATINT-Be DSA XF /M 48 B4
K EEAL T CTA 5 MRA, 25k 500 pm!; {HEH
TR 1 20 B SRATD R BE X Il 8 AT AR . b Ah,
CTA Fl DSA Koty HA U, 1R ERE R, ]
K, ek, MBI 22 P DSA Ml CTA ¥y
TR, ANE TP E O T BT . T

*E R QAR EHES: 11974081, 51961145108, 11827808), i Ti [ AR5 4 (FHES: 19ZR1402700) Fl_E I T 45

FURBLER @HES: 20QC1400200) ¥ Bh RIS .
t BIE1EE . E-mail: xukl@fudan.edu.cn

©2022 HEHEFS Chinese Physical Society

http://wulixb.iphy.ac.cn

174302-1


http://doi.org/10.7498/aps.71.20220629
mailto:xukl@fudan.edu.cn
mailto:xukl@fudan.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

) 32 % 3R Acta Phys. Sin. Vol. 71, No. 17 (2022)

174302

B L R Ry, ISR S s 5
Sl AL, HUASHE | HAEFERT, DLSCORE
TR (INTARE) Fi, BeE—ERE L
PR T AT T e A A v i) 9 FH AT TG i 42
TR A R PG £ 5 T BR R 75 K.
P B PR | T B AR B 5 T
AR, HIE TR G A S BUS IRER SRR . e
BZ T ARERA L i R R S B2 . Y
H, T TR A0 A PR P ROR B 2 B T T 2
A AR /NI 5 ) R BEUEE, AT AT 528 MRA,
DSA F1 CTA Joik s BLFE AR/ M LS iR 0. 2t
PO R AL M (PALM) ARSI T 27 S
F 2% [, Couture 45 B {52 BAUR R T ¢
7 B UK A4 (ultrasound localization microscopy,
ULM) i AR Bl ULM J5 k3 B 5 o0 BER MR 5 i3
JIRIDE R, A L AR G i s AU PO 75 %, Txs A
TRER)ZZHZ (A0S . A8 L O E B 4E) SR
K (el 1710 Pk, 14 EAR< 100 pm) PRI
BGOSR T 2 G R I A 1 52 2015 48,
%15 Langevin §F 58 i H] ULM Z5E 545 B K/
A NGB 127 BUREER, USRI HHAE 10 pm
ZeAy M) 64, Christensen-Jeffries 55 12 #3358 T #8

G357 FE S AR S B, 7 UM 09

DRV et 140 W PR /I BRU e LRI A 09, Btk
EL 25 f A 100 R A MR A kit 787 O7) A A B My 4
T UM A AR AR A, ANADAFSEE X ULM A
G EIEAT TRV, Song %5 18 4554 T 45 MR FE &
X ULM B4 B 52 . Hingot 55 M R ARV T
ULM 10 F1EE 5 BRI K B 6 &, LA ULM EHE
Gy PR AL PE O RO AR AL IR) . [ N A R
ULM AT THHOE TAE. Zhong 55 P {4 Xt i 75
AT HEA N I UG BT A T 2R 445 . Liu
SERPURE T — R T PR E ARG M %,
T A B 5 R P g A5 B P Y ULML L 4
P 5 . Xu &7 P24 AR T & 8 32 o o A
(robust principal component analysis, RPCA) J7
AT SEHURAR MR LT O A m A, TR R
BRUIG ULM B

AEAEE T L FUE 25 IR I AR, B HES A Y
HEAFFIE | PR E B 1) TP LA BB AR B R A
INBRARE R, 2 PN R O R P AR T SR Bk A 24,
2018 4F, Khaing 55 4 1 88 P o it 5 5 6 MR
FTTF AT B9 R BB B8 L AT 07 % b B 1 i

75 W 1% (contrast-enhanced ultrasound, CEUS),
YIS S T A BE T 0O A A AR, T
22385 W DI 7R RTE T R R AR 1 R S
TS AR 2021 4F Zang %5 25 ST T &
S T e SR SR A RE RN A U, 1%
RS PR SRR AR . Sui 55 26 ]2
T RPCA WYBEHLIE R AT LS B T PR | bk L
AR PORE P 22 8 i S RE UM TR, Pezet 45 27
XA NS P A 4 P I A A T OO (R
B I Y B A AT A IR, R T
ULM W5 #s A o PR PN A R

Sk SR B L I I 265 768 4 PR 7 AR
AR SCATE R PR A AR R SR A s, DU T
RPCA 18I 7 12 X0 T80 [ A - B4 i 2
X FR (radial symmetry, RS) & 8%k E
P U s AR, I B R LA T T A
BRI, Fe 2 ARG R U BRI A 88 40 HE R A
1. e Ah, KRBT A R A T AN | S R
A e AR B AT T S8R AT

2 HAKFEHE

ULM i) F 2R 1 s, B o5 o
7 P81 R AR B A TR0 5 0 T A I, 3 R
KT RPCA A8 Ik 7 1 % 20 20 013 5 1t [ 4
SIATOYES, ARG R AT

| Rt |
| owkeaw |
| TS B |
T .
Pl mse | | e |
v i ¥
A e
o ¥
| BB |
¥
| moermigne |

1 BRI S AR AR
Fig. 1. Workflow of Ultrafast Ultrasound Localization Mi-

Croscopy.
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Fig. 2. Resolution measurement based on FRC curve.
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Fig. 3. Results during ULM processing: (a) B-mode image of the 200" frame of block 150; (b) isolated signal of microbubbles after

filtering from the 200" frame of block 150; (c) localization of microbubble centers in the 300" frame of block 150; (d) localization of

microbubble centers in the 301" frame of block 150.
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Fig. 4. ULM Results: (a) Intensity map of spinal cord; (b) direc-

tion map of spinal cord; (c) velocity map of spinal cord.
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Fig. 5. Results of ultrafast Doppler imaging: (a) Power

Doppler; (b) color Doppler.
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Abstract

Function of spinal cord is crucial to nerve conduction pathway. Traumatic spinal cord injury often results
in a vasculature disruption after primary insult and further leads to abnormal responses of the intact vessels in
neighboring tissue during secondary injury. Therefore, the vasculature and blood supply play significant roles in
evaluating the spinal cord function . Ultrasound localization microscopy (ULM) overcomes the shortcomings of
extensively used angiography, such as computed tomography angiography (CTA) and magnetic resonance
angiography (MRA), in terms of limited resolution, radiation and poor-portability, which meets the needs of
comprehensive intraoperative examination and prognosis tracking. In this study, an L22-14vX probe with a
transmission frequency of 15.625 MHz is utilized, yielding an imaging wavelength of 100 pm. The ULM is
conducted based on ultrafast ultrasound technology with multiple tilted plane-wave illuminations. Robust
principal component analysis (RPCA) based spatial-temporal clutter filtering method is used for separating the
microbubble signals from tissue signals and high frequency noise. Through microbubble localization, trajectory
tracking and mapping, subwavelength super-resolution ultrasound imaging is finally achieved. The whole
process of microbubble localization and vessel reconstruction are monitored through measuring the time
dependent microbubble detections and saturation. Saturation curve corresponds to the time dependent total
area covered by microbubble detections on the image. Quantification analysis is carried out for evaluating the
imaging results including resolution measurements based on the Fourier ring correlation (FRC) and full-width
at half-maximum (FWHM). The in-vivo experimental results show that ULM can be used to obtain super-
resolution vasculature imaging in rat spinal cord. The velocity distributed from 1 mm/s to 50 mm/s can be
detected. Within the same vessel, the velocity of a point is inversely correlated with the distance from the point
to the center of the vessel. The velocity in the center of the vessel is larger than that at the wall of the vessel.
The larger vessels support higher flow in the center of the vessel. The FWHM results indicate that ultrafast
Doppler displays vessels in diameters between 135 pm and 270 pm while ULM displays them in diameters
between 28 pm and 35 pm. The FRC-based resolution evaluation shows that the ULM achieves a super
resolution of 16 um, much less than the imaging wavelength of 100 um. Yet, long acquisition time is required to
detect microbubbles in the smallest vessels, leading to long reconstruction of the microvasculature, which is still

a problem worth studying . Compromise between saturation and acquisition time needs considering. Generally
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speaking, microbubbles are more likely to flow in large vessels, leading to relatively short reconstruction time of
large vessels. When saturation curve almost converges, the imaging improvement with new vessels is not so
significant that the detail sacrifice of some small microvessels can reduce acquisition time (i.e. most of
microvasculature can still be gained when the saturation curve does not converge). Besides, the increase of
microbubble concentration and advanced track identification and extraction may also accelerate the saturation
rate of convergence with acquisition time decreasing. In conclusion, ULM can be used to obtain a super-
resolution imaging of spinal cord microvasculature, giving a 10-fold improvement in resolution in comparison
with ultrafast Doppler imaging. Relevant results can facilitate the super-resolution ULM imaging of spinal cord
which may promote the function diagnosis, treatment intervention, disability prevention, and prognosis recovery

of spinal cord injury.

Keywords: ultrasound localization microscopy (ULM), ultrafast ultrasound, super-resolution, spinal cord

microvasculature
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