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Fig. 1. The resolution of ultrasound imaging and a B-mode image of microbubbles: (a) The two sources are exactly half a

wavelength apart; (b) the two sources are within a half-wavelength distance; (c¢) microbubbles appearing as point spread function

and their localizations.
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Fig. 2. uULM conventional process: (a) In vivo acquisition of ultrafast ultrasound data ; (b) clutter filtering; (¢) motion correction; (d) mic-

robubble localization; (e) microbubble tracking; (f) super-resolution image reconstruction.
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Fig. 3. Overall architecture of the GAN-uULM method.
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Fig. 4. Ultrafast super-resolution ultrasound brain imaging

experimental platform for small animals.

224301-6


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

¥ 1B ¥ Acta Phys. Sin.

Vol. 71, No. 22 (2022)

224301

WOE =y DN TN K= TA T et (R 8V ak el
MK (SonoVue, Bracco, Milan, Italy) % f# T 5 mL
ifiiwﬁiﬂ PAAEMREE R 2 x 108 AN/ Z T

T R SR VRS VR 101, 123 2 ) A YR e S A
PL 60 uL/min (18 & # R E 5 180 L, 4 30
s Je Xt R BRI i e bR T 24 R PR R SR .
WOTES S 0.8 mL/kg BIFRME, th Tl
A7 2, TR SE RS, I 25 o i ik B R
S BE ] AR Ak 1)l F ot vk B g U S
YR B H R U X — 12 B 2R 48 FnSg 5
JITAS I A S S i B A 22001

4 EBRER
4.1 BHRBRBERMREEER
& 5 SRR uULM J7k (8 5(a)) A1 GAN-

uULM J7 3 ( 5(b)) Brfs 21 /9 K B K i wULM
LSRR XPRN 7 TRAR LA R L B RO K 247

1'mm

PERMENT T BRI RGO AS . AH TR wULM
Jrk, GAN-uULM 19 I 45 1 sZ 44 T B S A X L
BE, IR0 AR E wULM 735 oA I 2 DL &
TRTEE /NS (FEULIEL 5 HROR A X 35K).

Kl 6(a) 1 (b) 48545 0 T 1 5 thprifE wULM
Fl GAN-uULM 9 Jey 3 1l A8 i 52 8 5 [, AT LAURER
F] GAN-uULM 7E 200 pum A1 700 pm 4 43 51 £
SR — 25N . X UL LEARMERY wULM 7,
GAN-uULM HE#E 7 B 38 2 (W) 1457, JUHZ s Wr
SEM/NILAE . WNIE 6(c) s, DI AE R ] 3 B 43 A
HKF, GAN-uULM J5 i HeArifE uULM Jy ik fit 7
CERRiip s 2
4.2 GAN-uULM R i&S# o
421 wmELefRE

I A FR R B2 A A A I A 5 S 0 R T
(R 145 1 045 T A8 v R 0 A AR 1Y
FUAH. wULM 5 MG Il A8 10 Fn B S8 bl

B 5 REUNGE T HEREN B (a) fHFRME wULM Jr ik py I 852 (b) i GAN-uULM Jr ¥ 1Y I 45 38 52

Fig. 5. Ultrasound Localization Microscopy in a rat brain: (a) Angiogram reconstruction using the standard uULM method; (b) an-

giogram reconstruction using the GAN-uULM method.
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Fig. 6. Zoomed-in regions of interest from the whole angiogram and their intensity profiles along the white dashed line. Magnified

regions from wULM Angiograms for an in-vivo dataset using the standard uULM method (a) and the GAN-uULM (b); (c) the in-

tensity profiles along a given horizontal dashed line overlaid in green and blue.
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Fig. 7. The relationship curves between vascular saturation

and cumulative acquisition time.
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Fig. 8. Super-resolution blood flow images with different cumulative acquisition times: (a), (b) The results of uULM and GAN-
uULM with acquisition time of 40 s; (c), (d) the results of uULM and GAN-uULM with acquisition time of 80 s.
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Fig. 9. Resolution measurements based on FRC curves: (a), (b) Two sub-images obtained by randomly splitting the reconstruction
results; (c), (d) the frequency spectrograms obtained by 2D FFT; (e) the FRC curves, the two intersections of the FRC curves with

the 1/2 bit (yellow) threshold curve are used to determine the image resolution; (f) the relationship curves between resolution and

cumulative acquisition time.
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Abstract

Ultrafast ultrasound localization microscopy (uWULM) has broken through the fundamental acoustic
diffraction limit by accumulating thousands of sub-wavelength microbubble localisation points and improved the
spatial resolution by more than one order of magnitude, which is conducive to clinical diagnosis. By localizing
individually injected microbubbles and tracking their movement with a subwavelength resolution, the
vasculature microscopy can be achieved with micrometer scale. However, the reconstruction of a uULM image
often requires tens or even hundreds of seconds of continuous long-range image acquisition, which limits its
clinical application. In order to solve this problem, a generative adversarial network (GAN) based deep learning
method is proposed to reconstruct the super-resolution ultrasound localization microscopy. In wivo uULM
ultrasound datasets are used to train the network to reconstruct dense vascular networks via localized
microbubbles. This approach is validated by using another in-vivo dataset obtained in a rat brain. Results show
that GAN based ultrafast ultrasound localization microscopy (GAN-uULM) can resolve micro vessels smaller
than 10 pm. Besides, GAN-uULM is able to distinguish small vessels that cannot be continuously reconstructed
by using a standard uULM reconstruction method. Saturation parameter based on counting the number of
explored pixels is used to evaluate the reconstruction quality. The proposed reconstruction approach reduces the
data requirement by half and thus significantly accelerates the uULM imaging. It is illustrasted that for a
dataset of 292 s ultrafast acquisition, the saturation of standard uULM image is 33%, while that of GAN-uULM
can reach 46%. Fourier ring correlation (FRC) method is utilized to measure the spatial resolution in uULM.
Resolutions of the images obtained by standard uULM and GAN-ULM are 7.8 pm and 8.9 pm, respectively.

In conclusion, the developed deep learning model is able to connect trajectories with less computational
complexity and avoids manual tuning and trajectory screening, providing an effective solution for accelerating

ultrasound localization microscopy.

Keywords: super-resolution, ultrasonic localization microscopy, convolutional neural network, generative

adversarial network
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