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Abstract Three-dimensional ultrasound microvascular imaging is helpful for the diagnosis of cerebrovascular diseases.

In this paper, ultrafast ultrasound imaging, ultrafast ultrasound power Doppler and mechanical scanning were combined

to perform three-dimensional imaging of cerebrovascular and evaluation of cerebral ischemic status. The ultrafast data

acquisition sequence and 3D scanning system with the capability of high-speed acquisition and compression storage,

were developed. GPU based algorithm was carried out for efficient beamforming. Furthermore, based on SVD clutter

filtering, dynamic signals of small vessel were extracted from 3D ultrasound data, and power Doppler images of each slice

and color Doppler imaging of small vessels in coronal plane were obtained. Finally, the 3D image was obtained using a

voxel-based reconstruction method. Results of a rat brain showed that such an imaging system can be used for in vivo

imaging of three-dimensional cerebral vascular networks, as well as quantitative evaluation of cerebral vascular injury.

This work can benefit for the development of new methods for encephalopathy detection and diagnosis. In addition, the

method and systems in present study can be helpful for microvascular imaging of other tissues.
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FHGHIHJHKHLHMHNHOHPHQHRHSHTHUHVXWHYXZH[
\^]^_^`^a

[1] bdc^e^f^g^h P^F^G^I^J^K^i^j^k _^lm!n!o!p G!I!J!K!i!j
(MRA) q^rts!u!v!w V!x!yz^G^I^{^|

(CTA) }^�^~^� |^G^I^{^| (DSA) [2] b�^�^����O^�^�^�^�!�^��J!K!�^�!�!���!�^�!{!|^�
�H�H� ���H�HiHjH� cHeX�Xg����H� �X H¡X¢X£ b
DSA

G!I!{!|!�¤[ \
X ¥!¦ �!S!T } {!|!�!§!¨ h©!ª b MRA } CTA
[ \!«!¬ h!­ � ��®!J!KH�!��H¯H°H��¡H±H²H³H´HµHGHIHJHK

[2−3] b�¶ @ JHKHij�·¹¸HºH» g OH¼HJHK [4−6] } QHRHGH½HJHKH��¾ �[ \^«^¬ q ¸^¿ qÁÀ^Â^Ã � h^¶ @ ¡!Ä^Å^i!jÆ·tº gO!P!ÇXG!½ h!È!É [3] b ¸!Ê ¶ @ ¡!Ä!ÅË·tº g O �G^Ì^P^G^I^Í^Î!U^V^�ÁÏ^P^Ð^Ñ }^Ò Ð!Ñ^Ó^Ô qÁÕ^Ö� �Á®^×^Ø^�^¯^Ù^G^½^¨^Ú^�^�^�!�ÁÛ^£!O^PÆÜtµ^G
I h J^K } È^Ý �Á�^F^G^I^J^K^Þ!ß^à^á c^â!ã � «M \!ä È!Ý F!G!I!S!T [2,7−9] bå �Xæ ��çXOXèXáXéXêX� hX¶XëX¶ @ JXKX��ìíïîïðïñ ¶ @ h Øï�ï£ïòï��óïôïõïö îï÷ïø �ï��

[10] b�ù N!ç!O!ú!û @!ü y É!h ð!ñ L!M!� ¶!ë!¶
@ JHKHýHþHêH�HèHáHéXÿ��������XØ��HK��	�X�����
����HõHöHJHKH�H�X�	
�� ¶ §��HØXý�� h JHKØ!�

[11] b�� O��!Ø!è!á!é��!K h������ ¯!Ù!�����ê�� h çHOH¡��H�HèHáHé ù������HhH¶HëH¶ @ JHK�!ó!ô!õ!ö ¶!ë!¶ @ J!K h �!K� �! [12] b#"�$�% �&
(SVD) [13] } çHO�'�(HkHJH�H��) (RPCA) [14] *+ iHj�·¹¸HºXõ�, g O�-XQHR�.Xé�/�0H�1� \Xä ³´!G!½ ��2!h õ�3 b 2021 4 �65�7�8 � [15]

³!´ î ç
O ¶HëH¶ @ ¡HÄHÅ h « {H|H��9�:�; h�<�= FHGHIJ^K^�ÁJ^K^�^�^� } ¶ @ ê^�^é?> ù?@ � ³?A �CB?D
100 µm b 2021 4 � Sui

�
[16] E!g î ç!O RPCA h� w�F E�G LHMH³H´ î ë � q	H�I hX¶XëH¶ @ ¡HÄÅ!P!W <�= F!G!½!J!K b 2022 4 �6J�K�L � [17]

ç!O
RPCA

³H´ î µNM <�= FHGH½ hH¶HëH¶ �H�H� ¶ @O?P ó^F^J^K^�Áê^� @ é ��Q?R � D 15.625 MHz, <
= F^G^I^J^K^�^�^�?
?� 13∼16 µm, S?T O 100 µmé�> b 2022 4 � Sui

�
[18] E!g ç!O�� w�U ø ; E�Gh Cauchy-RPCA

/^é^L^M^� ³^´ î H �^�^� h^¶^ë¶ @ µNM¹PHFHGHIHJHK } ¶ @ P�VH²XJHK b ��WHO¶ H JHKHØH� }�X�Y h .Hé�/�0 v MX� ¶XëX¶ @ NF!G!½!J!K h�Z ¨!�!õ!ö î 50
�!�!�!� � �!��[!³´!½!���!Ù�\

1 mm/s, ] N�^�_!� � 
!F�`�a�b h
T G!I!J!K!J D �!² [11−12] bðHñ h�c�dH¶�eH¶�f�g�h�i�j�k�l�m�n ��o�p

q?r �?s?tvu?j?w?x?y?d?z?{?|?}?~��?�?��y?d?��e
��f�g�h�i�j��C�������C������� [19] ������t�y�d
��f�g�h�i�j�����������c�d������ r���� y�d�g
h���� [20], ��������� �� �¡�¢�£�¤�¥�¦�§�¨�© �
n r y�d�g�h [19] �#c�d�����������ª�«�¬�­ ��� m
n?y?d?g?h?t¯® �?� c?d?�?�?° �?±?² �?³?´ o g?h
�?µ?¶?·?¸?¹?º?tv° �?»?¼?½?¾?¿ÁÀCÂ tvÃ ½?Ä�Å?ÆÇ ·�¸�¶�È�É�Ê�È�¢�Ë�Ì r�Í�Î [21] � � �� �¡���ÏÐ?ÑÁÒ £?tÔÓ?­ � n?y�d?Õ�Ö?×�¥�¦?g�h��ÔØ�Ù?tÚ�
�?g?h?Û?Ü?Ý?Þ?ßà®?¬?tàá?â?ã?ä?åài?j?æ?ç?åàg?è?ªéÁê�ë ßìÃ ½ tì|îíÚ�?ï?ð r ´?¹?º	c�d?��� q �? 
¡�ñ�ò��Nóôt � �� �¡�¢�g�h�õ Å i q Ê�È�¢ êöë
ª é [22] �#����£�¤�¥�¦�����·�÷�£�¤�¥�¦�øúùCûCü
¥�¦ r�� n�i���t	¹�ý�þ�ÿ ����� ��� Ì�þ�|����
 �¡�þ�ÿ�t��	� � n�y�d	
	� [20] ��£�¤�¥�¦	��Õ �
n�­�·�÷ ��
 ¥�¦�ø�����¥�¦���i���t�����­�¢��� ÷ ��������� Ö�×�Ì�þ r���� ©�t�����y�d�Ö�×
Ë�°	����f	��h p q t � � � n�y�d�}	��g�h [23] �

y�d���f���h�
���i q t	���������� �!�° r
Õ	"�g�h�¬úí � r ��~�i�j [20] �$#�i�j�¹�ý	%	&	'
��y�d�þ�ÿ�(�s r Ë�°���c�d���f���h���)�*�Ö�×+ r-, Õ?h-"?ç?µ?t.�-�-%-/-0?c?d?�?f-�?h-�-)-*
y?d-�?h [24] � Ù-�?t £?¤ Ð?Ñ-1-2 z?{-3 Ñ ( 4-5 å6	7 � )

r	8	9 t ¾ g�¢�¥�¦�i;:C³	<	=	>	�	?�å@

��h�"�A�B�ø�Ö�C r�D�E t�F�G ² ��H���h ����IJ t��	�	K	L	��h�õ Å [25−26] �M�N�O�P�P�Q�R�S�T�U r�M z�{�}�V�W�ï�t	�
e���f ±�X�Y ñ�ò�­�÷�� M�U[Z }�~�g�h��	è�\�]
%�^�¶�y�d���f�g�h�ñ�ò�����Ï�t � � n M z�{�y
d�g�h�| N�O�_�`�a�b�c�d |�Ì�þ��	 �e�f�����gh þ Ð�i�j ��� y�d�¥�¦�| M }���g�h r ­ ��
 �
� ��¹�ý�kml Ñ�n � h t�o�p�f�kmlöy�d M g�h�|q } 
 M	N	O	_	` Ì�þ�¶ Å )	r ¿ r ­ �	
 i	s��

1 tvu
� 1 w�x f�������e���f r y�y M g�}�~�g�h

~-z x-{ �?t.g h �-
 þ Ð-i-j-|?Ñ � �? ?¡-H?g?h_-` �-� �?×-}?¥-~?| Æ Ç ·?¸?t � ÷îù��-� r �?�
GPU Ã � 3-� r-�?�-�-� �?j �	� ��h?e�Û	
-��t��� ÷�������W J <�� r������ � ��� z�{ ¼ � (� t�% ±�X�Y���� l Å�� <�������� p q�� > ±�X
Y g�}�~���h�t�����·�÷�����Õ�" r i�j ��� y�y

	���
1.1 �	�	�	�	�	�	�	�

Montaldo � [12] ��p r ±�� Ü i q�� ��  » Ï
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g?h?i?j?tv¹?ý-�-¹?Ë?z-�-º � Ü r i q	� t»%	¼-½
� rm¾¿� Æ Ç ��� ��  » Ï�t1è�\�] + á�À�f����
±	� Ü i q	� �	  » Ï�g�h�i�j r g�h	Á	���

g�h	Á	��û K
o�p q�r	Â Á	����g�tÃ^ +ÅÄ oÂ Á-�Áû FC

z N
o � Ü i q-� z?g?t FC

Ì-Æ-*?g
h r » Ï�Ç�>�t	Ã�H�Ë o�p q ��� ��e���f�g�h�tÂ Á�� o Æ ûôy�y�g�h�È�É ∆d |�g�h _�` É�Ü�Ê
Ì?�v¢ Ä o?p q?r �-Ë?�?f?g?h + tvg?h	Ç->ÁûCg?hÌ Ü h |���f�¢	Í�z�{ + r �	Î Û�Ü c Ê�Ì�t FCMÌ	Æ	*�g�h r	Ï	Ð » Ï � >	¥

FCM =
1

N∆t
, (1)

^ + t ∆t *���f�¢�g�h _	` �ÅH ��� i;:C³ r	P	Ñ� ×�t
∆t =

2
√

L2 + h2

c
, (2)

L * � ����f� �¡	É�Ü�t h *�g�h Ì Ü�t c *���f�¢
Í�z�{ + r �	Î Û�Ü�t	á	* 1540 m/s �
1.2 Ò	Ó GPU Ô	Õ	Ö	×	Ø	�	Ù	Ú	Û	Ü	�	�	�

GPU Ã � �-Ý Ï?g?i?jîíÚ�Á��Þ	ß��?��÷��?�
f �	Ý Ï�g�| ��� g�h + [27−28], à	á ��� –

�	�	�

Ý Ï?g?i?j [29] |?�?�-Ë?Û-â-ã-ä-å-æ r � `-�	Ý Ï
g�i�j [30] ���$ç	è�� �	Ý Ï�g r ã	é 
 | �	ê 
 t
¹�ý GPU Ã � ��� –

�	�	�	Ý Ï�g�i�j � n	f	? êr ��Ë���f���h ��Ý Ï�g���H���g�h _�` +ìë ¹�«
(x, z), ¢-í-� � Ü-* θ

� t i q-� �-î ë ¹?«?Ã Ñï¾
��f���µ x1

r	ð	ñ | � ×	<	ò	*	¥
d =

√

z2 + (x − x1)2 + z cos θ + x sin θ, (3)

t = d/c. (4)

%�¶ ë ¹�« (x, z) H�ó�ô�õ � r ����f���µ�¼�½��rö¾ì� ( � ��� ��� t	����« (x, z) ÷ r���Ý Ï�g
Æ Ç �

¢-#?i?j + tøH-�?h + � o ë ¹?« r À-�?¬-ù ,r t ­-ú-¼ �-� GPU Ã � À-�?� ¢ GPU Ã � �-Ý Ï
g-�?j + tv¹?ý-%?g?h _-` �-� h-"ïûÅü-ý	<?tþH Äo h�"�«�<�ò ��� ��Ý Ï�g�|���  ��� À����	·�÷
f�ÿ�y r � z���|�y�y � zöû¿ü�á�À�t�%�H�Ë o�pq ·�¸�� r FC

Ç ¾¿� Æ Ç <�ò�������º�� Æ�Å r
� zïû�ü q + � Ä o � zïû�ü q &-' ± o � z?t�g?h_�` Ä o h�"�« r À���ß�ç�ù�<�����Ë o � z + �
% �-Ý Ï?g-À-�-�?�?� r �?h Æ Ç � GPU � p?t �
� ��� ¼ �	�	� å � > ±	X	Y g�h�|�y	y	
	���
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1.3 �	Ú���
������������	�	�	�	�
1.3.1

��� SVD
r z�{�|�}�~	( � < ñ ��j

��Ý Ï�g���������f���h�( � + &�'�Í�z�{�(� å	}�~�( � | R £���f�� ��Ý Ï�g�� r ��h Æ Ç

���������ÿ�y Casorati � � s

+ t
s � ��y�Ü�¬

Nx×Nz, Nt,
<	ò	H	ó�� Ì Ü�å���Ü�|��	  » Ï	��h

Ç Æ [13,31], Nt
Ì	Æ	* » Ï	Ç	>�¶�·�� � × r�� � �

¢�G � � s
³ ��� ��W J <���t	­������ r�� ×��

W;: Å � U
|�� r Ö�×	�	W;: Å � V , Σ

¬���i��
H ��� ��t SVD <	� á ©	¥

s(x, z, t) = UΣV
T. (5)

SVD <	�	��t ��!�"�# J�$�% r i��	H�"�#;:
Å���� ��Á�t�ç�è���z�{�( � � óô��}�~�( � ���& ? r�� Ö���  
 t	z�{�( � |�}�~�( ��' n�*�Ý
?�|�Ý�( r ��W J ��F�G�­ � ·�÷*) J H�+�( � g
< � � < ñ t,) J�-�Ç ��W J*. � + ��h�/�«�þ�ÿ
|�Þ�0 ����1�2 t,) J � ³ r ��W J�3 *�z�{�( ��-� t4) J � ©-( � 3 *?}?~-( ��576 tþ�-�?���?}
~	( �

M(x, z, t) �
1.3.2 ±	X	Y g�h

û��?}98?~ Ñ tv�9:-( �ï¾��9;9<9= � í?t?>-ß@ * ±-X-Y-� Ð �.H9A9B9C-"?« ÷9D �-` Ñ9E ( � �
�-�-� <9F9G � í-H-ó-f?}?~?Û?Ü�G»( � ¢-# � í?³
D�H Ü�I	H	ó	f�}�~ Å GKJ	# ÷ ë ¹	( ��L Ü [32] �
�-ó9M9G ¼ �-�-� �9G»À-�?Ö?×-�?þ�ÿ ÷�D i9N ( �L Ü�G J�­	���	��B�þ�ÿ D }�~ Å G

PW (x, z) =
1

Nt

Nt
∑

t=1

|M(x, z, t)|2 dt, (6)

^ + G
PW (x, z) *?�?� D � > ±-X-Y �9C�G Nt

*?�
  » Ï	��C	Ç Æ G M(x, z, t) * ¼ �	�	� ����� D }
~	( � D�O y Æ Ç ¸��

�QP�:�Û c R ��¹�( � + 6 � > fc,
¹�ý�À��

±	X	Y	�	��D	� Ð ∆f ,
� ��Ï ±	X	Y Û�Ü�S	z�G	­

À�������A�« D�±�X�Y Û�Ü vD, ����­�����T�U ±
X	Y ��C	¥

vD =
c∆f

2fc

. (7)

V Û�W�À�­�·�÷�! b D ����X ����Y ��Z ��%�[ V
( � �	��\�] ��^�­���� »�Æ ( � MIQ,

R(x, z)=
1

Nt

Nt−1
∑

t=1

MIQ(x, z, t) · M∗
IQ(x, z, t)αe−i∆ϕ,

(8)

^ + G
R(x, z) ¬	À	� N	J�_ � D ù ��� � ��G α *

H J G ∆ϕ * H	��`
� Ð R � Ð ��°	*�G

∆ϕ = ∆ω = 2π∆f. (9)a Ï�� (7) — � (9), ­�����T�U ±	X	Y ��C	¥
CD(x, z) = − c

4πfc

Im {ln (R(x, z))} , (10)

^ + G
CD(x, z) *�T�U ±	X	Y ��C�G \ J ' x [ Vb :C �¡	3 Ñ G c J ' x [ V�d	ñ  �¡	3 Ñ `

1.4 e�f�g�h�i�j�k	Ö���l�m�n�o	�	�
1.4.1

£�¤�¥�¦�����á	À
£�¤�¥�¦�p�q��������Nû¿g h ��
 þ Ð�i�j �Z `Qr � D Ì�s �	
 þ Ð	i	j � Z þ Ð * 0.1 µm `

#?þ Ð-i-j ­?¹?ý9t9:?·?¸-Á-�?�9s9u9v9Gw^9x-3 Ñ
È-É R 3 Ñ Û?Ü-�9y Æ9` H9z {9{9|	�-�9} C � Gv­
È�É {�| ��C D�O y�Ö�×�þ�ÿ�(�~���*���� ����O
y�
�� D -�Ç ` #�þ Ð�i�j ��s R t�Ë�t�: } C�Á
��� X ��Ï�G �	º�� } ¥�¦�¶�·�¸ D � Á���� `
1.4.2 O y	
	��S�Y

%���ÿ�y���C {�| ��!�H�ó D Ö�×�þ�ÿ���° I��� } C�Õ � + G�­	���	
	�	� D�O y	��C [20] ` �0 + ·�÷�����Õ�" D�O y } C�S�Y�G ��� � ÷ Æ Ç
·�¸ + ��� D ��B {�| ��C D Ö�×�þ�ÿ�(�~�%�/�0
ÿ�y���C + D A�B�C�"�«���ÿ�y D (x, z) � ¹����
��� O y�Ö�×� �!�° + G ����H�ó D�O y�Ö�×� �!
(x, y, z), ^ + y Sï:�¬?£?¤?¥?¦9Sï:�ßþH9�-
-�	� D
O y	��C �	�	I J � ÷�� G	Ù	� �	��O y } C `

O y	��C x R z S;: D <	=	>�ûÅ/	0	ÿ	y	��C� Ì9G R?�9� t9:? ?¡ D Ö?×-<	=->��-º�ß y Sï:�<
=�>Nûô¥�¦�È�É�Ê�Ì�G�^ J�� Z I�£�¤�¥�¦�Sm:ì<
=-> � ?9GÔ®?Ó ; ¾9}�Æ Ç Å9� � `�� 0 + G {9| ¥
¦	È	É	* 50 µm, þ Ð Û�Ü	* 50 mm/s `
2 �������
2.1 �������������� 

128 ¡�¢ ��£�t�¤�¥�¦ (Vantage 128, Verason-

ics §�¨ ) ©�ª ��t�¤�«�¬�­�®�¯ r�ª�°�±���² t�¤³,´�µ�¶�·�¸
L22-14Vx, 128 ¹���º�»,¼¾½�¿�À ¸

18 MHz, Á�Â�¿�À ¸ 15.625 MHz ¯ ��ÃÄ¼ÆÅ�ª ­�Ç
¿�À ¸ 62.5 MHz, È�É�Ê�Ë�¿�À ¸ 7500 Hz ¯ Ì 15

¹�Í�Î (−10◦ ∼ 10◦, Ï�Ð�Ñ�Ò�Ó ) Ô�Õ�Ö�×�Ê�Ë�ØÙ » ­9®9Ú9Û9Ü9Ý Ö9Þ ¤9«9¬ »?ß7àÆá9â9ã�ä9å�æ9çè�é�ê » ã�ä è À ¸ 500 Hz ¯ ë ¹ Ý Ö ­�Ç�ì Ð ¸
0.4 s, í�î�ï 200 ¹�ã�ä è�é�ê »ðß�ñ�ò�×�ó�ô�õ�¿
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 Ò���» å�æ�á���
�À�õ���� þ�ÿ�� é�ê ¯
2.2 �������� Ã ­ ª���± SD ���Æ» 6 ����»������ 300 g

( �� � Ã�!�"�#�$ · ú 202202020Z) ¯ � Ã�%�&�'�ª(9¶*)*+*,*- í*�.�0/*1 ,*2*3 ô*49» 3 ô*�.�05 2
%�687�%�9 5 mm :�;�Î ¸ 12 mm Ô�<�Ø�=�>�? ¯@ �A� �CBCD >C? ­ ªCECF �C� ØC�CGCHC&JICKCL
>*?9»NM ¸ K*L9± �*���*O ¶ ¯ � ÃÄ¼ » ­ ª ��P �Q�R�S í���� ,�2 /�1�T Q »U��� ­ ª�V�Î 8% :UWX�¸

5 µl/g Ô�Y�ä�Z�[�/�1�\�]�» ­ ª�^C_�`�Ë�Ô
Ø�� ��a » ç�Ñ�&�b ì�c�d 2 µl/g Ô�Y�ä�Z�[ Ì�Ü

+ \�]�e�f ¯
3 gih
3.1 j�k�l�m�n�����o�pqCrCs e�ÖC&�¹ Ý ÖC/C1Ct P KJL�± �C�JO ¶
%�9�Ô B-mode õ Û�Ü�þ�ÿ���� ê »8u�/�1 SVD ó
×9Ò*�9»wv*x*y*z*{7à0�*|*b*}9² ¯ é 2(a) õ é 2(b)~ t P K*L9± �*� %*99Ô B-mode

é9ê » í.�0� Ì Ê�
B-mode

é�êC� ´C�C�C�C� � KCL�± �C�J� >J?
Ô�Ò�ÓC�C� ¯ é 2(c)

¸ vCxCyC�CbA�Q° é » ó�×�ñ� ¼ »�v*x*y.�0y q*r @ v*x*y.� °9Ô*�*7*I9»��*�

(a) ������� B-mode ��� (b) ������� B-mode ���

(c) ��������� (d) ���������� �¡�¢

(e) ������£�¤�¥�¦�§���� (f) ������£�¤�¥�¦�§����

(g) ������¨�©�¥�¦�§���� (h) ������¨�©�¥�¦�§����
� 2 ª�«�¬�­�®�¯�°�±�²�³�´�µ�¶�����·�¸�¹�º���� B-mode ����»¼¥�¦�§�������½U¾
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«�¬ ¼C�Ây q ¸ 30, ÃA�Ây ÌCÄ ÔCvCxCyCÅ ¸CÆ �Ç Ò X d�Ì ó�ô ¯ é 2(d)

¸ v�x�È X Ô þ�ÿ�� ¿�Éé »ËÊ�%9Ô*Ì*Í.È X Ô9¿9À*Î*Ï9»?í9î9ï*ÐCÑ*Ò*�9Ô
� Ç ò9× � Ò9»ËÓ*Ô9»ËÊ�99Ô*Ì*Í.È X í�î9ï*��f9Ô
L�Õ � Ò ¯é

2(e)—
é

2(h)
~ @ �.�0K*L9± �*�*� >�?9Ôë ¹ s e9Ö*/*19Ô Û9Ü9þ9ÿ*�*� ê*Ö*× »ÙØ7¼ é 2(e)

õ é 2(f) Ò�Ú ¸ t P K�L�± ����O ¶ %�9�Ô�
�À þÿ�� é�ê »UØ Ö�×�Û ��� � é É [33] ¼ÆÔ � >�Ò�Ó�Ü��Ý8Þ Ô�&�ß�±�» é 2(g) õ é 2(h)
¸ í�î�Ô���� þÿ�� é�ê ¯ é 2(b) õ é 2(f) í��8� Ì Ê � » þ�ÿ��� ê @ � bCLCà � ê Ø�Ö�áá�¾ü B-mode â @ ÎC�ãCäCå�æ 
�À þ�ÿC� é�ê õJ�C� þ�ÿJ� é�ê Ô�íA�

¼Â� ÌCçCè |CKCL�± �J�C� >J?�Ô�Ò�ÓC�J��»éu @� é É*¼Â/C1 � > QCR ¯�êJëC�J� 9J
�À þ�ÿJ� éê áA�Qü �C� %C
�À þ�ÿC� é�ê ¼ÂKCì�Ô ( LCÕ�Öí Û �C� %�ÔC
�À þ�ÿC� é�ê ¼Âî�Ô ( LCÕ�Ö í /
1A�Ây�» æC| Û�Ü 
�À þ�ÿJ� é�ê ¼ïKJL�±J>J?Cð
�ï� ¸ 7.66% ¯ LJÕJñ�ÎJòJó�»�ÌJÚ ~ bJLJàJñ�Î
òCó ~ ��Þ @ ª�üCôC��½CLCà ¥�¦CõCö�ìC÷ �Cø�ÔX*ù*ú*û ¯Ëü*ý ü � ê*þ*ÿ � Û���� Î9»�� ¦ Þ ¤ �
� þ�ÿC� í ( LCàCòCó�� � & Q�� ý å Þ�ý�Þ ¤ @þCÿ � Û���� Î�Ø�Ö�	�
�����ï ( LCàCò�
 ´�� ¯��� ¼ »Ëb*L*à���� Ì Ï*Õ*ñ ¸ Ì�Í9» ¬�������¿  
"������ «9¬ (AAPM), �����9È*L*à*Õ*ñ9¡��*b9ü
20 cm/s, bCLCàCÕCñ��Cb�ü 1 cm/s [34] ¯�� é 2(g)

õ é 2(h) Å� �»�����	�Å�!�"�Ô�Þ�ý�Þ ¤ ��� þ�ÿ� é�ê ¼Æ» � � Ô Ä�# 1�L�Õ�ñ�Î�$�ü 1.0 mm/s |
12.3 mm/s Ô�Ð�»�� � � Ï�ñ ( L�Õ � ê ¯
3.2 %�k�l�m�n�����o�pé

3
~ ­ ªC%�&�ÔC� Ü é�ê �Ct�ØC�C�Ct�ÔC�Ü Þ�ý�Þ ¤ 
�À þ�ÿC� ( LCÕ é�ê » ÒJÚ ¸ KCL�±�C�CO ¶ t P %C9�Ô ��' çCè Í�Î�ÔC� Ü Þ�ý�Þ ¤


�À þ�ÿ�� ( L�Õ é�ê ¯ é 3(a) õ é 3(b) Ò�Ú ¸ �� %�9�Ô�� Ü é�ê�( Å é » é 3(c) õ é 3(d)
é Ò�Ú¸ �C� %C9�ÔC� Ü é�ê È*) D 
�+ 45◦ Ô é�ê ¯ Ã�C� %C9�ÔC� Ü Þ�ý�Þ ¤ 
�À þ�ÿC� é�ê /C1�íA�

� Ì Ê � » �C� 9�ÔC� Ü Þ,ý�Þ ¤ 
�À þ�ÿJ� é�ê, ç ��- � ï @ � Ü�. Ð Ä ÔCKJL�± �J� >C?�» á
�Qü �C� %�ÔC� Ü é�ê � Ì�/ Ò�
C� Ü�. Ð�ÔCKCL
± ��� >�?�0�1 ¯é

4
~ � Ü 
�À þ�ÿC� é�ê ¼*2 r Ô ��' ØAÈÝ Ö 
 À þ ÿ � é ê õ í î ü Ú ¹ Ý Ö é ê ¼43

° û65 Ô ' &67 L à Ô L Õ6� Î é »�8 b L à ¸
Bregma 7C% 0.95 mm

s e�Ö*¼Q½�Ô Ä�# 1CLCà�»
ª�ü�ÒC�C� Ü 
�À þ�ÿC�C� ê ØC��íCLCà�Ô�Ò�9 ´� ¯ é 4(d) í é 4(a)—

é
4(c) ¼ Ô�39° û `*>*?9Ô��' Ý Ö�Ô ' &CbCLCà�»�ó X ï qCr Ô Ú ×�:�í�î

Ô�;�<���;�y�» @ ��' 2�Ö�Ò�Ú ¸ 160 µm, 410 µm,

202 µm ¯ � Ã Ö�×�=?> » í�ü ' &�bCLCà�» û�ü (¶ °�± R�@ Õ�A�ÔC� Ü 
�À þ�ÿC�C� ê @ s e�Ö�õ

(a) �������CBCD�� (b) �������CBCD��

(c) �������CECFCGCH 45◦ � (d) �������CECFCGCH 45◦ �
� 3 ±�²�¶CI�³�´�µ�����·�¸�¹�º����CJCK�£�¤�¥�¦�§����
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(a) LCMCN�£�¤�¥�¦�§���� (b) OCMCN�£�¤�¥�¦�§����

(c) PCQCN�£�¤�¥�¦�§���� (d) RCQCN�½CSCTCU�´CVCW���¡CXCYCZ�¡C[��
� 4 RC\CNCJCK�£�¤�¥�¦�§CW��C]CSCTCU�´CVCW���¡C[

^ 29Ö*Ü � á�_9Ô9Ò�9 ´�� » @ @ �9Ø�È`29Ö ( a*e
Ö ) Ò�9 ��b Ï ¯
4 ced

@ �C�C	 ¼Q» û�ü (�¶ °�± R�@ Õ�A�õ�°�f�Þ¤�g 5�hCt�ï�°�±CECF�i�jC� Ü Þ�ý�Þ ¤ 
�À þ�ÿ� ( LCÕ � ê Õ�A�»�u�k ê�lJ� ï�Þ�ý�Þ ¤C� ê õ
� Ü é�ê �Ct ë ��» @ �á� � @ � � � ïCKJL�± ���� >�?�Ô�� Ü�� ê õ Q�R ¯� ÃÄ¼Æ» ª�Þ ¤�¥�¦ í���� � 10 mm × 12 mm

× 10 mm >C?C/C1�ïC� ÜC� ê » (�¶ °�± R�@ Õ�A@ �Jñ�Î�k�m ¸ 50 mm/s, ­ ª�Ô�Þ�ý�Þ ¤J� ê Ø
��» Ú�Ý Ö�È�É�Ê�Ë�¿�À ¸ 7500 Hz, ã�ä � ê�è À¸

500 frame/s, ­�®�ì Ð ¸ 0.4 s, 200 ¹ Ý Ö «�¬�­®�ì Ð ¸ 280 s, nÆ× «�¬ î X�¸ 200 GB ¯�­ ªporq
Ê�Ô GPU uC1�×�s�ä �Cë � @�t ¿ ¸ 2.9 GHz Ô
6 u Inter I�" µ i5-10400 õ�&�v NVIDIA GeForce

RTX 3060 12 GB GPU, Ò�1?w8â 32 GB Ô ê�ë EÄ¼
/C1�×�s�ä �CêCë »�� � � 3575 frame/s Ô�Õ�Ö�×
Þ ¤ n × «9¬ Ô9×�s9ä � ñ�Î9» @ 180 s w l*� ��x
200 GB n × «9¬ Ô9×�s9ä �9¯ ­ ª SVD ó9× µ � Ì@

50 s wÆí 200 ¹ Ý Ö�×�s�ä � 9 «�¬ /�1�ó�×�»
�Ct�å�æC� Ü Þ�ý�Þ ¤ 
�À þ�ÿJ� ( LCÕ é�ê ¯ @Ä &�y�z # » � Ì @ 600 s w l�{ � � � Ü Þ�ý9Þ ¤

9À þ9ÿ*� ( L*Õ � ê �*Õ � ¯ @ «9¬9­�®�|�} » ­

® ñ�Î t ø üCý ü «�¬ ��~��C;�» ­ ª���<��C;Jâ� õ «�¬ ��~�k��C� Ì /C&�����< «�¬�­�® ñ�Î å@ nQ× «�¬ ×�s�ä � õ�ó�× |�} »�IJ"Cñ�Î üCý üÆ�� z�y�z9» 9��*� Ì ã*ù GPU u*19×�s9ä �*ë �
õ9ó9× ë �9»��9Ò��9ª*u*1 ê*ë���� »Ë/*&�����<��
Õ � ñ�Î ¯Û Û9Ü á £ f*� Ü*� ê Ø*�9á.� »�89Ø*�*� Ì @
ÎCÏ�Ô�k�� � � # � � íCÎC�C� í ÔC
�À þ�ÿJ�C�ê » @ GPU u*1 ë �9Ô�� + # » � Ì � � Î9ý*ñ9Ô9×
s9ä � õ*� Ü �*t ¯���� 89Ø*���*â @ «9¬9­9®9ì Ð
Î*<9»��*ø � ê µ���� � Ç�� + á9í����9Ô�� ä ¯ ¸
ï � � í*Î*�*� í Ô9ý*ñ*� Ü*� ê »��*Ï «9¬9­9®9ì
Ð�»�9���� Ì�­ ª RCA f�² (Row and Column Ar-

ray, RCA) � ê Ø*� [21,35−36] /*1*� Ü 
9À þ9ÿ*�*�ê »wá.� ü Û9Ü á���f*� Ü*� ê � Ì ���9Î��������
õ�f9º « X »���� «9¬9­9®9« X »���<*� Ü 
9À þ9ÿ�*� ê ñ9Î ¯ �9ª����9Þ�  � ê�¡ 4�» Chen Ï [37−38]� � ï�û�ü�¢��CECF�Õ @ ÔC� Ü 
�À þ�ÿC�C� ê Ø
�9» ­ ª 5 MHz °�f g 59õ*E*F @ �9Õ�A Ì 5 mm/s

Ô�Õ @ ñ�Î @ 4 s w � � í 20∼50 mm £�Î�L�à�Ô
� Ü�«�¬�­�® »�òCóCLCÕCñ�Î�¤¦¥ ¸ 5 ∼ 10 mm/s,é9ê Ò�9 ´��9¸ 1.2∼1.8 mm ¯ á*Î9ü����9Þ�  þ9ÿ� » Þ�ý�Þ� C��	�
���§ ÷ bCLJÕCñ�ÎJòCó ��� Î
õ�¨�Î ¯

�CP � QCRCS íC�A� � /C1 QCR�© ØJI�ü�á�í
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���9»�ª�«*Ò*�9í*� Ü*� ê�¬ X�­�® Î*b�» @ 9���¯
M*¼Q»�� Ì�°�± @ � Ü �Jt ¼Qí Ú�Ý Ö R mJ/J1�²
$9» æ � /*&�����<*��t ¬ X�³ ü�ý ü�´�Ë�µ ý » @
15.625 MHz Á9Â9¿9À # » � ê Ò�99À*� ¸ 100 µm

³ 8
Ò�99À·¶ ´ Î ¸ ¨*$ �*� � �*� >*?9Ô*� Ü Q*R » uQ X�¸�¹ �*� >*?*L*Õ*�*� ³�º b Ý Ö9Ð�»*:�¼�½ �
� d i�j�Ø Ù õ�¼�¾C� Ü �Ct ë ��Ï�¿CMC��À�ü��
<�a*e9Ö9õ ^ 29Ö9Ø.È � ê Ò�99À ³�Á�Â »�Ã�À�á '� Ã�k��9»?û9ü9Þ9Ò�99À9Þ�  Q*R 	 ( � ê�¡ 49»�Ä
Ã . Ð�Ò�9�À���§�Å 10 µm B )�» æ ��Æ � Þ����� ( LCà¦Ç*È � ê ³ ��É � Ã*¼ ¸ ï�å�æCÎ Þ ÔCL
à*L*Õ � ê*Ö*× »���Ã�À9ï�q ,�Ê Ô � Ã�Ë b » @ 9
��¯�MÄ¼Æ»U��Ã�ß , á R�Ì ½�Î ( ë � [39] õ�Þ� �H­ W�����á Ö ä�» � q ,�Ê�� � � ( L�à � ê ³
5 ged

��É���
�Ô�û�üC� Ü Þ�ý�Þ�  � ê ÔCKCL�Í ��C� >C?CòCó�õ QCR ØJ��» � � ï�íJ�á�*� � ( L
Õ�Ô�< ¬ X � ÜC� ê » Ì "JKCLJ>C?�Ô . Ð�¨J$ QR »�Î > ï�89Ø*�9Ô*�*1�Í ³ � Ü Þ�ý9Þ�  ( L�Õ �ê í ��� ¼ � � �C�C��Ï�Ð Ô�ýCñ � LCÕ � ê õ�ÑÒ Q�R � Î Þ Ô�Ê - %�Ó�Ô�î�À�Ô ��³
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