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Abstract In order to improve the efficiency of high intensity focused ultrasound (HIFU) therapy, lesion formation

induced by HIFU in continuous scanning mode along a spiral scanning pathway were theoretically and experimentally

investigated in the present work. The Khokhlov–Zabolotskaya–Kuznetsov equation and bio-heat equation were combined

in the current model to predict HIFU-induced temperature distribution and lesion formation. The shape of lesion and

treatment efficiency were assessed for a given scanning speed at two different grid spacing (3 mm and 4 mm) in the

gel phantom study. The results show that uniform lesions can be generated by the homogenization of thermal diffusion

along the spiral scanning pathway. On this basis, the complete coverage of the entire treated volume can be achieved and

treatment efficiency can be optimized by choosing appropriate grid spacing and scanning speed. This study is helpful

for further optimization of HIFU therapy.
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��	�	�	���	����� U����	���	� ���� ������ $+�!�" �$<$=$[$\�# j-k$b-c$l$m HIFU

N�O�>���R���b�c	$ ú	%	&	'	(	) R��	*	+�� U �X-Y j-k-�-<-=-[-\ B
n$f$g$h$2$b$c M � C ! HIFU

�$�(M,���$�$�
��- ]�. ?�-�/$g$��0�1$� �$� h$2���� � �$<$=$[
\�2�3�4�5�6$�87�9�:�;$h$2��$� �-��<�=�> �8?�@A h$2��$��B ú �$� [4] B � �$�$��C�D �$<$=$[$\$�
�	E ÷ HIFU

���	F	G ���	�IH	J���E�n	K	L	M	N
HIFU N$O$�$b$c$d 
 B Luo ��E�O$n$f$g$h$2$b$cM �8��
���� Z�P �$i Z�Q � �$� ��R�S�T$2-� >�U
��S	V	W	X	Y	�	
	B	Z M[��� �	\����	0�1��^]	?�$� Z C�D �$[$\ [5] B Zhou �$n$f$g$h$2$b$c$d 
_ �I` Z � 3 � <	a b�c	b�F _ HIFU �	
�n	c �d	e i�f &	f 5�<�= M [�\�� X�Y � 3 �	b�F >	g
�	h	i�E	j	b�F�4 C	k	lnm �	� j�>�? C[mol�k �� j [4];

%�p�q�r�sutwv h�i-E�j�b-F � ` �yx- �� j	b�F	� � ��[�\	z ]	{�| ��}�l�[�\ >�~�� 6C�D B Liu � ^ B q�� HIFU
�$� � ��� F �����$f

g-h-2-b-c-d 
 [6] B Kaczhowski ��E�O->u
 R-��$ú��
HIFU � W�� b-c-��� � j-k-�-<�=�[-\ [7] B

Fan ��` Z � f�g�h�2�b�c�i�j�k�b�c�� � <�=�[
\�� X	� >�? ���	F	G ������j�k�b�c�� � ��<�=
[-\ ��C�D��-�-��F�G�� ÷ [8] B��� N�������� � j�k ��� b�c�d 
 _ HIFU

� � � ��
 <�=�[�\������ ��l��	��j�k ��� b�c
d 
 ��n Q ��� % � C�D ��� &�) ��[�\ B������� !��	j ) þ h	��S	Z�i �	� h	-	��S	Z���� � d� ��N	� �	�	�	� f�i�b�c�$ ú�� <�=�[�\ X�Y �
0	1	# %	p�M[�	"�� j�k �	� b�c�d 
 _ HIFU �� ��<�=�[�\�� %	p	  i���N	¡ � d�e & d�� %	pp�¢ B
1 £¥¤¥¦¥§¥¨
1.1 ©�ª�«�¬�­�®�¯�°

Khokhlov-Zabolotskaya-Kuznetsov (KZK) SIZ±	²  �!�c	³ ÷ ø ú û ü ý þ n�<�= M ���	j ) h
�$�µ´$d ��¶ ��·�¸$��¹�º 4µ»�¼$i$��j )�F � [9] B
KZK S�Z-�-��½ X 
 �óò

∂2p

∂z∂τ
=

c0

2
∆⊥p +

b

2ρ0c3
0

∂3p

∂τ3
+

β

2ρ0c3
0

∂2p2

∂τ2
, (1)

� M � p l þ�¾ � τ = t− z/c0 l�¿�À����$� z � þ�ÁÂ j-S l ��Ã�Ä-� β l-<-=-�-��j )�  ñ-� ρ0 �-<
=�Å ú B ∆⊥ � Laplace Æ�Ç-� n-E�È�Ã�Ä   Mws�É

�óò ∆⊥=∂2/∂x2+∂2/∂y2, ?-n�Ê�Ã�Ä   Mws�É �óò
∆⊥=

1

r

∂

∂r

(

r
∂

∂r

)

+
1

r2

∂2

∂θ2
,

b � þ�Ë h���Ì�Í-��»�¼�Î�Ï-�ÑÐ�Ò�Ó   Ï α=ω2b/

2ρ0c
3
0 Ô�Õ�Ö�×�Ø�Ù�Ú�Û�Ü ��Ý ��ÞIß Ö Â Õ�à Þ�áâ Ø Ê�Ã�Ä   Ô
KZK Ù�ã�ä�Ù�å�æ á â Ø�ç�è Æ�é [10], ê�Ð ¾

p ë�¡�ì�í�î�ï�Ï�ð�ñ�ò�ó�ô
p (z, r, t) =

+∞
∑

n=−∞

Cn (z, r) exp (jnω0τ), (2)

õuö Þ
ω0 ÷�ø ç Þ Cn ÷ n ù�ú Ë Ù�û Ï�ü�ý Ôê Ü (2) þ�ÿ Ü (1) å�æ Þ���á å���� ù�ú Ë Ùü�ý Ô� Ð�����	�
�� ö
����� Þ���� Ð�Ý�����
����� Þ���� ÷�� Ý Ô 
�� Ù���� â Ø �� Ù ��	 � �! ã�ä Pennes ã�ä [11] Ô

∂T

∂t
=

kt

ρ0Ct

∇2T +
Qv

ρ0Ct

, (3)

õuö Þ
ρ0, Ct, kt

��" ÷ 
���#�$�%'& ��( ! � Þ T

÷ 
�� � $ Þ Qv ÷�)�*�+�,�)�* ��-/. 
�� � Ù �
� Ô10�ã�ä ö32�4�5�6�7�8�9�: Ù ��;�< Ô Qv

á â
Ø ò�ó�= Ü�>�?���@ [12]:

Qv =
1

ρ0c0

N
∑

n=1

4α0n
µ |Cn|

2
, (4)

õuö Þ
N ÷ >�?�Ù ú�A�Ï Þ ��B�C ( ��	�
�� ö µD�E ÷ 1 Ô


���F�G Ù ��H � Ù�>�? = Ü ÷ [13] :

TD (x, y, z) =

∫ t=t1

t=t0

R43−T (x,y,z)dt, (5)

õ ö Þ
TD ÷ 
���I @�Ù ��H � Þ T ÷ 
�� � $ ÞKJ

T >43℃, L R=0.5, M�L R=0.25 ÔON = Ü ÷�P�Q =
Ü Þ õ 	�R�S�T�U�ê ��H ��V�W ÷ 
���� 43℃ ó �X Ù ��-�Y[Z Q�\/] 
���� 43℃ ó�^�_ ��` 240 mina ê�b�c ��d�e Ù c�f Ô � HIFU g X Ù�h�i ö 0
= Ü�j�k�l�Ø�Ö � F�G Ù�m�n�Ô

��	�
���Ð�o�p�Î�Ï ( ò�Ð�q�%�Ð�Ò�Ó ) r � $4�s Ôt� $�u � a Þ Ð�Î�Ï�v�w�x���u ��Þ Ð�y ��z{�|�}�~ x�����u Ô HIFU g X
`
ä ö Þ Ð�q�v � $u ��Þ Ð�q�u � 9�: Ð�����u�� Þ�� à ÷�� – Ð����

c�f [12] Ô 5�6�� � $ Õ Ð�q Ù���� Þ � � $ ��� �
Õ Ð�q�ë������ Þt��� >�? Ð�y ÞK����� û Þ � N ø��������: Ð�y�% � $�y }������ Ù�����Ô
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dr=0.1 mm, dz=0.04 mm,
��-

 �

dt=0.01 s, ������������ $ Ù���� ó�Ó�� >�?�����Ô B�C Ù Ð��� Ï�ò�ó�ô #�$ 1043 kg/m3, Ð�q 1542 m/s, ����p� Ï 4.2, 1 MHz

� Ð ç�� ó Ù Ò�Ó � Ï 2.3 Np/m Ôõ & ��( ! � ��" ÷ [14]: Ct =4500 W · s/m3/℃, kt =

0.6 W/m/℃ Ô
1.2 �� �!�"#%$ Ï	ý%& Z Q h�i ö('	â Ø ò%) 1 *%+ Ù ß.-,/.-0-1 ����� Ô32 ö/4 b�x Þ35-6-7-8-9 +-:q-;-< Þ 2-= �->-? 0-1 � Ù-@-A Þ3B �-C-D Ø�ÖE�F�G�E ��� Ù -�H Ô ÷ ��I � ��� ÞKJ ë�� )�L Ù
HIFU g X Ô

M
1 NPOPQPRPSPTPUPV

2 WYXYZY[Y\^]^_
` ý%a%b%& + � Z Q h�i ö(c Ø	Ù HIFU d	Ýe ÷gfih Ù Úkjklkm d Ý e ( m C 10.0 cm, n �

10.0 cm,
ö�4 ç�� 1.12 MHz) Ô ) 2 ÷ HIFU o 0�1

� E�G�p ��
���F�G Ù Z Q �  �q ) Þsr S�A���x��e
(Agilent 33250A, t%u )

p � ö(4 ç%� 1.12 MHz,v�w�� û�ç�� 100 Hz, x � & 31.25% Ù�y�z�Ô3y�z
P�{ ��|�} e (ENI A150, t�u ) |�} Þ�~

`��������
� � a�� < HIFU d	Ý e Þ3� b�Ð { � ÷ 118 W Ô
m�� Ð�� Ù���� ~

`�������� e
(HFO-660, ONDA,

t�u ) ë�� Þ Ð { � á ß m�� Ð�� >�?���@ [15] Ô d�Ýe Ù ;%< ~
`

Labview �%� �%�%� h%�%�%�%�%� <���
(Newport ESP7000, t�u )

Z c���_ 0�1 G�E ÔZ Q
`
ä ö Þ � ^

� ö � $ ÷ 30℃ Ô
+ � Z Q öwâ Ø Takegami V�� [16] � b Ù����

��	�
��%�%� Ù%�%� B�C
�
ã h-  Ù B�C Ô õ-¡%¢> � U�ô¤£ 100 m B�C ö¦¥�4 44.5 ml §�¨ � Þ 30 ml

© ��� Þ 24.8 ml Ù 40% +�, & Ù�ª�«�¬�­
��®�¯ Þ

0.5 ml Ù 10%

`�°�±�²���®�¯ Þ(³ & 0.2 ml Ù�´�µø
¶¦· ­�Ô ê � F > ��¸�¹�º : Þ ë���»�¨�¼�R a Þ½ Ö�¾�¿�À�Á�Â e ( Ã�� 10.0 cm, � $ 5.0 cm)
ö Þ

1 Ä 2 ¿�Å � a Þ1� >�B�C Á Y �
��Æ 6�Ç ó Þ ���

� $ � � Ä 58℃
a Þ���È
É¦Ê�Ë � ] Á ÞKÌ Ö�Í�Î�Ô

M
2 HIFU ÏPQPRPÐPTPSPÑPÒPÓPÔPÕPÖP×PØPÙPÚPÛPÜ M

+ � Z Q ö HIFU

Æ
mÝ� C + � \ j 1.2 cm

( ò�) 2) Ô ÷�Þ�ß B ��C�D ( G�E q�$ Õ 0�1 � G�Ep ��
���F�G Ù���� ÞKà�á ë�� ��â�Z Q Þ � } j Z
Q�ã ��ó ³�G�E q�$ 1.0 mm/s o�Ã������ Õ + � ë� HIFU ä 6�Þæå � F�G Ù�ç $ ÷ 3.3 mm Ôæè�é â�Z
Q ��� Þ â Ø�ê�ë B ��C�D Þt��" ÷ 3 mm ( 4 mm;ì%í �%£�
 �%î 5 ¿ Ë j	Ù G%E q�$	ë�� Õ 6	Þ õö B ��C�D ÷ 3 mm

� Þ¤G�E q�$ ��" ÷ ô 1.0 mm/s,

1.2 mm/s, 1.4 mm/s, 1.6 mm/s, 1.8 mm/s; = � B�-C-D ÷ 4 mm
� Ù G-E q�$ ��" ÷ ô 0.4 mm/s,

0.6 mm/s, 0.8 mm/s, 1.0 mm/s, 1.2 mm/s Ôðï � Z Q� û 3 ù ³�ñ  > ��ò Ô
3 óYôYõYöY÷
3.1 ø�ùú�û�ü�ý � $ ÷ 30℃, þ B ��C�D ��" ÷ 3 mm

( 4 mm
� Þ

HIFU o 0�1 � G�E Ôðè�é R�ÿ ��� `ý >�?�� b Ù�� $�y ��z (
� ) )

³ &�
���F�G ��z
( ó�) ) ò�) 3 ( ) 4 *�+ Ôß ) 3(a) ( ) 4(a)

ö Ù�m � j�� $ ��z�á���Þ
m�è�Ù�� $ � > 3 ¿ L ù Þ ��" Õ ~ ) ö Ù�� %���%� Ê Y � Ê���� * Ö G�E ��� � Þ è�é � � ! ��� Þ
I @

�-Æ ä 6 Ù ��� | , Å��	��
 <�� � Þ c ���D�
 è���� $ ��� Þ C�D G�E ����� D Þ ��� � � Þ
è-é������-}-Å�� � b � � Ê ( � Ê 
 è���� +����� ��¿ L ù ��z���º : � ��������� b 0�1 ��� �
� Á ��2�4 b�c�� �

`
� � c�f ���! �� Ê 
�" ¼��G%E ��� �#�%$ ä 6 � 
�" � � 
 < | ����@ }�&

� â û ä 6 
�" � !�' õ�(�) Ë%º : � � ô Ã���* �
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� ��� * ( ö */& a * (��K.�� & .���( � Ã���* �*%¼��%Ã	� �	
 ¼ � è%é���
	���	��� õ I @ & Dä 6 ��� � 
 < ������� � & ö a * ¢ } � = ö *L | I @ � f .�� � �-Ã%��* � � 
 < ��� Y .	�
& .��#(	�	� { U � 
 < ����� � !�' .	� �-ä 6� � ü�ý � $ �� .�� �

��� G-E q�$ � �  � b { � ý��-Ë u ��� =
 � � � ��� ����� � � $ � � ��� ý {�� Å �� ) 3(a) — ) 3(e), þ G%E q�$ ��"	� 1.0 mm/s,

1.2 mm/s, 1.4 mm/s, 1.5 mm/s, 1.6 mm/s
�#� � $� } ý 5���� 105℃, 90.5℃, 80.2℃, 75.8℃ ( 71.6℃;� ) 4(a) — ) 4(e), þ G%E q�$ ��"	� 0.6 mm/s,

0.8 mm/s, 0.9 mm/s, 1.0 mm/s, 1.2 mm/s
��� � $ �

} ý 5���� 143℃, 114.5℃, 103℃, 95.5℃ ( 81.4℃ � S���	 � � �	!	" 2�4�5�6 ¨
¯
ê }	#�$ �%� =� ��� $ |

��`
100℃ �

� ) 3 ( ) 4 & m � j�� F�G ��z � � � v�'G�E q�$ � ��� � F�G 
�"�(�) 
�} � ��> � + p �
� F�G � F�G 
#" � ��z-³ & 
-}#�

`
"�r�w � EF ��� $�y ��z o�p�* � �K.�� & .���(�� � * ( &*/& a * (�� � .��
,�.�� % � & � * , a * 
�+��

, &�) 3(a)(b) ( ) 4(d)(e),
} j G�E q�$�- B��C�D u Å � .�� � � 
 < ,�.�� ����.�/ �10 @��� ��� $�u } YKì�í � .¦.�� ��2�j  �3 - � ����w-	4 P ä 6 � 
#" p � �%Í������ ��Z c � � + p

� � F�G � B ��5�6 � 3 mm
��� ��> � + p�F�G �7�8 q�$�9 � 1.4 mm/s, = B ��5�6 � 4 mm

��� �
> � + p�F�G � 7�8 q�$�9 � 0.9 mm/s �
3.2 :�;�<�=

) 5 ( ) 6
��"	�%G%E ��� B �%C%D � 3 mm

( 4 mm > � Ë j G%E q�$	-�B�C + � & � F�G ���?�)�r�@�?�) � ) 5 � ��?�)A& � � F�G�§ (e)
.

' �%> � ¾	B � 2 ?	C � m û �-> � + p�F�G � 78 q�$ � 1.6 mm/s; ) 6 �	?%)D& 2�4 b�c ]�E �
��F p�G�H � ����I � ��J 
�K���L�M�N ��O�P��1Q
@	?	RD& �	S	T ��U	V !XW � G�H F�Y	Z�[�\	]�^_�`�a � ����b .�c���d	e R 5 f�R 6 &�G�H�g�R
B �1h J G�H�g�i�j�k ��l�m�n�o�p�q g�G�H�rts�uh @�?�Rv&�r�w�x�y�z q r�{�|�} 17 &�~ 3������� /	� HIFU �	� �	� g	� �	�	� r��	� F	�D� g
G�H����v� J � ����� r���{ ����� ����� [18] �

(a) (b) (c) (d) (e)�
3 ��������� 3 mm ���� �¡�¢�£�¤�¥�¦ ( ¢ � ) §�¨�©�¥�¦ ( ª � ), «�¬�­�¤�¥�®
��¯ (a) 1.0 mm/s; (b) 1.2 mm/s; (c) 1.4 mm/s; (d) 1.5 mm/s; (e) 1.6 mm/s

(a) (b) (c) (d) (e)�
4 ��������� 4 mm ���� �¡�¢�£�¤�¥�¦ ( ¢ � ) §�¨�©�¥�¦ ( ª � ), «�¬�­�¤�¥�®
��¯ (a) 0.6 mm/s; (b) 0.8 mm/s; (c) 0.9 mm/s; (d) 1.0 mm/s; (e) 1.2 mm/s
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(a) (b) (c) (d) (e)�
5 ��������� 3 mm ����������	�
�¨�©�� «�¬�­�¤�¥�®���¯ (a) 1.0 mm/s;

(b) 1.2 mm/s; (c) 1.4 mm/s; (d) 1.6 mm/s; (e) 1.8 mm/s

(a) (b) (c) (d) (e)�
6 ��������� 4 mm ����������	�
�¨�©�� «�¬�­�¤�¥�®���¯ (a) 0.4 mm/s;

(b) 0.6 mm/s; (c) 0.8 mm/s; (d) 1.0 mm/s; (e) 1.2 mm/s

��
�������� G H g F Y ����������� �
R 5(a) — R 5(e), ����������� 3 mm, ^ _�`�a
l�� � 1.0 mm/s, 1.2 mm/s, 1.4 mm/s, 1.6 mm/s,

1.8 mm/s  r � � g G H F Y l!� �!" 1881.6±

0.8 mm3, 1673.5±3.3 mm3, 1490.8±1.9 mm3, 1366.2±

3.0 mm3, 925.8±15.8 mm3; R 6(a)— R 6(e), �#�#�
�#�#� 4 mm, ^ _�`�a l#� � 0.4 mm/s, 0.6 mm/s,

0.8 mm/s, 1.0 mm/s, 1.2 mm/s  �r � � g�G�H
F�Y�l�� � 4865.1± 15.9 mm3, 3323.1± 40.8 mm3,

2933.3 ± 53.4 mm3, 2262.9 ± 39.0 mm3, 1559.1 ±

33.6 mm3 � R 7 ��� Z�^ _�`�a%$ g�G�H%&%' `�a �
G�H�g%&%' `�a ��G�H F�Y �%�%(%) r+*%,%-�����g
�%. r0/ � -����% %1 � ]#2�^ _�`�a g#3%4�r G�H
&5' `	a5657 O w	x58�95:�g�; � � � ^ _�`�a Q
%<%=%> g `�a%?%@ 3%4�rBA%C�g J%�%D#E r J#F K
g%G%H NJI F c rBK%L�G�H%M%N%O `%F%P r1��� �%.(5Q5R5S � b J5F K g5G�H�T5U \5V�T 
5<�W f	g

q%X r1G�H%M%N%Y Y g F%P%Z%[%\%] rB^%_a`cb#d%e
- 
%<%f%g r+h%i���� �%.%j \%k � ^ _�`�a g �%
�%l%m b%3%4 � �%�%�%�%� 3 mm  %T%n ^ _�`�a �
1.6 mm/s, o�{#d#e f#g :�G�H�g#p#q `�a#r#s#t �
�#�#�#� 4 mm  #T#n ^ _�`�a � 0.8 mm/s � �au
R 7(a) {	R 7(b), v	x =5w g5�5�5�5�5x ( T5y5z
g	G	H5&5' `	a r{o5|~}�- =�w g5���5��� y5���� l ~5H~���5� J5F K g ��� L�M r Q b�d�e f�g
:�g�G�H�r R z ��� �%. rB�%�%o%�#�%�%� s%� g%�
�#�#��f#T#n�g ^ _�`�a ��5�5�5� � �5� }�r{�5H����5��� ^ _ �5� ��

HIFU ����r�� Q%��J%F K g L�M%�%� � r�&#' �
� g J5�5�5t h5�5�5  � r J5F K ��¡ I HIFU �
� � �5�5¢5£	g k5¤ r�~�H~����� J�F K g �5� L
M r � Q &%' f%g :�g �%� r 6#¥#R z ��� �#. � b
� � l v5¦ J5F K g5G�H	r{��� s5� g5�����5��f
^ _�`�a%§ �%¨ ��rBo%�%�%©%ª%�%« . r �#�%¬#­ g
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p�� � H � HIFU ��� ` b�� ( -�� ` g v� r h ��� f���� ( T���� g � H � ��� HIFU �
� h���� f���� �� O�!	c g�v � � 1 � p���"5H
g�#�$ ^ _ �5��% ��&�'�( ^ _ ��� r � [�)�F &
g�*�+�r ��� l�, � ��� r.- l ��� �0/�r.- l M
N �5� � c r.1 c -	�	����2 � g�����35:�f�4�5
: � Kaczkowski ��r Curiel ��6 � o 
�7�8#�#� -

�9 ��: [8,19] � �#� HIFU ����; 3

< ��< ��=#"
(1) &%'?> � g �%� d q f g Y t (2) &%' l?,%�%� g�#�#t

(3) &#'#�#e f#g g �#� � < |�g�� � 9 : -
�#H#�#�#�#� ^ _ �#� r � Q�@ /#o�A#��= � HIFU

��� � �%�%�%� g%d%e = �?B?C�rt{ ) � � rB'�D �� r ����� � � ��� rFE?G�f�H?I�g�J h r ��K�a?LM#§ � L ; = c *�+ [20−21],
< | � � )�N#s ��O�P

x _5��) � � d5e	g ���5��� r y 1�Q s g�R�S	g
��O ;�T h�U ) g�V#G � ( T�W�X �

�
7 ¨�©ZYZ[�­�¤Z\�«�¬�­�¤�
Z]Z^�� ���
������¯ (a) 3 mm; (b) 4 mm

4 _a`
< | �5� - HIFU
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