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2013  12 � ACTA AUTOMATICA SINICA December, 2013¹N1ÆÝKä�¤�XÚ�A^H ? 1 4  1 Â & 2 ÁÅ² 3   2 X $ 2, 3Á � 1ÆÝKä�¤� (Optical projection tomography, OPT) Eâ�±é 1∼ 10 mm ºÝ�$Ñ�)Ô��?1-u¤�, äk��?��m©EÇ!�Ë�!¤�$�A:, Ǒ�º�)Ô���p©EÇn�¤�Jø
�«#��ã. OPT��ÏLélN)Ô|�X�à�Æ!�àì(�¤�,?1�Ô��µ�!ÄÏL��ïÄ, �´lN¤�ØUÄ�!��/�N)Ô|��Cz, Ïd¹N¤�EâÅì¤Ǒ OPT +��ïÄ9:. �©�[0�
·�gÌïu�¹N OPT XÚ, T¤�XÚ±O�-1ìǑ1ü�, p°�£ÄÚ^=>�²�Ǒ��½ ü�, $§>f�O (Electron multiplying,

EM) CCD &ÿìǑæ8ü�, ¢y
�éJGW���ªÄÔ�¹Nn�¤�. TXÚ��m©EÇ`u 10 µm, ¤�À�
1∼ 10 mm, ×£�m�u 2min, ï�m�u 5 s. ��, �©ÏLJGW�n�¹N¤�¢��«TXÚ�ö�6§!¤�(JÚ�Ú�)ÔA^.'� 1ÆÝKä�¤�, ¹N¤�, ÉÚF1�x, JGW, w�¤�Ú^�ª H?, 4,Â&, ÁÅ²,, X$. ¹N1ÆÝKä�¤�XÚ�A^. gÄzÆ�, 2013, 39(12): 2043−2050
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A Novel In-vivo Optical Projection Tomography System and Its Application

GUO Jin1 LIU Xia1 DONG Di2 ZHU Shou-Ping3 YANG Xin2 TIAN Jie2, 3

Abstract Optical projection tomography (OPT) is a low-cost and high-resolution imaging technology which can provide

three-dimensional (3D) images for samples from 1 to 10 mm. OPT has been greatly applied to drug efficacy evaluation or

gene expression through imaging low scattering ex-vivo biological tissues, such as small animal extremities, animal embryos,

etc. However, ex-vivo imaging cannot record dynamic change in biological tissues. Therefore, in-vivo application of OPT

is promising. Our group has developed a novel OPT system for in-vivo imaging of small insects. The system consists of a

continuous wave (CW) laser, three translation stages, a rotation stage, and a low-temperature electron multiplying (EM)

CCD camera. The spatial resolution of our system is less than 10 µm with an imaging field between 1mm and 10 mm. An

imaging experiment costs less than 2 min containing a 5 s 3D reconstruction. Besides the system introduction, this paper

also demonstrates the system operation processes and preliminary biological applications. Experimental results show that

3D in-vivo imaging of drosophila melanogaster pupae and other insects are easy to implement by using our system.

Key words Optical projection tomography (OPT), in-vivo imaging, green fluorescent protein, drosophila melanogaster

pupae, microscopic imaging
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¤�Eâ��m©EÇ�����?$�æ��?, �du¤��Ýk�, ØU^uÎ�?¤�. Ïd, ¤��Ý3 1∼ 10 mm ��, ¿�äkp�m©EÇ�¤�EâÚXÚ�é"y.

2002 , =I�ÆïÄn¯¬<a¢D¤�
Sharpe �3 Science þ>©, JÑ
�«#�¤���—1ÆÝKä�¤� (Optical projection

tomography, OPT), ^uïÄ�Æu�L§¥ÄÏÚ�x�L�[7]. TEâäk��?��m©EÇ, ¤��Ý��A�Î�, Ù¤��n� CT �q. OPT ¤�Eâ�±÷vÎ�?��º��p©EÇ¤�, Ǒ)·�ÆïÄJø
#�Eâ�ã.

OPT �²JÑ, 3)·�ÆïÄ¥��A^d�É�
2�'5. {IÚ��Æ[8]!M��Æ�æ�o��[9]!Ü�ßnlÛ�ÄÏ|N�¥%[10]!F1�pA>f(��-1ïÄ¤[11]!¿�|�=nó�Æ[12]!=I2Inó�Æ[13] Ú{IuǑî�Æ<a1f¢�¿[14] �¯õÍ¶�ïÄÅ�ÑºYm�
 OPT ¤���Ú¤�Eâ�ïÄ. {IÚ��Æ� OPT XÚÌ�^u��Jþuÿ[8] ; {IM��Æ�æ�o��� OPT ¤���[9], Ù|^��1 LED ��Ǒ1, �±�¤lN)Ô|� (X�à¡Ü!%9�) �)¿(�¤�Ú-uõU¤�, Ó�Ǒ�m
¹N¤��ïÄ[15] ; 2009 ,Ü�ßnlÛ�ÄÏ|N�¥%muÑ
���é¹N|�� OPT ¤�XÚ[10], Ù�±éN	���¹N|�?1ëY¤�, X�à�N	�Þ; F1�pA>f(��-1ïÄ¤ïu����é�ÁÚJG�¹N OPT n�¤���[11] , �^[hE�JG, JG���±¹n���, l�¢y¹N¤�; ¿�|�=nó�Æïu�lN OPT ��[12], Ì�ïÄ�à¡Ü[�=£! ²Z[�éB��ú; =I2Inó�Æïu� OPT ¤�XÚ[13], �é���ê~�Æ?1lN-u¤�; {IuǑî�Æ<a1fÆ¢�¿ïu�p1Æ���ê� OPT w�¤�XÚ[14] , ^u*	ü�J[�, �´TXÚÀ�L�, ØU�é 1∼ 10 mm )Ô?1�N¤�.nþ¤ã, 8ISþ®²m©ïÄ¹N OPT¤�XÚ, IS3¹N OPT ¤��¡�ïÄ��,�éù�yG, ·¥%ïu
��¹N OPT ¤�XÚ, Ù�¢y¹N!¯�!½Úp©EÇ¤�.XÚæ^p(¯�>f�O (Electron multiplying,

EM) CCD &ÿì!p°Ý^=��y OPT êâ�¯�!°(¼�, gÌ�O���Y±ìÏLg½%���^=¶ç�¿?u^=��¥%. Ó�|^ã/?nì (Graphics processing unit, GPU) �¿1Eâ\� OPT n�ï�Ý, é)Ô¢�L§

?1¯��". �©ò�7T¹N OPT XÚ�[0�ÙM�|¤!̂ �XÚÚ)Ô¢�.

1 ¹N1ÆÝKä�¤�XÚ�éuÙ� OPT XÚ, �XÚ;��é¹N��?1Ä�¤��O, ÏL±en�¡5�æ¹N¤�. Äk, gÌ�O����½C�U�o)Ô|��Éì���ú; Ùg, æ^p(¯ EMCCD &ÿì¿��ïu
êâæ8^�, ¢yêâ¯�æ8,  á
¢��m, Jp)ÔN��¹Ç; ��, |^ GPU ¿1Eâ\�n�ï, Bu¢�L§¥�ân�¤�(J¯�N�¢�ëê,  á¢��m. 3^��{�¡, �XÚ8¤
gÄ^=¥%O��{[16], �Ø^=¥% £E¤��K; ¯�n�ïEâ,  á¤��m.

1.1 M�XÚ�� OPT XÚ�ýÏ©EÇ�� 10 µm, ��º� 1∼ 10 mm. T8Ié��XÚM��°Ý, AO´£ÄÚ^=½ �°ÝJÑ
ép���, Ïd·�3�O!À.!\ó!|C!NÁL§¥Ñ�y��¤���°Ý. ã 1¤«Ǒ¹N OPT¤�XÚ�(�«¿ãÚ¢Ôã, ã 1 (a) Ǒ(�«¿ã,ã¥�?Ò©OL«: 1: -1ì; 2: -1*åì; 3:Å�$ÄC�; 4: g½%��Y±ì; 5: f[Àæ+; 6: Ä�ÈÅì; 7: w�C�; 8: EMCCD &ÿì; 9: ���; 10: ó�Õ; 11: V�; 12: 1Æ²�.ã 1 (b) ǑM�XÚ¢Ôã.XÚ�½3�4V�¥�1Æ²�þ, �±/ÏF1IP?1-uªAÉ5¤�. TOPT XÚ�)1�¬!��½ �¬!&Òæ8�¬Ú��	��¬oÜ©. Ù¥, 1�¬Jøì����-u1; ��½ �¬^uN��� �±9�Ä��^=; &Òæ8�¬¢yF1&Ò���Úæ8;��	��¬¢yXÚ�Ü�8¥��!êâgÄæ8Ú�;, ǑXÚJø;1!|Z6!|ËÄ�¢��¸.

1.1.1 1�¬|¤9õU1�¬d��N-1ì!1nÚ*åì|¤,Ǒ OPT XÚJø-u1.-u1^u-u��¥�F1/Æ½F1�xu�ÑÅ����F1&Ò, �Y� EMCCD &ÿì?1êâæ8. ÏLéæ8��F1&Ò?1n�ï, *	F1/Æ½F1�x3��¥�©Ù&E, ¢yAÉ5¤�. 1´��¬�Ø%, 1�1åAäkO�5!��5!½5!ó��Çp!D(�, ±B��mæ8p�þêâ. õÇëY�N, ±·AØÓrÝ�/ÆÚØÓ§Ý�F1�
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ã 1 ¹N OPT ¤�M�XÚ
Fig. 1 In-vivo OPT imaging setupxL�. Å�ÀJ�âm�ïÄ�é�½, �©¥ïÄé�ǑL� GFP �JGW, ¤±ÀJÅ�Ǒ

488 nm. ��N-1ì (DL-488-050, CrystaLaser,

USA) äkëYO��ÑÑ, ÙÅ�Ǒ 488 nm; ÑÑõÇëY�N, ��õÇǑ 50 mW; 1Ì�°Ǒ
1 nm; 1å�»Ǒ 1.1 mm. -1ì�)�1&ÒÏL1n�\*åì, ÙòÑ\�-u1*���»Ǒ 20 mm �þ!O�1å, ±CX×£��. XÚ¥, -1�1å��� EMCCD &ÿì�Ì1¶��±R���ªé��?1ì�.

1.1.2 ��½ �¬|¤9õU��½ �¬dÅ�$ÄC�!��Y±ìÚf[Àæ+|¤, ^uOPT XÚN��� �±9�Ä��^=.Å�$ÄC�´T�¬�Ø%, C�Ú\þe!�m!�Ú^=o�gdÝ, d²£�!p°Ý^=�Úë�C�|¤. C�SÜ�Ü�dë�¬ë�, z��gdÝë�L§¥þI^Y²¤N². ²£�^uN!����m �, �Ù3w�

C���²¡NC, &ÿìU
ÓP��ß���ã�. Ǒ¢y8¥��Úêâæ8gÄz, Å�$ÄC�þæ^>�.. duN���� ��, £½²£�, =k^=�$Ä, Ïd, ²£���½ ½5p. ²£� (PSA200-11-x, Zolix, China) äk°�>�5. Ù1§Ǒ 200 mm; ©EÇ 2.5 µm;E½ °Ý�u 3 µm. ^=���^´�Ä��^=, �&ÿìUæ8õ�ÆÝ���ã�. ^=°Ý´¤��'�, ýÏXÚ�©EÇǑ 10 µm,Kd^=�^=$Ä�5�Ø�A��u 10 µm,= RMax(��º�) · θ < 10µm, Ù¥, RMax(��º�) ǑÁ�¥����º���»; θ Ǒ^=�°Ý. θ <
10µm
5mm

, = θ < 412.5 arc sec. Ǒ
��ïã��þ��, ^=��°Ý�p��. Ïdæ^½ ½5p!©EÇp!E½ °Ýp�^=�, ±(�¤æ8����ã�´�ÆÝ���ã�. p°Ý^=� (ANT95-360-R, AEROTECH, USA) äk½ ½Ý 0.005 arc sec; ©EÇ 0.01 arc sec; ü�E½ °Ý 0.5 arc sec; »�$ÄØ� 1 µm. ¤kÅ�$ÄC�ÏL���ë�����, 2dG�ë��ó�Õ, ±¢yÚ���. ÏL��^���²£��£Äål!£Ä�ÝÚ\�Ý, ¿��^=��Ú?ÆÚ^=ÆÝ.��Y±ìdg1�O¿\ó�¤, dk�N!¹Äk9Úk9°Ä|¤. k�N�½3^=�þ,o�¹Äk93k9°Ä�^eÓÚ£;, ��gÄ£½f[Àæ+¿�Ù?u=�^=¶?. f[Àæ+^u�½��, 3�½���kü«�ª, ���ǑJGW�N.�����æ^áN�ª (Ê3f[Àæ+��à) �½��; ���Ǒ�Á�N.�����æ^µC�ª (ò����µ43f[Àæ+¥) �½��.

1.1.3 &Òæ8�¬|¤9õU&Òæ8�¬d EMCCD &ÿì!w�C�ÚÄ�ÈÅì|¤, é1&Ò?1��¿æ8.&ÿì´T�¬�Ø%, ^uÓP1&Ò. du-u�)�1&Ò'��f, ÏdIÀJ(¯Ýp!þf�Çp� CCD &ÿì. Ǒ¯�æ8p�þ���ã�, ÀJÖÑ�Ç¯, U
�Ý�e, �äk>f�OõU� EMCCD.&ÿì (iXon + DU888,

Andor, UK) äkk��� 1 024× 1 024; ��º�
13µm×13µm;¤�«� 13.3 mm× 13.3 mm;��N�Ý�e, �$§Ý�ü� −95 e; äk�5!½þ�>f�OO�; 3Å�Ǒ 480 nm∼ 700 nm ��S�þf�ÇǑ 90 % ±þ, �p�� 92.5 %; ��ÖÑ�ÇǑ 10 MHz; v�Ǒ 8.9 v/�.du��º���, Ǒ
¼���õ��&E,
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�&ÿì����, ¿�Ǒ·AØÓº���¤�, TC����êIëY�N. Ǒ¿©|^&ÿì�¤�«�, w�C�����êAT÷v: Min(¤�«��Ý)

Max(��º�)
< ���ê <

Max(¤�«��Ý)

Min(��º�)
, = 13.3

10
< ���ê < 13.3

1
. w�C� (TD-III, PVD, China) äkÌÅC���: 0.7X

∼ 4.5X, w�Ôº�À� 0.5X!1.5X!2X, ��8º�À�: 0.5X!1X!2X. ����C�����ê��Ǒ: 0.7 × 0.5 × 0.5∼ 4.5 × 2 × 2, = 0.175X

∼ 18X, ÷v¢�I�.3êâæ8L§¥, 1&ÒÏLÄ�ÈÅ¡È�-u1Ú,Ñ1, =æ8F1u�&Ò. �éØÓu�1A5, �ÀJØÓ�ÈÅ¡, �XÚUÓÅæ8õ«1Ì&Ò. Ä�ÈÅìI´u��ÈÅ¡, �½5�. Ä�ÈÅì (7MML335, 7-Star, China)äk´��ÈÅ¡, �½�B!̄ $�A5.w�C�� EMCCD &ÿì�mÏL C ��ë�, &ÿì���&ÒÚÀª&ÒÏL&Ò�ë�����, ±¢yêâæ8Ú8¥��.�d, &Òæ8�¬�ï�¤, ÏL©EÇ�ÿÁTXÚ���ã��©EÇXã 2 ¤«. ã¥Ǒ
1 Î��©¤ 240 �, dã�±©Emü^�, ddw«TXÚ���ã�©EÇ`u 4.17 µm.

ã 2 ��ã�©EÇÿÁ
Fig. 2 Resolution test of 2D image

1.1.4 ��	��¬|¤9õU��	��¬dó�Õ!V�!1Æ²�±9�����| (��¤. ÏLmu���^�¢y�>�Ü��8¥��±9êâgÄæ8¿�;.1Æ²�^u¤����½, V�Jø
���éÕá�;1!|Z6¢��¸.

1.2 XÚ^�3¹N1ÆÝKä�¤�XÚ¥, Ǒ�XÚ�Ü�ÆN$=!êâgÄæ8¿�;, ·�mu

OPT XÚ��^�. d��^�¼����ã�,

ÏL¤�^�ïÑn�ã�. ��d�?n^�
3DMed[17] én�ïN?1êâ©Û.

1.2.1 ��^�XÚ¥, ��Ü��õ!©Ù�Ñ, ���°Ý��p, ¤±�Ä���ØU÷vXÚ��. ¢�¥êâæ8þ��, eÏL�Äæ8, K��$Ä±9Å�$ÄØ��¢�(J�5�KǑ�~�, ��Ç$. Ïd, ·�mu
����^�, ¢y�Ü�8¥��!êâgÄæ8¿�;.Ǒ
ö��B!̄ $, ÏLõgNÁ, ^�r�
~^���½Ǒ%��,  á
ëê��L§. &ÿì=I��È©�m!�e§ÝÚ EM �n�7L�. �f&ÒÏL���È©�m�±æ8��ß�ã�, �´È©�mL��)�$Ä�K�²w, ¤±�é�)&ÒrÝØÓ�����ØÓ�È©�m. ·���e§ÝÚ EM �Uk�ü$V>6�)�D(. ²£�=I��²£ £. ^=�I��Ú?ÆÚ^=ÆÝ. ØÓ¢�°Ýé^=��Ú?Æ����ØÓ. êâæ8¥, (�&ÿìæ8��ÆÝã�, ��^�¢�æ8=��"&Ò, �=�^=��½ ���"&Ò���^�,��^�ux&Ò�&ÿì, m©æ8ã�, ã�æ8�¤�, ��^�2��=�^=, Xdaí, ��æ8�¤. ÏLêâgÄæ8¿�;, Jp
¢��Ç.

1.2.2 ¤�^�ÏL��^�æ8����ã�, XJ��?1êâï, duÅ�Ø����^=¥%�&ÿì¥%� �, ¬��ïã��
, î�¬�ï(J��¿Â. Ïd, IÏLkO�Ñ���^=¥% �, ,�3ïL§¥?1��, âU
��p�þ�n�ã�. �¤�^�¥æ^
�«do�[�^=¥%½ �{, T�{(Ü X ��O�Åä�¤�+�¥�Äu�%;,�^=¥%O��{[18] ÚÄuïã�þ���^=¥%½ �{, U�éÑ��f���, ¢ygÄ!̄ �!°(�^=¥%½ [16] . T�{�)üÚ: 1�ÚkÀÑ����ß��Ì�uã, 3T�uãþO�z�ÆÝ�%� �, ¤kÆÝ�% ��²þ�=Ǒ��^=¥% �, �´duÔN�3Ñ�, ù�Ú=U����o^=¥%�, °Ý��; 1�Úòo^=¥%�NC�«���Ǒ^=¥%|¢«m,3d«m¥, éÀÑ��uã?1õgï, Ù¥���Ýþ�����ïã�éA�^=¥%�=Ǒ°(�^=¥% �[16] . ÏL¢��y, Ñ��f�, T�{O�^=¥%�°Ý�� 1/4 ��, U
÷vp°Ýn�ã�ï�I�.



12Ï H?�: ¹N1ÆÝKä�¤�XÚ�A^ 2047O�Ñ^=¥% ��, ¤�^�gÄ?1n�ï. ïL§æ^~^�ÈÅ�ÝK (Filtered

back projection, FBP) Eâ[19−20], Ì��)ÈÅÚ�ÝKüÚö�. ïL§ÏLúª: f(x, y) =
1
2

∫ 2π

0
dθ

∫ +∞

−∞
|v|G(v, θ)ej2πvtdv|t=x cos θ+y sin θ ¢y,TªL², C��ª����ã�ÏL�·¼êÈÅ�, 2�C����?1 360◦ ��ÝK. úª¥�ëê�¿ÂXã 3 ¤«, f(x, y) L«ïã�¥�I (x, y) ?����, 3-u¤�¥L«��S�F1©Ù, 3ß�¤�¥L«��Sé1��áÂXê©Ù; θ L«ÝKÆÝ; G(v, θ) L«��ã�²LFp�C��3ª�¥�¼ê�; |v| L«�·ÈÅ¼ê.

ã 3 ï�n«¿ã
Fig. 3 Schematic of reconstruction,, OPT ¤�L§¥¤�)�ÝKêâÚn�ïêâÑ��, E¤ OPT n�ï�Ý�ú.Ïd, 3ïL§¥æ^
 GPU ?1\�, ï6§Xã 4 ¤«, Äk CPU m8S�«�, ¿ò��ÝKêâ!V|ã��1\S�, ¿�¤V|��,=ò�uã~�Ù¤éA�V|êâ, ³�&ÿìV>6Ú�¸1�KǑ. ,� CPU J��Ì�uã¿òÙlS����w�, ¿�^ CUDA g��¯�Fp�C�¥ CUFFT é�uãêâ?1��¯�Fp�C�, ��ª�êâ, ¿éª�êâ|^�·¼ê?1¿1ÈÅ. éÈÅ��ª�êâ?1¯�Fp��C���ÈÅ���uã. �X, éÈÅ�����uãêâ?1 360◦ ��ÝK, =��T�uãéAä��ïã�, òT�ïã�lw����S�¥. �gEþãö�, ��ïÑ¤k��uã, ��ò¤kä�êâ�\^�, ��n�ï(J.ÏL¢�, �¤�^�é 360 Ì 512× 512 �

����ã�ï¤ 512× 512× 512 ���n�ã�, ïÜ© (Ø�)M�Ö�Ü©) =I� 3.44�.

ã 4 GPU \��n
Fig. 4 Schematic of GPU accelerateïÑn�Nêâ�, ÏLã�?n^�

3DMed ?1ã�©Û, 3DMed ´�±õUr��ã�©Û?n^�, d�ìèmu, ÏL http://

www.mitk.net/�±�¤e1.

2 1ÆÝKä�¤�XÚ¹N¢�ö�6§Ǒ
ÿÁ`z�XÚ, k�m�
 60õg¢�.¢�6§Xã 5 ¤«. 3����Ü©, duJG´��!��¯!�N�, ·Ü|^ OPT ¤�XÚ?1*	. Ïd, XÚæ^JGW�Ǒ¢�é�, Ó��Ü©ò�¤����WÚ�½ö�. êâ¼�Ì��¤XÚuÿ9ëê�½!�� �N�Úêâæ8ö�. êâ?nÜ©�¤^=¥%��!n�ïÚêâ©Û. e¡ò±L�ÉÚF1�x (Green

fluorescent protein, GFP) �JGǑ~, �[£ã?1-u OPT ¤�*	��|�¢�ö�6§.
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ã 5 ¢�6§ã
Fig. 5 Experimental flow chart

2.1 )Ô�����).�JGÑØL� GFP, ØU^u GFP-u¤�. �´, ÏL UAS-GFP Ú act-Gal4 ü�¬«�JG,�, �)��¥k��L�ÉÚF1�x, U¢y-u¤�[21] .ã 6 (a) Ǒ��JG���+, ��+��uð§ð��¥, §ÝǑ 15e, �é�ÝǑ 50 %, Ǒ��JGa/tÿ, ���z±�Óüg. 3T�¸��Ñ5�JGW��ú!ÁN�!��|u��, ·ÜJGW��|*	¢�.

ã 6 JGW¢�����
Fig. 6 Prepare the sample of drosophila melanogaster

pupae for experimentÀÑ#�z�¤Á UAS-GFP <5Ú act-Gal4_5,�. À�¤Á��m3�z�Ø�L 8 ��,d�, JG����. ℄À�JG��3#���

+¥��, ¿��IP. JG��8�ÔU�, rÁm©zW. 3JGn#Á�ã´��*	��|��ÿ, �dud�JGrÁØU�½, ¤±Ø·Ü¢�. ��, À�ffzW�¤�JGW�Ǒ¢���, d���|�é²w. À��JGWk^XÀYW�Ê3JGW�NL¡� Ô, ±�KǑ¢�*	, Xã 6 (b) ¤«. �W��JGWA��u�ÿáY�þ, ?1ZH, Xã 6 (c) ¤«. Ǒ,JGW�	/®²�½, �ÙNS���3?1, ��|$Ä����K, é¢�(JKǑé�[22] . Ǒ
�¹NJGW*	¢�k����J, 3�½JGW�Àæ+¥��EkíNæ�J��s. ÏLíNæ�J, �JGW��6�~�, Bu¢�?1. duJGW���´6�~�, d�, ¯�êâæ8w��'�. ÏL�ÊJòJGWÊ3S»Ǒ 0.5 mm�'7�íÀæ++�?, Xã 6 (d) ¤«. N�JGW� �, �Ù��ç�uÀæ+. �d, ¹NJGW*	¢������..

2.2 ¢�êâ¼�ò���.�®L� GFP ����½u��Y±ìþ. ÉÚF1�x3Å� 395 nm?Ñy����áÂ¸, 3 475 nm ?Ñy����áÂ¸[23] ,�´b	Åã�-u1é¹NJGWk�ú. Ïd,�¢�æ^Å���� 488 nm -1ì�Ǒ-u1. ��-uÑ�F13 509 nm?�r, 3 540 nm?´1�¸�, duÈÅ¡�3�½�ÈÅ�°, ÀJ�ÈÅ¡�¥%Å�Al-u1Å���, ��¢�ÀJ¥%Å�Ǒ 540 nm �Ä�ÈÅ¡.3¢�?1�, Äk, u�¤k���ë�9��XÚ�$1G¹. Ùg, N!-11å �, �Ù��CX��. �½ EMCCD ëê, È©�mǑ
0.2 s, �e§ÝǑ −85e, O���½Ǒ 5; -1ì-uõÇǑ 30.0 mW; w�C����ê� 4.0 �;^=�Ú?ÆǑ 1◦/Ú, ^=ÆÝǑ 360◦. ,�, |^��^�ò CCD&ÿì��ǑÀªûì�ª, ^uN��� ��¢�w«. �ÄN!w�C�����ê, �����U¿÷&ÿì¤�«�, ,�N!���Y² �, ����Ü© (�C&ÿì��) 3&ÿìà���S, ±B��^= 360◦, z�ÆÝÑk����ß���ã�[7]. ��, êâæ8¿�;, �� 360 Ì��F1ã�.

2.3 ¢�êâ?n|^¤�^�gÄO�æ8��� 360 Ì��F1ã��^=¥%[16] , ,�?1n�ï, ��^ 3DMed ?1w«9êâ©Û. ã 7 (a) Ǒ¹NJGW��ã�; ã 7 (b)!7 (c) Ú 7 (d) ©OǑTïn�N�î�¡!)G¡Ú¥G¡, ã¥�±�ß



12Ï H?�: ¹N1ÆÝKä�¤�XÚ�A^ 2049w�ÉÚF1�xpL�«�, =ã¥p�«�. ã
7 (e) ǑTJGW�n���N±���Àz�Jã[24−25], ã¥�±�ß©EÑ��|/G, ÏL��! �Ú?¿¡���±��ß/w���|�º�9 �. ã 7 (f) Ǒ��N±�3�ã 7 (b) Ó�ä�?�ã�. dã�±wÑ, SÜÓ�ä�?,ÏL��N±��±����Ýã�����&E.

ã 7 ¹NJG¢�(J©Û
Fig. 7 Experimental result analyze of drosophila

melanogaster pupae

3 o(1ÆÝKä�¤�Eâ´p°Ýw�¤�, ��Ü��°ÝÚ¢��[!ÑKǑX��XÚ��ª¤��þ. �©ÏL�þ¢�o(ü:3¢�¥��¿)û�¯K. æ8���ã�ï�ÑyIG�/�K, A�ØUEO¤ïÔN. ù«�¹4�U´du^=��N²½f[Àæ+������3&ÿìþÝK��, �±ÏL��½ �¬�N², ½~�f[Àæ+à³3Y±ì	��Ý, )ûþã¯K. ��ã�¥kØ²V:, ïNÑy�GD(, ù«�¹4�U´&ÿì¤�«��3�:½À:, ½ö´w�!ÈÅC�þ�º¡�3À:, �±ÏL�:Ö�½�'À:?1)û. 1ÆÝKä�¤�+�'�#, ��K|�e�ÚïÄ���): 1) o�¹N¤�; 2) $Ä�K��; 3) Ñ����.
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