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Abstract: In the present study, we developed a real-time MRI-guided navigation system with MR compatible high
definition flexible endoscope for 3T closed bore MRI to perform minimally invasive surgery. The MR compatible
endoscope had a CMOS image sensor at the tip of the endoscope to produce high definition images with 720×720
pixels which was about 295 times higher than the imare resolution of the fiberscope type MR compatible endoscope
we had developed. The MRI sequence used in this system produced real-time images with the minimum 0.8 sec/plane.
The feasibility of the navigation system was assessed by phantom studies for evaluating the resolution of the camera
and animal studies by observing the liver of a mini pig with the real-time MR images and the endoscope images
simultaneously to evaluate these image qualities.
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1. ͸͡Ίʹ

զʑ͸ɼ਍அ-ྍ࣏-ධՁΛγʔϜϨεʹ͓͜ͳ͏ͨΊͷํ๏ͱ
ͯ͠ɼମ಺΍࣮࣭ଁثʹૠೖͨ͠ثػपลʹ͓͍ͯɼ1) जᙾɼ݂
؅ͳͲΛؚΊͨೈੑ૊৫ͷมܗ; 2) ೤ΞϒϨʔγϣϯʹΑΔম
ऊൣғͳͲͷޮྍ࣏Ռͷؒ࣌มԽ; Λɼਵߋ࣌৽͞ΕΔஅ૚ը૾
ʹͯ֬ೝɾධՁ͢Δ͜ͱͰɼ҆શͰ࣮֬ͳ௿৵ऻྍ࣏Λ࣮͢ݱΔ
ϦΞϧλΠϜ MR ը૾༠ಋखज़Λఏএ͖ͯͨ͠ɽͦͯ͠ɼͦͷ
ՄೳੑΛධՁ͢ΔͨΊʹɼϦΞϧλΠϜMRIφϏήʔγϣݱ࣮
ϯγεςϜΛߏங͠ɼ໿ 2 ඵ/ຕͷ଎౓Ͱ૾ࡱՄೳͳΦʔϓϯϘ
Ξͷ 0.5 T μϒϧυʔφπܕ MRI εΩϟφ (Signa SP/2, GE

Healthcare, Waukesha, WI, USA) ͱ਑ܕͷϚΠΫϩ೾মऊϓ
ϩʔϒΛ༻͍ͨϦΞϧλΠϜ MR ը૾༠ಋԼϚΠΫϩ೾ઠࢗম
ऊྍ࣏๏Λ։ൃ (1) (2) (3) ͠ɼྟচԠ༻Λ͓͜ͳ͖ͬͯͨɽ·ͨɼ
߹๏ͱ૊Έྍ࣏هॿϩϘοτΛ։ൃ͠ɼ্ิࢗ৔ରԠͷઠ࣓ߴ
ΘͤͯྟচԠ༻͢Δ͜ͱͰɼ؊जᙾʹରͯ͠ 200 Ҏ্ͷ঱ྫΛ
Δ͜ͱʹ੒ޭͨ͢͠ߦࢪ (4)ɽ͞Βʹɼ͜ͷγεςϜΛ͘޿਍அ
Ε͍ͯΔΫϩʔζυϘΞͷMRIεΩϟφʹରԠͤ͞Δ͞༺࢖ʹ
ͨΊɼ࣓ߴ৔ରԠϑΝΠόʔείʔϓܕ಺ڸࢹ (5) Λ৽ͨʹ։ൃ
ͨ͠ɽ·ͨɼεΩϟφͷ࣓ࣼ܏৔Λར༻ͨ͠Ґஔηϯα (6) ͓Α
ͼϦΞϧλΠϜ MR அ૚ը૾Λར༻ͯ͠಺ڸࢹΛφϏήʔγϣ
ϯ͢Δը૾༠ಋ૷ஔ (7) (8) (9) (10) (11) (6) (12) ͷ։ൃΛ͓͜ͳ
͍ɼΫϩʔζυϘΞͷ 1.5T MRIεΩϟφ (SIGNA Excite, GE

Healthcare, Waukesha, WI, USA)Λ༻͍ͨ NOTESखٕΛ͓
͜ͳ͏γεςϜΛ։ൃ͖ͯͨ͠ɽ͔͠͠ɼ࣓ߴ৔ରԠೈੑ಺ڸࢹ
͸ϑΝΠόʔείʔϓͰ͋ΔҝʹɼΧϝϥ͕௿ղ૾౓ (1660 ը
ૉ)Ͱ͋ͬͨɽ·ͨɼϦΞϧλΠϜMRIͷ૾ࡱ଎౓ (2ඵҎԼͰ
1 ຕ૾ࡱ) ͕ྟচԠ༻Λ૝ఆͨ͠৔߹ʹ͸ෆे෼Ͱ͋ͬͨɽͦ͜
ͰຊߘͰ͸ɼྟচԠ༻ՄೳͳੑೳΛ༗͢ΔγεςϜͱͯ͠ɼΑΓ
ղ૾౓ߴ৔ରԠ࣓ߴղ૾౓ͷߴ (HD: High Definition) ೈੑ಺
ߏ৔MRIεΩϟφΛ༻͍ͨը૾༠ಋγεςϜΛ࣓ߴΑͼ͓ڸࢹ
ங͠ɼಈ෺࣮ݧʹΑΓͦͷ࣮ݱՄೳੑΛఆੑతʹධՁͨ͠ɽ

2. ఏҊγεςϜߏ੒ཁૉ͓Αͼ࣮ࡐݧྉ

2.1 MRIεΩϟφ

ΫϩʔζυϘΞͷ 3T MRI εΩϟφ (Magnetom Verio

3T, VD13A software, SIEMENS Healthcare, Erlangen, Ger-

many) Λ༻͍ͨɽΨϯτϦ௕͸ 173 cmɼϘΞ௚ܘ͸ 70 cm Ͱ
͋Δɽ

2.2 ڸࢹղ૾౓ೈੑ಺ߴ৔ରԠ࣓ߴ

৔ରԠͷ࣓ߴ HDೈੑ಺ڸࢹΛ։ൃͨ͠ɽػ࡞ࢼΛ Fig.1ʹࣔ
͢ɽૠೖ෦ઌ୺֎ܘ 11 mmɼ༗ޮ௕ 1200 mmɼઌ୺࿷ੑۂೳɿ
޲ํ্ 120 ౓ɼԼํ޲ 100 ౓ɼࠨӈํ޲ 100 ౓ͣͭͱͯ͠ઃܭ
ͨ͠ɽᭆࢠνϟωϧ͸ 2 mm༻Λ 2ϙʔτɼ2.5 mm༻Λ 2ϙʔ
τ౥ͨ͠ࡌɽϥΠτΨΠυ͓ΑͼΧϝϥϢχοτݻఆػೳɼকདྷ
ͷϩϘοτԽΛݟӽͯ͠ϚχϐϡϨʔλ઀ଓߏ଄Λ࠾༻ͨ͠ɽᝑ
ମ͸ɼ࣓ߴ৔ରԠۚଐૉઢʹͯγʔϧυͨ͠ɽ಺ڸࢹΧϝϥͱ
ͯ͠ɼըૉ਺ 400×400(௒ղ૾౓ٕज़ʹΑΓղ૾౓ 720×720 ૬
౰) ͷ CMOS ΠϝʔδηϯαΛ࠾༻ͨ͠ɽΠϝʔδηϯα͸ߴ
࣓৔ʹରԠ͢ΔͨΊʹγʔϧυ͞Εͨ௚ܘ 2.10 mmͷϨϯζ෇
͖γʔεʹ౥͞ࡌΕɼγʔε͸಺ڸࢹઌ୺ʹݻఆͨ͠ɽΧϝϥࢹ
໺֯͸ 100౓Ҏ্ɼয఺ਂ౓͸ 5 mm-50 mmɼϑϨʔϜϨʔτ
͸ 30 fpsͰ͋ΔɽϥΠτΨΠυͷޫݯ͸ RX-3300ʢࣜגձࣾொ
ా੡࡞ॴɼઍ༿ʣΛ༻͍ͨɽ

2.3 τϥοΩϯάγεςϜؾ࣓

಺ڸࢹઌ୺ͷҐஔ͓Αͼ࢟੎ΛಘΔͨΊʹɼMRI εΩϟφ
ͷ࣓ࣼ܏৔ʹͮ͘جτϥοΩϯάγεςϜʢEndoScout II ,

RobinMedical Inc., Baltimore, MD, USAʣΛ༻͍ͨɽηϯα
͸ɼ௚ܘ 2.0 mmͷΧςʔςϧλΠϓΛ༻͍ͨɽηϯα͸ɼ࣓ߴ
৔ରԠ HD಺ڸࢹͷ 2.5 mm༻ϙʔτʹૠೖͨ͠ɽ

2.4 ৔ରԠσΟεϓϨΠ࣓ߴ

MRI εΩϟφ෇ۙͰ಺ڸࢹը૾Λ֬ೝ͠ͳ͕Β࣓ߴ৔ରԠ
HDೈੑ಺ڸࢹΛૢ͢࡞ΔͨΊʹɼ࣓ߴ৔ରԠσΟεϓϨΠΛ੍
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ɽσΟεϓϨΠ͸ըૉ਺ͨ͠࡞ 1920×1080 ͷ 3D ରԠ 32 Πϯ
νӷথύωϧ 2໘Ͱߏ੒ͨ͠ɽσΟεϓϨΠ৴߸͸ɼมث׵Λ༻
͍ͯ HDMI έʔϒϧ͔ΒޫϑΝΠόέʔϒϧʹม͞׵Εɼϖω
τϨʔγϣϯύωϧΛհͯ͠ MRI ͔ࣨΒૢࣨ࡞ʹ഑ઢ͞Εͨɽ
ޫϑΝΠόέʔϒϧΛܦ༝ͨ͠σΟεϓϨΠ৴߸͸ɼ࠶ͼ HDMI

έʔϒϧʹม͞׵ΕɼϫʔΫεςʔγϣϯʹ઀ଓͨ͠৴߸ίϯ
όʔλʢDVI2USB 3.0ɼEpiphan Systems, Ottawa, Canadaʣ
ʹͯΩϟϓνϟ͞ΕͨɽσΟεϓϨΠ͸ɼϖωτϨʔγϣϯύ
ωϧ͓ΑͼϊΠζϑΟϧλΛհͯ͠ૢࣨ࡞ͷిݯ૷ஔʹ઀ଓ͞
Εͨɽ

2.5 φϏήʔγϣϯιϑτ΢ΣΞ

ϑϦʔɾΦʔϓϯιʔειϑτ΢ΣΞͷ 3D Slicer (13) Version

4.4 ΛϕʔεʹɼφϏήʔγϣϯιϑτ΢ΣΞΛ։ൃͨ͠ɽιϑ
τ΢ΣΞ͸ɼOpenCV ϕʔεͷΧϝϥը૾ϏϡʔϫϞδϡʔϧ
(EndoscopeConsole)ɼεςʔλεදࣔϞδϡʔϧ (CornerAn-

notation) ͓Αͼػೳ੾ସϞδϡʔϧ (WorkflowOrganizer) Λ
ͦΕͧΕ։ൃͯ͠ߏ੒ͨ͠ɽϦΞϧλΠϜMRI૾ࡱγʔέϯε
ͱͯ͠ɼSIEMENSͷWork In Progress (WIP)Ͱ͋Δ BEAT-

IRTTTΛ༻͍ͨɽ૾ࡱ଎౓͕ 0.8ඵ/ຕ͓Αͼ 1.2ඵ/ຕͱͳΔ
Α͏ʹγʔέϯεύϥϝʔλΛઃఆͨ͠ɽͨ͠૾ࡱMRIը૾͸
OpenIGTLink (14) Λ༻͍ͯ 3D Slicer ʹసૹͨ͠ɽφϏήʔ
γϣϯιϑτ΢ΣΞ͸ɼOS X Yosemite 10.10.5 ΦϖϨʔςΟϯ
άγεςϜ౥ࡌͷϫʔΫεςʔγϣϯʢMac Pro, 3 GHz 8-core

Intel Xeon E5 ϓϩηοαɼ64GB 1866 MHz DDR3 ECC ෇
RAMɼAMD FIrePro D700 6144 MB; Apple Inc., Cupertino,

CA, USAʣʹͯՔಈͨ͠ɽ

2.6 ಈ෺༺ݧ࣮

ຊ࣮ݧ͸౰େֶಈ෺࣮ݧҕһձ͓Αͼಈ෺ੜ໋Պֶྙڀݚཧҕ
һձʹͯঝೝ͞Εͨɽ࣮ݧ༻ಈ෺ͱͯ͠ɼϛχϒλʢSus scrofa

domesticusɼ໿ 32 Kg, ϝεʣΛ༻͍ͨɽϛχϒλ͸ɼਓٵݺ޻
ʢComposثΑͼಈ෺༻ຑਲ͓ث X͓Αͼ Compos Ќɼࣜגձ
ࣾϝτϥϯɼ࡛ۄʣΛ༻͍ͯɼΠιϑϧϥϯ 0.5-5%Λ༻͍ͨٵ
ೖຑਲ͕͞ࢪΕͨɽ

3. ݧ࣮

ʣ͓ΑͼݧʢϑΝϯτϜ࣮ݧΧϝϥಛੑධՁ࣮ڸࢹ͸ɼ಺ݧ࣮
ϦΞϧλΠϜMRIը૾͓Αͼ಺ڸࢹΧϝϥը૾ͷಛੑධՁ࣮ݧ
ʢಈ෺࣮ݧʣͷ 2छྨΛͨ͠ߦࢪɽ͸͡ΊʹɼϑΝϯτϜ࣮ݧΛ͓
͜ͳͬͨɽ͜ͷ࣮ݧͰ͸ɼզʑ͕͜Ε·Ͱʹ։ൃͨ͠ϑΝΠόʔ
είʔϓܕͷ࣓ߴ৔ରԠೈੑ಺ڸࢹͱɼຊߘͰ։ൃͨ͠ CMOS

౥࣓ߴܕࡌ৔ରԠ HDೈੑ಺ڸࢹͷΧϝϥө૾ͷը࣭ΛMRIࣨ
֎ʹͯൺֱͨ͠ɽඃࡱӨը૾ϑΝϯτϜͱͯ͠ɼΧϥʔϚοϓ͓
ΑͼαΠζ 0.5 mmͷจࣈΛෳ਺ҹͨ͠࡮ΩϟϦϒϨʔγϣϯ༻
ϓϨʔτΛ༻ҙͨ͠ɽ࣍ʹɼಈ෺࣮ݧΛ͓͜ͳͬͨɽϛχϒλʹ
͸ɼ౰େֶಈ෺खज़ࣨʹͯٵೖຑਲ͕͞ߦࢪΕͨޙʹτϩοΧ͕
ૠೖ͞Εͨɽͦͷޙɼಈ෺खज़͔ࣨΒMRIࣨʹҠಈ͠ɼτϩο
ΧΛܦ༝࣓ͯ͠ߴ৔ରԠ HD ೈੑ಺ڸࢹΛϛχϒλͷ؊ଁ෇ۙ
·Ͱૠೖͨ͠ɽͦͷঢ়ଶͰϦΞϧλΠϜMRI૾ࡱΛ։࢝͠ɼૢ
Χڸࢹ৔ରԠσΟεϓϨΠͰ಺࣓ߴMRIࣨ಺ʹઃஔ͕ͨ͠ऀ࡞
ϝϥը૾Λ֬ೝ͠ͳ͕Βɼ಺ڸࢹΛૢͨ͠࡞ɽૢ࡞தͷφϏήʔ
γϣϯιϑτͷϢʔβΠϯλϑΣʔεΛ࿥ըͨ͠ɽૢ࡞தͷ಺
ը૾͓ΑͼMRIը૾ͷΫΦϦςΟ͓ΑͼγεςϜͷ҆ఆੑڸࢹ
Λൺֱͨ͠ɽखٕ͸౰େֶ͓Αͼ෇ଐපӃॴଐͷ֎ՊҩʢS.N,

P.M.N, D.T.KʣʹΑΓ͓͜ͳΘΕͨɽ

4. ݁Ռ͓Αͼ࡯ߟ

ϑΝϯτϜͷൺֱը૾Λ Fig.2 ʹࣔ͢ɽैདྷͷϑΝΠόʔε
ίʔϓܕΧϝϥը૾Ͱ͸ϑΝϯτϜʹҹ͞࡮ΕͨจࣈΛಡΉ͜ͱ
ͳͰ͖ͳ͍͕ɼͨ͠࡞ࢼ HDೈੑ಺ڸࢹͷΧϝϥը૾Ͱ͸ɼ͸ͬ

Fig.1 MR compatible high definition flexible endoscope.

There are four ports at the tip of the endoscope. The two

of them has 2.5 mm inner diameter and the others has 2.0

mm inner diameter. The light guide is at the center of the

tip face. The base of the endoscope has an interface to

connect to robot manipulators.

Fig.2 Result of phantom experiment. Camera images

of conventional fiberscope type MR compatible endo-

scope(A) and camera images of MR compatible high def-

inition MR compatible endoscope (B). The left images

show geometirical patterns with 0.5mm characters and

the right images show color maps.

͖Γͱ 0.5 mmαΠζͷจࣈΛ൑ผՄೳͰ͋ͬͨɽ·ͨɼΧϥʔ
Ϛοϓͷ৭ຯʹؔͯ͠΋໰୊ͳ͘දࣔ͞Εͨɽػ࡞ࢼͷղ૾౓
ʢ700×700ըૉʣ͸ɼϑΝΠόείʔϓܕͷղ૾౓ʢ1660ըૉʣ
ͷ໿ 295ഒͰ͋ͬͨɽ࿥ըͨ͠ίϯιʔϧը૾Λ Fig.3ʹࣔ͢ɽ
ίϯιʔϧ্ʹఏࣔ͞ΕͨϦΞϧλΠϜ MRI ը૾ͷ֤அ໘͸ɼ
ϊΠζ͕গͳ͘ଁ͓ثΑͼपล૊৫ͷ൑ผ΋े෼ʹՄೳͰ͋ͬ
ͨɽ಺ڸࢹը૾͸ϊΠζ͕΄ͱΜͲͳ͘ɼMRI ࣨ֎Ͱ֬ೝͨ͠
Χϝϥը૾ͷը࣭ͱͷҧ͍͸ೝΊΒΕͳ͔ͬͨɽ·ͨɼϦΞϧλ
ΠϜMRIը૾͸γʔέϯεύϥϝʔλͷઃఆʹΑΓɼ0.8ඵ/ຕ
͓Αͼ 1.2 ඵ/ຕͰ҆ఆͯ͠ࡱӨ͕ՄೳͰ͋ͬͨɽͦͷͨΊɼै
དྷͷγεςϜͱൺֱͯ͠े෼׈Β͔ʹଁثͷมܗΛଊ͑Δ͜ͱ͕
Ͱ͖ͨɽ

5. ·ͱΊ

ຊߘͰ͸ɼ1.5T MRIεΩϟφΛϕʔεʹߏஙͨ͠ϦΞϧλΠ
Ϝ MR ը૾༠ಋԼ಺ڸࢹγεςϜΛ֦ு͠ɼ3T MRI εΩϟφ
Λϕʔεʹ࣓ߴ৔ରԠ HD ೈੑ಺ڸࢹγεςϜΛ༻͍ͨखज़φ
ϏήʔγϣϯγεςϜΛߏஙͨ͠ɽ֎Պҩ͕಺ڸࢹը૾Ͱϒλͷ
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Fig.3 Userinterface of the navigation system developed for real-time MRI guided system. The navigation system was

based on 3D Slicer (13). The upper right pane shows endoscope camera image displaing a liver of a mini pig. The other

three panes show axial, coronal and sagittal planes of abdominal MR images obtained by real-tiem scanning.

؊ଁΛ֬ೝ͠ɼϦΞϧλΠϜMRIը૾ͰଁثͷมܗΛ೺ѲՄೳ
Ͱ͋Δ͜ͱΛ֬ೝͨ͠ɽ͜ΕʹΑΓɼγεςϜͷ֤ཁૉ͸ɼ͜Ε
·Ͱʹߏஙͨ͠ػ࡞ࢼͷੑೳΛ͸Δ͔ʹ྇կ͠ɼྟচԠ༻Λݟӽ
࣭ͨ͠Λҡ͍ͯ࣋ΔͨΊɼ࣮ݱՄೳੑ͸࣮ݱຯΛଳͼ͖͍ͯͯΔ
ͱ͍ͯ͑ߟΔɽຊߘͰ͸࣮ߦՄೳੑΛධՁ͢Δݧ࣮ૅجͱͯ͠ఆ
ੑతͳධՁʹͱͲΊ͍ͯΔͷͰɼఆྔతͳධՁΛ͓͜ͳ͏༧ఆͰ
͋Δɽ·ͨɼຊ࣮ݧͰ͸࣓ؾτϥοΩϯάγεςϜΛ࡞ಈͤ͞ͳ
͔͕ͬͨɼ࣓ؾτϥοΩϯάγεςϜΛ༻͍ͯ಺ڸࢹઌ୺ͷҐ
ஔɾ࢟੎Λݕग़͢ΔͨΊͷ૾ࡱγʔέϯεΛ։ൃதͰ͋Δɽ
ஶऀΒ͸͜Ε·Ͱʹɼ1.7 Fr. ܘ֎) 0.58mm)ͷΞΫςΟϒΧ

ςʔςϧ (17) Λ࣮͢ݱΔ΄ͲεέʔϦϯά͕ՄೳͳϢχʔΫͳػ
৔ରԠͷૢ଩Մೳ࣓ߴ౓ΛίϯτϩʔϧՄೳͳ֯ۂΛ༻͍ͯ۶ߏ
ͳ਑ (15) Λ։ൃ͍ͯ͠Δɽ·ͨɼϚΠΫϩ೾ΛΤωϧΪݯͱͨ͠
֎Պతثػྍ࣏ͷ։ൃ΋ܧଓ͍ͯ͠Δ (16)ɽ͜ΕΒΛ࣓ߴ৔ରԠ
HDೈੑ಺ڸࢹͷϙʔτΛհͨ͠ثػ༺ྍ࣏ͱͯ͠౷߹ར༻͢Δ
͜ͱͰɼҩ͕҆ࢣશʹ௿৵ऻྍ࣏Λ͓͜ͳ͏ͨΊͷ౷߹ྍ࣏γε
ςϜͷߏஙΛ໨͢ࢦɽ
ຊڀݚ͸ JSPS Պݚඅ (16K18050) ͓Αͼཱੴڀݚஂࡒॿ੒
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