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Fig. 1.1 A scene of an open surgical procedure. An open surgical procedure or laparo-
tomy requires a large incision to access the area of interest (www.med.nagoya-u.ac.jp).
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Fig. 1.2 An operative field of an open surgical procedure. There is better exposure
during open surgical procedure, however, larger incision is made and leaves large scar
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(a) Bozzini’s Lichtleiter [[11]] (b) Desormeaux’s endoscope [11]]

In-flow and out flow
unnels for coolant water

Electrical conta
toilluminate the
bulb

(c) Wales’s urethroscope [[12] (d) Nitze/Leiter’s cystoscope [11]

Fig. 1.3 Historic endoscopes.
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SRS, Medigus Ltd.

(b) Flexible endoscope (medigus.com).

Olympus
(a) Video endoscope system of (c) Rigid endoscope (Operating
Olympus(VISERA, www.olympus.it). Laparoscope, medifixinc.com).

Fig. 1.4 Equipments of video endoscopes.
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Fig. 1.5 A sense of flexible neuroendoscopic surgery.
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&

Fig. 1.6 An example of volume rendering.
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Fig. 1.7 A screen of virtual bronchoscope system. There are four kinds of images in
separated windows: (upper left) real bronchoscopic video, (upper right) outside view
of bronchus, (lower left) virtual bronchoscopic view, and (lower right) slice image. Live
bronchoscopic video is played in the real bronchoscopic window [34].
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(a) Lighthouses are lighted at (b) Cutaway drawing of a
night, in order to guide mariners lighthouse lantern room from mid
to keep clear of danger [35]. 1800s [135].

Fig. 1.8 Lighthouse, a navigation system for maritime pilots [35].

s
&
=
Position

Car navigation

Fig. 1.9 An example of navigation system: Car navigation system.
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Car navigation system <= Surgery navigation system

Car <= Operative tools

Driver <= Surgeons
Road <= Organ or tissue
Map <= Medical images
Directions <= Operative planning
Destination <= Position of tumor or lesion
Information of location <= Information of operative field

Fig. 1.10 Relationship of navigation systems for driver and surgery.
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Fig. 1.11 Illustration of endoscopic surgery navigation system.
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tumor, nervous, and so on, which are

extracted(o”eygnied previously.
/l Navigation controller ] (\

Navigation information (organ, blood vessel,
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patient, operative tools and endoscope.

Endoscopic image.

o . Endoscope system
navigation information

Visualization of ]

Fig. 1.12 Block diagram of endoscopic surgery navigation system.
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Fig. 1.13 Illustration of optical tracking system [79]].
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Fig. 1.14 Illustration of electronic magnetic tracking system.
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(a) Diagram of magnetic field (b) Diagram of sensor coil
generator and coil configuration [82].
configuration [81].

Fig. 1.15 Ilustration of electronic magnetic tracking system coil configuration.
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Fig. 2.1 Diagram of a flexible endoscope system. Basicly, a flexible endoscope system
is composed of light controller, video controller, and flexible endoscope. The structure
of the flexible endoscope is the outer shell, composed of five basic sections: light guide
connector, light guide tube, control body, insertion tube, and bending section.
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Visual field of
camera

Flexible
endoscope
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Control unit of E
endoscope system | 3D

Magnetic field
generator EMT control unit

Fig. 2.2 Diagram of an endoscopic surgery navigation system. In this system, an EMT
system is used to track camera of endoscope. Virtual endoscopic image corresponding
to endoscope image is used as navigation information.

EMT Sensor
Rubber ring

Tip of endoscope  EMT senor Rubber ring Flexible endoscope tip

Fig. 2.3 Tip of a flexible endoscope in the navigation system. An EMT sensor is fixed at
the tip of flexible endoscope in order to track the position and orientation of the camera
of the endoscope.
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Fig. 2.4 The relationship between a patient coordinate system and a 3D medical image
coordinate system is estimated by using position information of fiducial markers with
respect to those coordinate systems, respectively.
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Fig. 2.5 The relationship of the coordinate systems of magnetic field, images, neuroen-
doscope camera, and sensor in a navigation system.
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Fig. 2.6 Generation of virtual endoscope image.
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Fig. 2.7 The relationship of an EMT and a camera coordinate system. The transforma-
tion matrix, which denotes the position and orientation of sensor with respect to camera
coordinate system, can be expressed as {T = §{, T}, T T.
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Fig. 2.8 The relationships of the coordinate systems at two different camera positions.
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Fig. 2.9 Error of translation in the transformation 2T.
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Fig. 2.10 Error of rotation angle in the transformation 2 T.
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Fig. 2.11 Error of translation in the transformation 2T, which is estimated without the
samples less than 5 degree rotation.
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Fig. 2.12 Error of rotation angle in the transformation 2T, which is estimated 0 without
the samples less than 5 degree rotation.
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Fig. 2.13 Setting of the proposed navigation system in an openMRI operation room.
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Fig. 2.15 Neuroendoscopic operating environment in phantom testing.
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Fig. 2.16 Navigation of neuroendoscopic operation without real endoscope image.
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i B

Fig. 2.17 Results of intraoperative virtual neuronavigation. In each image, the endo-
scopic view on the left side is a real flexible neuroendoscopic view. The right-side view
is a virtual navigation image. Under each operative situation, virtual neuronavigation
demonstrated anatomic structures in real time.
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Magnetical measuring point Optical measuring point

Fig. 3.1 Hybrid measuring tool.
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Fig. 3.2 Transforms of coordinates.
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Fig. 3.3 Schematic illustration of tool trajectory.
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Fig. 3.4 A spatial diagram of the measuring positions of EMT and OT.
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Fig. 3.5 The samples of OT and EMT are registered via the principal motion of the tool.
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Fig. 3.6 Estimation of OT outputs via linear interpolation.
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Fig. 3.7 Hybrid-tool velocity corresponding to the movement illustrated in Fig. 3.3l
Velocity of the motion changes unceasingly between high and low. We consider that
the velocity becomes low in a circulation when the tool is held, and the measurements
corresponding to the lowest velocities are collected as sample data.

UOEMTOODOOOODOOOOOODEMTUODODOOOOOODRFOOODOOODOODOO
gboboboboobob DRFUDODODOOOOO0ODOO0ObOOobOoooboobonbDon
DRFOOODOO0ODOO0OO
gboobooboobobobbooboobooboobuoobEMTODDODD
0000000000000000 (Fig.B8HUU DDLU OUOUO EMTOOOODO
gboboboboooobobooboobo3gbobobouoboooboboobo
gboo400b00oboboooboobobuoobobooobo EMTODODODOODO
ggbbuoggbobboogobboooobbuooobboooo EMTOODODOOO
oobooooob200 EMTOOO AO pO0O0O0O0OODOOODOOODOOODOOODOO
(Fig. B3)UEMTUO OO AODRFOOOOOOOEMTOOO BODRFOOOOOOO
O000b0o0D0OO0 100 EMTOODO SOODOO0OO0ODOODOOODOODOODOOODOOD
gbooboobooboobuoobooboobooboobooboobooboo
ooooboooobobooooobooboob MRO CTOOOOOOOODO

3.3.1 DRFUUUOUUGUQ

goooooobobo0oobOo00obOO0OEMTOOD AODDRFOOOO EMTOOO B
OEMTOUOO AODODOOOOOOOODOOOOODOOO2000000D00000DO
00000002000000000000000004T0000000O00O000O0O0

50



3.3. DRFOODOOOODO

~ . Sensor coordinate system (sensor 5)
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MR or CT Images
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Earplugs
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neuroendoscope = Tl .
p ‘ d urgical table

Magnetic field transmitter

Sensor 4 Sensor B

Fig. 3.8 The relationship of the coordinate systems of magnetic field, dynamic reference
frame(DRF), MR/CT images, endoscopic camera and sens

in a navigation system.

b : |
EMT sensor embedded in an earplug. Earplug plugged in patient’s ear.

Fig. 3.9 EMT sensor embedded in earplug. Earplugs are inserted into patient’s ear of
both side.
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Fig. 3.10 The relationship of the coordinate systems of magnetic field generator M,
sensor A, sensor B and sensor S.
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Fig. 3.12 Averaged orientation (q ) of three orientations (q ,,q , and q 5 ).
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Step 3. § 4 =d 4(q 1'a )",

Step4. i =141,
Step 5. If « > N, output q 4 and halt. Otherwise goto Step 3.

Fig. 3.13 Algorithm for calculating average of quaternions.
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Table 3.1 Specifications of the magnetical sensor.

Name 3D-Guidance
Degrees of 6 (Position and
Freedom Orientation)

Static Accuracy | Position:1.4mm RMS

Static Resolution | Position:0.5mm

Update Rate Up to 90 Hz

Table 3.2 Specifications of the optical sensor.

Name Polaris

Degrees of Freedom 6 (Position and
Orientation)

Accuracy 0.35mm RMS

95%Confidence Level 0.6mm RMS

Maximum Update Rate | 60Hz
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Fig. 3.14 Scene of Experiment 1. Tool is supported by a bracket for preventing unex-
pected hand shaking.
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Table 3.3 Result of experiment 1. Tool is supported by a bracket for preventing unex-
pected hand shaking.

without correction with correction
Max error | RMS | Max error | RMS | Change of RMS %
X (mm) 2.62 | 0.83 1.39 | 0.38 -54.78
g |y (mm) 24| 0.92 1.64 | 0.32 -65.08
5 | 2 (mm) 459 | 1.25 1.72 | 0.43 65.68
g a (rad) 0.11| 0.06 0.04 | 0.01 -82.87
= B (rad) 0.15| 0.07 0.09 | 0.02 -69.52
y (rad) 0.13 0.06 0.12 | 0.03 -57.69
X (mm) 1.37 | 0.63 0.67 | 0.24 -61.84
£ | y (mm) 2.1 | 1.06 1.06 | 0.36 -66.15
E° z (mm) 2.9 | 1.08 1.03 | 0.41 -62.39
g a (rad) 0.09 0.06 0.01 | 0.01 -89.11
= B (rad) 0.1 | 0.05 0.03 | 0.01 -75.42
y (rad) 0.08 | 0.06 0.06 | 0.02 -63.63
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Table 3.4 Result of experiment 2. Tool is moved by free hand.

without correction with correction
Max error | RMS | Max error | RMS | Change of RMS %
X (mm) 11.92 | 2.12 10.89 | 1.77 -16.51
% y (mm) 6.17 | 1.18 5.13 | 0.83 -29.66
S | 2 (mm) 3.03| 0.73 2.63 | 0.41 43.84
g a (rad) 0.08 0.03 0.06 | 0.01 -66.67
= B (rad) 0.1 | 0.05 0.12 | 0.02 -60
y (rad) 0.13| 0.07 0.05 | 0.01 -85.71
x (mm) 12.23 2.3 3.99 | 1.05 -54.35
£ | y (mm) 4.44 | 1.19 1.31 | 0.47 -60.5
E" z (mm) 2.62 | 0.73 0.84 | 0.27 -63.01
T% a (rad) 0.08 | 0.03 0.03 | 0.01 -66.67
= B (rad) 0.1 | 0.05 0.06 | 0.02 -60
y (rad) 0.11 0.07 0.04 | 0.01 -85.71
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Fig. 3.15 Compensation result of different velocity.
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Fig. 3.17 Samples of position errors using DRF without evaluation sensor (top figure)
and with evaluation sensor (bottom figure).
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Fig. 3.18 Output errors of tracking sensor with respect to DRF.
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~.Sensor coordinate system (sensor S)
T Mo A - ¢ Camera coordinate system
T MR or CT Images

Fig. 4.1 In the navigation system, a magnetic field generator is located under a non-
ferromagnetic surgical table. This configuration ensures that the surgical field is in the
measuring field of the tracker system. Several fiducial markers (at least four fiducial
markers) are attached on a patient’s head when scanning either MR or CT images. The
positions of these markers are used to register the image space and tracker space. An
EMT sensor S is fixed at the tip of a flexible neuroendoscope to estimate the position
and orientation of the endoscopic camera with respect to the image coordinate system.
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EMT Sensor

Rubber ring Flexible endoscope tip

Fig. 4.2 The location of EMT sensor at the tip of endoscope. EMT sensor is fixed at the
tip of endoscope via a rubber ring. The EMT sensor can be re-fixed at the same location
by using the marker points on the tip of endoscope. However, the EMT sensor is a small
cylinder, so it is difficult to re-fixed the EMT sensor in the same rotation with respect to
the cylinder axis.
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of sensor
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Fig. 4.3 The relationship of EMT sensor and endoscope camera. When the EMT sensor
is rotated with respect to the pointer axis, the transform matrix 2T from the camera
coordinate system to the EMT sensor coordinate system is also changed.
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X epipolar line

epipolar plane I1

C(H—l)

base line

epipole

Fig. 4.4 Epipolar geometry. The two cameras are indicated by their centers C* and
C(+1) and image planes I) and I+, The camera centers, 3D-space point X and its
images x and x’ lie on a common plane II. The camera baseline, which joins the points
C® and CU+Y | intersects image planes at the epipoles e and e’. Any plane II containing
the baseline is an epipolar plane, and intersects the image planes in corresponding
epipolar lines I and 1'.
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Fig. 4.5 The relationship of epipolar line in the real endoscope image plane and virtual
endoscope image plane with the rotation error (b) or not (a). (c) and (d) are the
image planes of real endoscope and vitural endoscope corresponding to (a) and (b)
respectively. o denotes the principal point on the image plane where the optical axis
pierces it. g denotes the angle from upward direction vR to vector oeg which is from
principal o to epipole eg on the real endoscope image plane. ¢y; denotes the angle
from upward direction vy to vector oey which is from principal oy; to epipole ey on
the virtual endoscope image plane.
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(d (e)

Fig. 4.6 The result of epipole detection using endoscope image pairs. Images (a) and
(d) are the images corresponding to I) and I¢*+Y | respectively. Images (b) and (e) are
the undistorted images corresponding to (a) and (d). White points on images (a) and
(b) are the feature points extracted by KLT algrithm. The white short hairlines denote
the optical flow lines on the image (b). Image (c) is the result image in which the angle
R has been estimated. On the image (c), the white blob line denotes the epipole, and
the black broken line denotes the upward direction of the real endoscope image.
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Fig. 4.7 The epipole on the virtual endoscope image. C\(}) and C\(}H) are the position

of virtual endoscopic camera corresponding to images I’ and I¢+V), The point C{;Jrl)

is projected on the image plane of virtual endoscopic camera at the position C\(j-). The
projected point ey; is the epipole of the virtual endoscopic images actually.
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> Upward direction

Fig. 4.8 The effection of EMT output error on epipole of virtual endoscope image.
Although there is little difference between C\(}“) and é’\(}“), the projected points of
them are at the opposite position with respect principal point o y;
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Fig. 4.9 The motion mode of flexible endoscope tip.
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(b)

Fig. 4.10 The relationship of optical flow vector and epipole vector in different cases.
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Fig. 4.11 Artifacts of interlace and color in images. When a real endoscopic image is
captured while moving the endoscope, color artifacts and interlace artifacts will appear
on the real endoscopic image because of different positions are integrated into one
frame.
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Table 4.1 The accuracy of estimated rotation angle.

No. Ave. feature STDev Ave. error Max. error
points count [degrees] [degrees] [degrees]

1 121.5 3.9 3.2 12.1

2 78.3 6.7 5.7 20.1

3 62.9 7.3 6.4 19.5

4 86.8 8.1 7.1 19.2

5 62.1 7.9 7.6 19.6

6 84.9 5.2 6.2 22.9

7 66.9 6.2 7.8 22.3

8 79.5 8.2 7.7 25.9

9 60.1 9.8 5.5 28.9

10 70.0 6.7 5.6 19.7
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Flexible endoscope

/ Phantom

Fig. 4.12 Scene of the experiment. A head phantom is fixed in magnetic field of EMT
(the measuring volume of EMT). An EMT sensor is fixed at the tip of endoscope. The
endoscope tip is inserted into the phantom through a hole.

Fig. 4.13 The virtual images with (the second row) and without (the third row) com-
pensation corresponding to the real images (the first row).
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Fig. 4.14 Accuracy of estimation in different delay time without moving average (N =
1). The accuracy of rotation error compensation become bad when the estimated delay
time is going far from the true value.
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Fig. 4.15 Accuracy of compensation in different optical flow vector length. The accuracy
of rotation error compensation becomes better as the average length of optical flow
vectors longer, without moving average (IV = 1).
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Fig. 4.16 The effect of size of moving average. The accuracy of rotation error compen-
sation becomes better as the size wider.
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Fig. 4.17 Rotation error after compensation just using two images without (a) or with
(b) position check.
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Endoscopic
images

R channel G channel B channel Gray channel

Case 3 Case 2 Case 1

Case 4

Fig. 4.18 Color artifact in endoscopic images. Real images (15 column), red channel
images (2"¢ column), green channel images (3"¢ column), blue channel images (4"
column), and gray images (5" column) of endoscope outputs. Interlace artifact can
be seen on R, G and B channel images (see regions indicated by green arrows.) Weak
noise indicated can be seen on R channel image of Case 3 (see regions indicated by red
arrows).

4.7 OO0

gogooggbbbbobbboobobobbbboobboobouoououuooooooogo
gbbodgbbooboobobuoobboobooboboobbobooobooanoo
gboboboobuoobbuoouboobbuoobbuoobbuoboooboooobooo
gooddoogoooooobobobbobbbbbooduodduououoooooo
gooboboboboooboboooboboboboosccoboooobobooo 100
gooobogob scgoboobobbobobooboobooboobuooboobo
gobobobooboboobobob EMTOOODOOOOoO4Ooogo »o0bobo

90



47. 000

G_ channel
images

Curvature

Fig. 4.19 Outputs of curvature. Images in bottom row are the outputs corresponding to
images in top row. Curvatures becomes higher on images where interlace artifact can
be seen (column 3 to 5). Although there are some natural horizontal lines in images (
in columns 2, 4 and 5, denoted by blue arrows), the curvature keeps a lower output in
un-interlace artifact image (column 2). If there is a sharp horizontal line (denoted by
yellow arrow), the output of curvature becomes higher.
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Fig. 4.20 Errors of estimated rotation angles. Figures (a) and (b) show estimation
errors of rotational angle without and with removing artifact images, respectively. Es-
timation of rotational angle can be significantly improved by removing artifact images
from calibration process.
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Integration of curvature (L)

Integration of curvature (L)
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Fig. 4.21 Curvature integration Ls of images. Figures (a) and (b) show integration
of curvature for different images, respectively. Image having interlace artifact can be
easily distinguished by integration of curvature.
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5.1. O0OO0o

Fig. 5.1 Scene of clinical experiment of laparoscope navigation. Navigation system
navigates surgeons using virtual endoscope images (left) corresponding to laparoscopic
images (right) by tracking laparoscope with an optical tracker. Virtual laparoscopic
images are shown for augmentation of anatomical structure understanding.
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Table 5.1 Comparision of surface rendering and volume rendering.
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5.2. 00000000

Right vagus-\ Cagh WA L _ TZeft vagus
1\ { — Left phrenic
— Thoracic duct

Fig. 5.2 Example of annotation from the Gray’s Anatomy Atlas [[134]. Two styles of
annotation representation are adopted: free-floating label, e.g., ‘Right vagus’ and in-
ternal label, e.g., ‘Artery’ . The label on the surface of structures may represent the
shape. For example, distortion of ‘Thoracic Aorta’ represents the cylindrical shape of the
blood vessel [89]].
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Fig. 5.3 Block diagram of the proposed method.
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Fig. 5.4 Segment of vessel tube.
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Fig. 5.5 Label region on a vessel branch
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Fig. 5.6 Releationship of vessel model and real vessel
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Fig. 5.7 Annotating vessel names on vessel surface.
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Fig. 5.8 Annotations are repeatedly rendered on surface of a blood vessel from a starting
point e; with specified interval A.
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Fig. 5.9 Block diagram of rendering procedure.
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Fig. 5.10 Volume rendering by ray casting.
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Fig. 5.11 Volume rendering results of labeled 3D data (x =1.5, n=25, ¢ = 70°,
0 =5, A=5). From (a) to (f) are images generated from different viewpoints with
different 3D images: 1) resolution of labels is so good that they are easy to be read; 2)
labels are always posted on the front of the vessel tube to avoid hiding them when the
volume data are rotated with respect to viewpoint, i.e., they are easily seen; 3) labels
are correctly drawn on the vessel surface. It is easy to understand what is indicated by
them; 4) no information is hidden by them.
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5.7. 00
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Fig. 5.12 Time required to draw a frame image. Compared with the original volume
rendering algorithm, the proposed method needs more time to render a labeled im-
age. However, the additional time in the proposed method can be ignored because it is
negligible compared with the total volume rendering time.
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Fig. 5.13 Rendered images in different size
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4
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’ 1

Fig. 5.14 The distortions of the vessel label are corrected by smoothing the center line
of the blood vessel. In figure (a), we can find some distorted vessel labels due to a
jagged vessel center line. Those kinds of distortions can be compensated with results
generated by using smoothing of the vessel center line (b).
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Fig. 5.15 Examples of vessel annotations whose orientations and positions are fixed
on the vessel surface. In cases from (a) to (c), when changing the viewpoint, vessel
annotations may be hidden by the vessels themselves. In cases from (d) to (f), since
vessel annotations are always rendered on the front of vessel surface regardless of the
viewpoint change, it is easy to read the annotations in any viewpoint using the proposed
method.
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5.7. 00

(b)

Fig. 5.16 Comparison of overlapping labels and annotations rendered by our pro-
posed method. (a) vessel annotations rendered on visualized image by an overlapping
method, and (b) vessel annotations rendered by our proposed method. In (b), it is ob-
vious that the vessel annotatioins are behind a red object. The vessel annotations in (b)
are correctly and easily considered annotations of the yellow object.

Fig. 5.17 Visibility of vessel annotations affected by parameter x. (a) A annotation
is hidden by a vessel because of its small radius. This problem can be recovered by
increasing parameter ~ (b and c).
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Fig. A.1 Transformation relationship between two coordinate systems.
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Fig. A.3 Euler angles. The fixed coordinate system is shown in blue, the rotated coordi-
nate system is shown in red. The line of nodes, labeled n, is shown in green.
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