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AbstracH This paper presents a novel surgery navigation
system based on a thredimensional (3D) imaging technique,
integral videography (V) . In our system the 3D structure of the
object of interest is reconstructed using surface renderingand
corresponding pixel distribution methods. We developed a
high-speed algorithmthat renders high-quality 1V images from
the surface model in realtime and allows interactionslike rotating
and scaling to be done smoothly. Using the patient-image
registration method, IV images can bedisplayed with the correct
size and relative position with respect to the surgical instruments
Experiments were carried out with various anatomical models
and the results show that oursystem could beuseful in many
clinical situations such asorthopedic surgery and neurosurgery.

Index Terms Surgical Navigation,
Realtime Rendering, Registration.

Integral Videography,

. INTRODUCTION

Navigation systems based on qogerative image(CT, MRI)
and intra-operative image (ultrasound fluoroscopy have
showntheir usefulness many clinicalsituationg1, 2]. There
are especially useful in minimally invasive surgery(MIS)
where specialized surgical instruments and arthroscepes
insertedthrough a small incisiarin most ofthesesystemsthe
3D anatomicalstructures can be reconstructed properby
using advancd computer graphicsalgorithrs but are often
rasterizedinto 2D arrays of pixels for displaydsinga normal
2D display may lead to difficulties in defining objects of
interest or planning surgicgdaths especially in orthopedic
surgery [3] Therefore,3D display method$or surgery have
becomea focus ofdevelopmentin the field of navigation
systens.

The stereo method is the one of them&D display technique
used in surgical navigatiosystens [4, 5]. However, the need

forahead mounted device and the lack of motion parallax hav = g

limited the performance of systerhased orthis method In

this paper, we introduce a novel navigation system based ¢

the 3D integralvideography(lV) [6, 7] visualization method.
Unlike other methods, I\tandisplay fulkcolor, full-parallax
3D image without the needfor special glasseshence,it
enables simultaneous observation by many perd@hs
However, the IV image costs much more computatigrthan
asingle 2D imaggeand thereforginteractionssuch as rotating
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andscalingarecomparatively much more difficult to perform
In this paper, we mainly focus on a higbeed IV rendering
method that allows interactions to be done in almosttiee,
while maintainingthe rendered result at an acceptable quality.
We also built a navigation system based on thenosource
software 3DBSlicer [ open source softwam® tha many tasks
can be done in a single application.

This paper is organized as follows. Section Il briefly
describes the navigation system and patiertge registration
method Section 1l discusses the IV rendering algorithm.
Experiments are describéu section IV. Section V concludes
this paper

I. SYSTEM AND METHODS
2.1 Navigation system

Fig. 1 shows the configuration of the navigation system. The
system consists of an image acquisition device (CT or MRI),
opticd position tracking device andnain PC for data
segmentation, communication and other computational tasks.
The mtient is scanned by X ray CT or MRI and 3D voxel data is
sent to the main PC through RS232C. The datdhen
segmented and reconstredas a3D surface modePatient to
image registration is done prior to the operati@uring the
operation, the tracking device resathe positions of optical
markers on the surgical tool and seiidem tothe main PC
where the tods orientationand theposition of its tip are
computedso hat surgeonsanknow its correct position during
operation.These processes are all controlledtly 3D Slicer
module.Another module separately handles therendering
so that thelV imagecan beupdatedas the surgeons manipulate
the surface model.
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Fig. 1. System configuratian
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2.2 Surgenyés flow

Prior to theoperationa 3D modelto beusedfor navigation
is created fronthe CT data Objects of nterest are segmented
from the data sein the basis athe pixel$values. Depending
on the complexity othe objectinterest the segmentation can
be done automatically osemiautomatically At this point,

surgeons can locate the target or critical tissues (vesseg1

nerveslandplan the surgical path to avoid those parts.

The next task is to register the 3D model to the patien
which is called patientto-image registration.The mast
common way to do this is to plant markers directly on th
patienfs body and perform mulpoint registration. This
method is effective but ptéing a marker on patient increases
the invasiveaspecbf the surgeryHere, we shall assume ttaat
minimally invasive registration method i® be used. By
recording a set of surface data and comparinilitthe surface
model, patiento-image registratin can be done accuedy and
less invasivly.

Duringtheoperation, images are displayatnormal and 1V
displays. Although the 3D structure is propemgproducedn
the IV images, we still need a normal display for other
information such aghe distanceto the targetand thecurrent
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otherwise the iterationwould end up in a completely
unexpected @sition.In this papermaking this initial alignment
is called rough registrationrmeaning tht a more accurate
registrationis done afterwarsl

We built a 3D Slicebased GUI forthe rough registration

task. The pint cloud recorded by the tod displayedin the

ain navigation vieweperators rotatandtranslate the point
RBud to the position that best magsithe surface model. Fig
howvs a model o human tibia and the recorded point cloud
hatis to be used later fothe ICP computation, together with

tge GUI for rough registration.
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position and orientation of the todlurthermorgandthe spatial
resolution othelV image is limited and small tissuesight be
properly visualized. For that reason, we built a synchronized
display systenthat simultaneasly displays normal and IV 2 4 3D integralvideography
images.

Fig. 2. GUI for initial alignment(See Color Plat8)

IV records and reproducesB imagesby using a micro
convex lens array arahigh-pixel-density flat displaye.g., an
. . " . LCD display.This display is usua{}ly laceat thefqcal plane of
. fWher;.the”ebglsttrt?]tlort ]? 0 l. 0s 'tdl pd tou C'ti:] € the Ién?) rays[?) ?th‘ﬁghtSrali/srf orﬁwgc%rresp%n@ing pixels
Itﬂ orr3n§ 'On? ou edsulr afccihls atl)cquweA an _c;arr:pamm i will converge and form a single dot physicalspace(Fig. 3).
€ surtace moadel ot the bone. registration ma Many types of data can be processed to produce IV images of

between the two surfaces is computed ustatationclosest ; ; : !

. ) 3D objects.Here, we discusthe two main methods of makin
point (ICF) algorithmdeveloped by Besl and Mckay(] after v thtja volume raycasting method and the pixelsttibution ’
the initial registration is done. After the transformatidhe méthod (8]

positional relation between the bone and surgical walhlbe
accuate enough sthat surgeonsanknow the correct position
of the tool duringhe operation

The ICP algorithnis a common method to register two given
surfaces or point clouds. For two point s&s{S,,..,S, } (the |

source or points aguired by the tracking device), and
T :{Tl,..,TM} ( the target surface model reconstructedtbe

PC), the closestinction C(S ) returrstheindex of the closest

2.3 Patiert-image registration
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Fig. 3. Principle of integralvideography; (a) Computer generated elemental

point to S (Tys) is closest t&B ). In each iteration step, the

transformation (rotation and translatio(“F)t,t) is theone that
minimizesthe error

1 N N images, (b) IV image spatifdrmation.
de =5’ ar =qTa P YRS TR G _ _
ééK -8 The wlume raycasting methoddirectly processes the
) ) _ volume data (CT, MRI, US). It is basically artended/olume
Here, K is the number of completed iteratiorand rengering method in which a light rayust go through a micro

Sii =Rc1Scu Tt S =S, . The iteration ends when the |ensbeforeintersecing with the screen

errar convergsto a given small value ahemaximumnumber ~ The pxel distribution method construeanlV image from a
of iteratiors is reachedAlthough the ICP algorithm always Set of multi-view imagesacquired by geometrially based
monotonicallyconverges to a local minimuritneeds an initial  Surface renderinglhis mettod processes CG surface models
alignment of the twoint ses to achevethebestperformance; and thereforgit can produce higiquality images with many
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visual effectsln addition peripheral devices such as surgicabD light space (light field) in which each captured image is a
tools can be visualized ithe IV image as a simple CG model. 2D slice[13, 14]. New images are rendered by extracting a
For thesereasonsour systemusespixel distributionas the bundle of light from thespaceby using interpolation For
primary methodor rendering 1V images. conveniencgthe (u,v, w) plane is called the camera plane and

Fig. 4 shows the principle of p'ier distributioBuppose that the (i, j) plane is called the focal plane on which image is
there ae L, 3 L, micro lensesin the lens array and each rendered

micro lens covers approximatell, 2 R, pixels on the  The camera plane can be of any shape as long as it covers
backgroundmage. We will need toaptureP, 3 R, imagesat all the directions entérg the light field. In fact it should be a
losed surfacsurroundinghe rendeed object. Naturallywe

hose asphericfae aal sund data is sampled over tigphere.

one lens. Eacimagemustbe at least of sizé¢., 3 L, so that Since the quality of the extracted image depends on the
each pixel willgo to one corresponding micro lens. sampling rate on the camera plathedensity ofsamplecamera

over the sphericaurfaceshouldbe uniform. This fact leads to a
problem of how to uniformly sample a spherical surface. A
solution to this psblem is to distributeamera over a surface
based ora 20-face polyhedron,e., anicosahedroné-ig. 6).

i Captdred image
I | | 0
;Y—)

P, 3 R, viewpoints corresponding to the pixel number behin

Pixel Distribution

Py
direction
Lx \
Position (u, v, w) 6
Fig. 4. IV rendering usinghe pixel distributionmethod ]
Let us denote the pixel(u,v)u=0.L,,v=0.L, ) of the &
image at viewpoin(j, j)i =0.P,,j=0.R,) as R, and
the pixel (i, j) behind lens numbe(u,v) as Ly -
Accordingly, te following relation holds, Fig. 5. Distribution of sample viewpoints
=L, 5 (2) VAVAYB =iy
P(I,J,U,V) 4 ] TSR
2V Py i Res avavavs TSty
’ | /S/,\/l’/\,/’/\//jl\‘
Becauseof the number of pixels behind each lens, the } /i/,\///g///’\’//\/\)a
number ofrequiredimagesvaries from 50 to several hundreds.  / i P /\//\’\//\’/C/)’/7/7 o]
As the complexity ofthe rendeed object increasesthe p et ity I /</’/\’/)’<,</>\7'7/\/)|
. . . L -, ¥ N
computational cost becomextremelyhigh and conventional 7’ P
geometrially based CG become unstable for reaftime Viewpoints

rendering even with todays high-performance graphics
processing unitsA solution to the problem is to udbe
imagebased rendering methad which a certain view of the

object is generated from peequired imageflL1, 12]. Fig. 6. Distribution of sample viewpoints

Ill.  HIGH SPEED IV RENDERNG USING THE PIXEL As shown in Fig6, each face of theosahedronss divided
DISTRIBUTION into smaller regular triangleend sample camesare placed at
their vertexes This process coimues until the sample camera
are dense enough. How densdesse enoughill be discussed
The main concept of imageased rendering is that each lightin section 3.3
ray is consideredto be a function of position(u,v,w) and 3.2 Imageextraction

dlrect|0n(f.,q) (Fig. 5). Becausehe direction of the light ray Imagesarereconstructedsy compuing a bundle of light or
canbe defined by thesourceand thetarget we canrepresent 4, array of pixed with a given viewpointThese computations
each ray as a 5D functioR(u, v, w.i, j) where (u,v,w)is the  are peformed by interpolang the values ofneighboing light
position of a viewpoint andi, j) is the index of the pixel of the rays.Given a new viewpoint and a new focal plane to render to,

image captured ahatviewpoint. This representatiofiorms a  theinterpolationis done as follow(Fig. 7)

3.1 Lightfield formation and data acquisition
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Fig. 7. Extraction oflight rays by interpolatingeighboringpixel values.

3 20mm

Fig. 8. 3D scene with objects distribut@dthedepthdirection

20mm

(c)

Fig. 9. IV images rendered witdifferent focal plane. (a) Focal planet
position 1; (b) Focal plan&t position 2; (c) Focal plara position 3as shown
in Fig.8.

Fig. 10. Displayed2D image (left) and corresponding ivage(right).

Search for neighboring viewpoints

Find the intersection points of all light rays and the new
focal plane

Perform interpolation on the focal plane and camera plane

3.3 IV image construction andser interaction

An IV image is constructed by rendering images from a set
of viewpoints as discussed in section 2.2. The geometry of the
viewpoint set is defined by the specifications of the lens array
and the display. Light rays from two adjacent viewpsimust
end up at two adjacent pixels through a single lens. In other
words, the viewpoint set is the inverse magnification of the
pixel set behind one lens, and the following equation holds:

®3)

Here,dpis the pixel pitchgd,, is the viewpoint pitch, f is the
focal length of each lens in the lens array, which also means the
gap between the lens array and the display, and D stands for the
standard viewing distance from where we actually look at the
IV image. From equation (3), we can compdtdecause the

other parameters are constants in most cases. Since the
viewpoint set is distributed at a spatial frequeneyd, , the

answer to the question in 3.1 is that cameras should be sampled
at a rate of notless than 2/d, (see theremark about the
NyquistShanon sampling theorem [15]).

Interactions by users, like rotating and scaling, are translated
into viewing parameters. To be more specific, we make the
following associations.

Rotation— viewpoints position

Scaling — unit length of the new imag@e focal plane
Focusing— relative position of focal plane to object

One feature of our system is that useam focus on the
desired locatiorBecause ofhe configuration of the lens array,
objects that areway from the imagé& focal plane (or the
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display)will appear blurred in the IV image. This is because the
density of light rayscoming from the display is lower in the TABLE 1: RENDERING TIME FOR IFRAME (ms). (n=10)

outer area. So with a scene with objetissributedin the depth _Model _ Head Heart
direction, the usercan set thémportantpart to befin focu® _Conventionaimethod | 346.8+ 24 6253+ 3.9
andtheless important part to b®ut of focu®. Fg. 8 shows a  Proposed method 921+ 24 954+ 37

scene with objects distribedin thedepthdirection, ad Fig.9
ishovt\{s IViimages rendered witiocal plane placed at different 4 2 Eyaluation of image quality
ocations.

The wser interface for interacting with the IV image is Sinceimages are extracted using interpolation in image
integrated ina 3D slicer. We use a higresolution display for based rendering, there should breductionin image qualityn
IV and a normalisplay for a 3D Slicer (Fig. 10). Both are compaison with that of tte conventional methodWe
connected to a PC throughDVI connection. Every change duantitativelyevaluatel the quality ofthe IV image made by
applied to the modelis updated in the IV image sthat theproposed method.

interaction withthelV image can bedone exactly the same way We used the odulationtransferfunction (MTF) to evaluate
as with the CGnodel. the spatial frequency of IV imag. IV images made bthe

conventionaland new method were capturadderthe same
conditiors with a digital cameraNikon D1X, Micro-Nikkor
IV. EXPERIMENTSAND RESULTS 60mm /2.8D. After that, 256x256 pixels in the center of each
4.1 IV rendering speed photo were cropped out and takéw evaluation (Fj. 13).
. ) They were then Fourier transformedinto a frequency space
The efficiency of our system was evaluateuterms of the it 3 horizontal frequency and vertical frequency(Fig. 14).
rendering speexdof our methodand thethe conventional | o the signal afu,v) in the conventionaiethod bes(u,v) and

geometrially based methodWe used an Intel Core 2 . . .
6600@2.4GHZLPU with 4GB of memory and a Geforce 880C}he signal in the proposed ohem(u.v), the relative MTF at

GTX with 768 MB memory GPUThe specificatiosof thelv (V) is defined as follow.
display and the lens array are as follow

Display. XGA (1024x768), 203 dpi

’ MTF(u,v)= M, vE 4)
s Pixel pitch 0.125mm VT T A
S, vé
s LensarrayF|l yos eye | ens ) )
Becauseeach lensn the lens array hasdiameter of 1mm,
. Focal length: 8nm the maximum spatidtequency that an IV image can produce is
_ Lens pitch 1.00Immx0.876mm 1 cycle/mm. Therefore, we evaluated the relative MTF within

the domain from 0 to 1 cycle/mm in both directions.
With the above configuration, each lens in the array covers

about 8 pixel$iorizontallyand 7 pixelsertically, which means
we need to render images from 8x7 viewpoints for one I
frame.Furthermore, with the standard viewing distanc8@®
mm away from the display, equation (3) implies that the
viewpoint pitch should be 37.5 mm in both directiaesjuiring
the sample rate of cameras to be greater than 2/37.5=0.(
samples per 1 mm. For this reason, each face of the icosahed
describedn section 3.1 is divided into smaller triangles until
the minimum samjohg rate issatisfied and the total number of
sample cameras is 2562.

We used two models of different complésit a human
headmodelwith 55424 vertexeandaheart model with 40887
vertexes(Fig. 11). Capturing images from sampyj cameras
took about 11 seconds for the head model and 18 seconds
the heart modedndused500MB ofmemory. Fig12 shows the
motion parallax othelV image of the heart model.

TABLE 1 showthe average required timéor 10 times for
rendering of one frame The rendering time of the
conventional methothcreasd significantly as the complexity Fig. 11. Two medical datasets of different complésdt (See Color Platé)
of model increass whereas theendeing time of theproposed
methodstayedalmostconstantegadless of the model. For an
IV image of size 1024x768 pixelthe proposed methadkes
about 90 ms for 1 frame, meaning a frame rate of 11 fps. This
frame rateesnables smootimteraction regardless of the scéne
complexity.
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in quality in comparson with the image rendered witthe
conventional CG. Therefore, oorethod is a promising way to
render reatime IV images and can be utilized in various
medical applications because the total memory requirealys
around 500MB.

Fig. 15. Relative MTF of proposed method, u=0
Fig. 12. Motion parallax of IV image

(b

Fig.13 IV images rendered with (a) conventionaéthodand (b) proposed

method . .
Fig. 16. Rdative MTF of proposed methouz0.

Fig. 14. Fourier transformation of IV image (a): conventional method, (b):

proposednethod Fig. 17. Configuration of lens array

Fig. 15 and 16 show the relative MTF wheandv areset to 0.
While the horizontal frequency is almost the same in both V. CONCLUSION AND FUTURE WORK
methods (MTEL), the vertical frequency is ngproperly We developed a highpeed high-quality 3D IV surgical
reproduced. This isaused byhe lens pitclof the array not being navigationsystemBy using imagebased renderinghe system
the same ithevertical and horizontal directisifFig. 17). can ender IVXGA imageq1024x768ixels) atapproximately
From the experimental results, we can Hest IV images 11frames per seconghile keeping the quality of the image at
rendered witlthe imagebased technique show almost no losa high level We also built a GUI interface through which



