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Abstract — The paper deals with the synthesis,
development and implementation of a neuro-surgical
registration unit for neuro-surgical procedures. The neuro-
surgical registration unit consists of a portable Surgical Co-
ordinate Measuring Mechanism (SCMM), a 3 DOF spatial
parallel robot and the related imaging and graphic
components. A portable SCMM is developed and
demonstrated for registration of the anatomical spatial
points and for carrying out neuro-navigation procedures.
The fiducial based registration and surface based
registration procedures using SCMM are described. The
accuracy of the SCMM unit is analyzed. Further the
advantage of the SCMM over current practices in navigation
is discussed. Also, a 3 DOF spatial parallel robot developed
in the author’s laboratory is used to perform a robot based
neuro-navigation. Imaging and graphic  modeling
components for SCMM based neuro-navigation and robot
based neuro-navigation are developed.

Keywords — Neuro-navigation; localization; coordinate
measuring mechanism; robotic neurosurgery; neuro-
registration; image-guided surgery.

l. INTRODUCTION

these greatly aid the surgeon, when they attempt to
perform highly intricate minimally invasive surgical
procedures. The first attempt success rates as well as the
enhanced quality of surgery are the benefits.

CT, MRI and many other imaging techniques can be
used to identify the tumor in relationship to the external
frame [1, 2]. The speed of improvements in imaging
equipments, tools and techniques have resulted in high
quality diagnosis and measurement. The reconstruction of
any sectional view of the image has helped to assess the
location, extent and form of the problem very closely. The
procedural steps for any of the imaging techniques are
similar. Body attached physical frame and non body
attached physical frame for localization of tumor is in
practice [3, 4, 5]. The physical frame based stereotactic
surgery became very popular and has been accepted for
long over five decades now [6, 7, 8]. For the last one
decade, due to technological progress, a transition towards
eliminating physical frame and practice of frameless
stereotaxy is gaining momentum [9, 10]. The reasons to
find an alternative course are because of the disadvantages
in managing the physical frame. The patient has to wear
he bulky frame for a long duration, from the time of the

In image guided surgery, the CT/MRI image data oft . . X o
the patient along with the position of the surgical tool will!aging till the completion of the surgery. Sizing of the
be available on the computer screen to the surgeon. Neurf(@me to fit different heaq _dlmenS|ons occurring across age
navigation basically means: during the surgery, thdroups and gender is d|ff|cult._ The presence of_the frame
surgeon can view in real time the position of the surgica?rou.nd the head causes hindrance to manipulate the
tool along with CT/MRI image of the patient on the surgical tools. Any displacement or removal of the frame
computer workstation. The pre-requisite of the neuro@mounts to loosing the reference; thereafter any surgical

navigation is initial registration of patient with the imaging ©°lOW Up procedure is not possible because of the loss of

data. Extensive research is being carried out on the subjetBF reference. More and more frameless localization

of stereotaxy procedures in the field of neuro-navigationProcedures are being developed and are steadily taking
y P g ver the localization and stereotactic procedures [11, 12,

The interest in active registration and real time navigatio ) 2L
9 g 3]. Recently optical or camera based tracking is well

in neurosurgery is gaining pace. As a result highly intricat : L
geryis g gp an’y cepted for the use in frameless based neuro-navigation

maneuvering is being done and smaller and smaller sif

tumors are being removed. There has been consideratjéSiems. Generally the frame based stereotaxy is having

progress in this field. The measuring probes and pick u uch better accuracy than camera based frameless based

tools can be made to access otherwise inaccessible regi grtﬁotaxy proc.edtjrez. Thle aim (f)f thel resezérch gresented
and effect minimally invasive surgery. The tool or probeIn . et_paper 'Sd 0 ﬁve_ op tﬁ rameiess base T)Tur?'
guiding mechanisms are consistent throughout the surgeﬁf‘v'ga lon procedure having the accuracy comparable 1o

and follow the set procedures with utmost precision. Allfame based accuracy.
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Section 2 of the paper presents the design andesigned fiducial to match the measuring probe and the
development of a portable Surgical Co-ordinate Measuringonstrained center mark represents a point.
Mechanism (SCMM) for frameless localization
procedures. The compact prototype design, eliminating
camera mounts and the line of sight constraints is the
highlight of the portable SCMM. Procedure to point to the ‘

infinitesimal region repetitively is developed to minimize ¢ Y
t g petitively ped t ///////////%

the error in measurement. One instant registration of

spatial point to avoid uncertainty range of points is (a) Sphere Nesting (b) Point- (C) Conical Sphere
considered carefully. The control electronics and software Circumference Wedging
for registering the spatial point is implemented. The Contact Nesting

localization of the region representing the tumor is done by
conducting the experiments on a phantom. The localization
algorithm is discussed. Experiments and the results of
successful mapping from the image frame to the robot
frame of reference are discussed in detail. In section 3,
surface registration experiments are carried out using
SCMM. The surface registration experiments are cross
verified and evaluated using a high precision 3 DOF (d) Spherical Surface  (e) Cylindrical (f) Conical Nesting
spatial parallel mechanism developed at author's ©Yinder Contact Nesting

laboratory. Section 4 presents the experiments on passive ] ] ) ] ]

mechanism based image guided surgery and autonomotig- 1 (Color online) Point measuring configuration of the end probe
robot based image guided surgery on a human phantom.
The results obtained and the relative accuracies argr

Three or more fiducials are affixed on the scalp prior to
/MRI scan to aid the coordinate measurement and to

presented. establish a high precision reference plane. To establish a

II.  NEURO-REGISTRATION ANDSCMM reference plane, termed as fiducial plane, more than three
fiducials are affixed on the scalp. The fiducial is a radio

A. Preparation for Neuro-registration opaque marker, which resembles a button in shape, a

Neuro-registration is a process of recording cocylinder with a cylindrical hole. The centre of the base
ordinates of an anatomical point with respect to a surgic&irde of the cylindrical hole is taken as the reference point
frame of reference. The task lies in representing a point iif the fiducial. The main property of the radio opaque
real space and accessing for measurement. On machif@rker is its visibility in CT/MRI image. Mathematical
elements, the geometry of the elements will have welfequirements should be taken care of that no three fiducials
defined geometrical shapes, geometrical references can B@ould be affixed in collinear or near collinear fashion to
employed or measuring probe can be guided to accessayoid singularity or ill conditioning. In this analysis we
point uniquely (with very high tolerance). Such referencingchose to affix four fiducials (points on the scalp) and name
or constraints to guide a measuring probe to a specifi¢ as A, B, C and D as shown in the fig. 2. With these
anatomical point is often not available. To map thefiducials, the CT/MRI is taken. The CT/MRI scan output is
CT/MRI image of the body part with the corresponding@ collection of DICOM images of a section progressing in
anatomical portion of the real body, specific points on theliscrete slices normal to the section. The resolution of the
image are registered with the corresponding real lif¢lices depends upon the manufacturer and varies from 0.1
anatomical points. Highly accurate correspondence is négm to 5 mm.
possible because the point definition is non-existent, and a
small regional approximation is done. Also visual errors in
accessing and contacting a point with a probe will also add
to the error. The typical error is around five millimeter.

The consequence of these errors is of increased uncertainty

and results in extended boundary of surgical portion. In

guided biopsy pick up in neurosurgery, such registration

errors causes offset in position and orientation of the

needle mounting reference surface. The translation and
orientation shift of the plane would greatly offset the " |
needle from the target due to multiplying effect of the r

traversed length of the needle with the orientation error. To

minimize measurement error in registration, a definitive e

definition for the point has to be obtained. Certain simple L f
methods are developed based on the practices in coordinate ( |
measuring methods in machine elements. Fig. 1 suggests — \
some of the methods to create near exact point definition. ! )
The center mark in each figure is constrained and can be

identified with very small deviation (of the order of 15 to Fig. 2. (Color online) Sketch showing fiducial frame, fiducial points A,
20 um). The magenta colored fixture in fig. 1 is a speciallyg, C and D on the scalp and tumor point P
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The fiducials and tumor (if present) would appear in  The end-probe mechanism and circuitry is designed to
the CT/MRI image. The tumor would appear as a regiormemain in same configuration so as to result in a single
progressively increasing or decreasing depending upon tliestance of a position. At the instant of closing the switch,
shape of the tumor. The center point of the tumor ighe encoder values are recorded and the co-ordinates of the
marked based on the visual estimate of the tumor shamad reference point are computed. However, on track
and size. Fig. 2 explains the typical fiducial pointmode (switch is in closed condition), the encoder values
arrangement, the fiducial frame and a problem point at thare polled at high frequency and the co-ordinates of the
estimated centre of the tumor region. A DICOM viewer'send point path is computed in high resolution. The
software is used to view the CT/MRI images. A commorprototype of the SCMM system is shown with homing
reference frame, termed in this paper as fiducial frame F, #ture in fig. 3. The SCMM is used to measure the co-
attached in all the images of the section in the vieweordinates of the fiducial points with respect to the robot
software. The viewer software also provides a cross-wirbame of reference. The co-ordinate measurements are
cursor to navigate on the image and on click at a point afeeded to establish a relationship between the fiducial
interest will give co-ordinates of a point with respect to Fframe and the robot frame.

A, B, C and D are measured with respect to the fiducia

frame of reference. . Fiducial frame to Robot Frame Transformation

) ) ) . From image, using DICOM viewer, the co-ordinates

B. SCMM (Surgical Co-ordinate Measuring Mechanism) of fiducial points with respect to fiducial frame are
Synthesis of the SCMM (fig. 3) is done such that it carmeasured (see fig. 2).

be positioned in the desired measurement space and can f f
satisfy manipulability requirements. The basic Py = {Xa,Ya, Zp}," Pp = {Xp,Yp, Z},
characteristics of the metrology arrangement for a medical TP, = {X¢, Ve, Ze} and Py = {Xp, Yy, Zp}
setup apart from the required least count in measurement is . _— .
that it should be portable and should be easy to use. The 'he co-ordinates of the fiducial points A, B, C and D
SCMM is made of high strength aluminium alloy to reduce'® measured using SCMM.
the self weight of the mechanism. A passive four degree of Rpy = {X,, Yo, Zs}, RPs = {Xg, Y5, Z5),
freedom serial mechanism with encoders mounted at each Rp. = (X¢, Y Zc} andRPy = {Xp, Yy, Zp)
joint and with a base fixture is implemented. The end link ¢ elesc b b»7D»=D
of the serial mechanism is equipped with a probe to suit The transformation matrig[T] £ which transforms
point-circumference contact nesting measurements (seBe points that are known in fiducial frame to robot frame
fig. 1b). The joint encoders reading are the inputs for g obtained as following.
direct kinematic problem to compute co-ordinates of the
reference point on the end-probe with respect to the R(Py, Pg, Pc, Pp)axs = R[T]f(4x4)f(PA,PB,PC,PD)4X4
SCMM base frame (this frame is in fixed and known

relation with the robot frame). The co-ordinate  VWriting the above equation in short form, we have

measurement is obtained on pressing a spherical probe in a Repy = RiT1. f(p 1

nest (bringing the spring loaded electrode in contact with #) 71y 7(®) @

the rigid conducting surface to close the switch). The solution of?*[T],in (1) for a general case is given
in [14] and for completeness given in (2)

RIT], = *@) TP (P) T (P)T] @)

The tumor point is obtained in the robotic frame of
reference using the transformation

Ry, = R[], 7 (P)p ®3)

where, 7(P), is the position of the tumor point in the
fiducial frame of reference. All the fiducial points, tumor
point, surgical tool, surgical path of the tool, all are
determined in robot frame of reference as explained in fig.
4,

Fig. 3. (Color online) Surgical Portable Coordinate and Path
Registering Mechanism
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For measuring the accuracy, first set of distances
between fiducials already pasted on the perspex bock is
measured with SCMM. The second set of the same
distances are measured by using a high precision
. Coordinate Measuring Machine from a metrological
Tumor Reglon department. The two sets of readings are compared to
determine the accuracy of the SCMM. The difference in
reading is found to be less than 300 pum.

Biopsy Needle

lll.  SURFACECO-ORDINATE MEASURING AND
REGISTRATION

In pair point based registration there are a relatively
small number of point pairs that describe corresponding
locations in two coordinate frames (CT/MRI frame and
Patient frame). In surface registration there are two large
sets of points that describe the same surface, but there are
Fig. 4. (Color online) The blue points are fiducials (registered pOintS)no point pairs [5] The purpose of surface registration is to

and form a reference frame. The tumor is established with respect to t
fiducial frame from the CT/MR image data. Latter transformed to robo?ﬁatch the two sets of data for the same surface. Surface

frame of reference. Rigid body motion of a surgical tool is localized withco'ordmate registration and navigation is an application

Fiducials

respect to robot frame. and is shown in the fig. 6. Typically, in some neuro-
procedures, certain external anatomical points on the

D. Experimantation for Pair Point Registration using surface have a definite relationship with the inaccessible
SCMM problem points. Therefore mounting fiducials to create a

Experiments are conducted to evaluate the performané@mporary reference can be avoided. The geometric

characteristics of the SCMM. A phantom is prepared Orgelationship between the accessible surface features and
' @e inaccessible problem points is built using scanned

which fiducials are pasted and by imaging techniques; th : : X
relationship of the tﬂmor with regpect %0 ?iducial fc;ame isimages. The co-ordinates of the accessible external spatial

being established. The phantom is a perspex block opQints are to be registered accurately to create a local
which fiducials are pasted on pre-defined points. Théeference frame. In this application we demonstrate the
SCMM along with perspex block is shown in fig. 5. CT accurate measurement and navigation employing the
scan is performed on phantom and the relationship opCMM on a human skull phantom. The surface

can . . ; istrati ing the
fiducials among themselves is established. Using the sanjgdistration measurement can be conducted by moving t
phantom, the accuracy and repeatability analysis 0$nd probe of the last link of SCMM on the surface of the

SCMM is carried out. humgn skull phantom using a track que. The angular
positions of the encoders are polled at high frequency and

Calibration is done, the repeatability of SCMM to co-ordinates of the point on the path are computed. The
measure a point is found to be less than 80 um. The singd@irface co-ordinates are used to establish the relation of
point articulation test for SCMM is carried out accordingSCMM frame with surface of phantom using least square
to ASME Standard B89.4.22 [15] for Articulated Arm method discussed in section lll (C). Fig. 7 shows the
Coordinate Measuring Machines. surface generated by the SCMM.

The accuracy of the surface generated by the SCMM
is verified by comparing with the surface generated by a
high precision 3-UPU (Universal — Prismatic - Universal)
manipulator developed in the author’'s laboratory. The
UPU manipulator developed is a 3 DOF pure translational
parallel manipulator [16]. Each leg of the manipulator is a
kinematic chain which consists of a passive universal joint
connected to the base, an active prismatic joint and the
universal joint connected to the platform. The precision of
the 3-UPU manipulator is in the order of 30 um. Fig. 8
shows the arrangement of the 3-UPU manipulator
measuring the co-ordinates of the points on the surface of
the human skull. The skull is placed on the platform of the
highly sensitive 6 axis Force Torque (F-T) sensor
developed at author’'s laboratory [17]. The measuring
probe is made to travel till the threshold of force
magnitude is less than 0.1 N. The stop command is
= triggered as soon as the threshold is crossed. The
Fig. 5. (Color online) SCMM along with a perspex block manipulator could successfully stop within very small
distances exhibiting fine motion control. The compliance
corresponding to 0.1 N is estimated to be 20 pm. The
coordinate could be recorded based on direct kinematics at
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the rested point. The distance between the several specifienerated from the surgical SCMM which is traversed on

points on the skull is repeatedly measured and it is founthe patient's scalp. A surface to surface matching

that the repeatability is within 30 um over a distance of uglgorithm can be used to calculate the transformation

to 80 mm. Fig. 9 shows the surface generated by thehich matches and aligns two sets of points generated.
manipulator based measurement. The surface generated Blyis transformation can be used by the neurosurgeon to
the surgical SCMM was found to be in close agreemenperform an image guided surgery or also termed as neuro-
with the actual surface as well as the surface generated bgvigation. The development of the transformation using

3-UPU manipulator. The maximum deviation is found tosurface registration is out of the scope of this development.

be within 500 um from the surface generated by 3-UPU.

In surface registration, first set of data is generated
from the preoperative CT scan data and the second set is

Fig. 7. (Color online) The surface generated by the SCMM
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Fig. 9. (Color online) The surface generated by the 3-UPU manipulator

near surface tumors are removed by localizing with respect
to nearby body part and constantly referring to the image.
a'[o ensure complete removal of the affected tissue, a

. C : tive margin is always kept, thus a layer of healthy
they, on seeing cannot distinguish between healthy tlss{’bega . ;
and affected tissue. It is only in the CT image the regionoSsue along the boundary of the affected region is

affected tissue can be seen and can be distinguished fr‘%ﬁ{noved. However medium, small and deep rooted large

IV. EXPERIMENTATIONON NEURO-NAVIGATION
(IMAGE GUIDED SURGERY) AT AUTHOR'S LABORATORY

The major problem, the neurosurgeons face is th

the rest. Therefore the surgeons rely on the image to stu hor_s li:a??ot_ be Lemo;/ed by th'sa rlnethlpc_i. Thhere f‘]f‘"" bg
the location and extent of the affected region. Large an gh risk of losing the reference and localizing the affecte
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region becomes impractical. Surgeons need continuoule entry point on the scalp. The autonomous neuro-
reference for localizing the surgical tool. Neuro-navigatiomnavigation based experiment is shown in fig. 11.

means to take continuous reference to conduct the . .
neurosurgical procedure. The neuro-navigation is alsg There can be multiple sources of errors in the neuro-

- ; d navigation surgery. These are errors due to resolution of
termed as image guided surgery. Image guided surgery 'rlgl‘aging data, fiducial registration errors, robot registration

as if the surgeon is in an active feedback loop. While ror, target registration errors. The accuracy achieved in
performing the surgery, the neurosurgeon can see in re%f , targ 9 : y

time, the current position of the surgical tool and th e neuro-navigation experiments at author’s laboratory is
mechanism carrying the tool with respect to the image ﬁhess than 1 mm. This accuracy is much better that the
3D real time graphics. The surgeon can have a complef:éa‘mera based frameless stereotaxy procedures Wh'Ch are
view of the surgical tool, its movement, its location alongpresently followed. Also this technique removes the line of

with the reconstructed graphics model of the image. Th§Ight prob_lem_ which IS a big limitation of the current
surgical tool position can be tracked with respect to thgleuro-navigation techniques.

patient throughout the surgery. The surgeon takes

continuous corrective action to regulate the tool towards
the affected region and can visualize this effect on the
monitor with a high resolution. The relationship of the
tumor and the surgical tool has to be established durin
registration procedure before performing neuro-navigation
The registration techniques which can be used are point
point fiducial based registration or surface basec
registration explained in sections Il and Ill respectively.

A. Demonstration of Neuro-navigation using SCMM

A point to point fiducial based registration and neuro-
navigation is demonstrated in the laboratory. Neuro
navigation experiments are conducted using a human sku
phantom to evaluate the performance characteristics of th
SCMM. Human skull phantom is prepared for CT by
affixing fiducials on the surface of the scalp. CT scan ol
the phantom is performed and the relationship of the
fiducials with respect to fiducial frame is established. The
relationship of the tumor (a fixed point on the skull
phantom) with respect to the fiducial frame is determined.
Using the transformation formulated in section IlI (C), theFig. 10.(Color online) Manual surgeon assisted neuro-navigation
co-ordinates of the tumor with respect to SCMM base
frame is determined. Subsequent to the registration, the
neuro-navigation procedure is carried out.

The neuro-navigation has been implemented in bot
manual and autonomous setups. The first setup involve
using the passive SCMM to navigate the surgical tool
When the user manually navigates the end tool fixed to th
SCMM (as in fig. 6), he can visualize on the computer
screen, the actual configuration of the SCMM, tool
movement relative to the 3D model of the CT image anc
also the tip of the tool with respect to tumor region. The
implementation of SCMM based neuro-navigation is
shown in the fig. 10. The fig. 10 comprises of CT image
converted into transparent 3D model and SCMM graphi
model based on actual size. Simulated input data of join i
encoder values are taken for conducting neuro-navigation

B. Demonstration of Neuro-navigation using a Parallel
Robot

Autonomous neuro-navigation is conducted using a 3
UPU parallel manipulator. This involves using a parallel
robot to navigate the surgical tool autonomously to théig- 11.(Color online) Autonomous neuro-navigation
tumor point. The robot frame of reference is in a fixed and
known relationship with respect to SCMM frame of
reference. Hence the relationship of fiducials with respect
to the robot frame of reference can be determined. The
same CT image as above is used for this purpose. The task
space trajectory is decided based on the tumor point and
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