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Abstract: One of the methods of medical navigation,space by the generator and the position of thisitpimi

applied for positioning of instruments inside thatipnt's
body during investigation or surgery, is electromets one.
The great advantage of this method is a possibiity
positioning inside the patient's body. Its shortows are:
sensitivity to the presence of objects disturbimg magnetic
field distribution, i.e. conducting and ferromagoetbjects
in the operating space and a relatively small areligh
accuracy measurement. The works presented in #perp
are aimed to prevent or limit these disadvantaddwe
improved accuracy of measurement can be achiewtksh
to the introduction of an additional reference afenand

respect of the generator, described by the Bioa&daw.
When measuring the induction of the spatial magriegid
produced by a set of three generators placed @ethoints
of known co-ordinates, it is possible to determitie
distance between the particular point and each hef t
generators, therefore also the spatial positiothisf point.
The method of calculations and the suitable algoritare
described in details in [4][5][6].
Thanks to the transparency of the human body for

magnetic field of low frequency the EM navigatioystem
does not require to keep clear Line of Sight (LO8)wveen

performance of numeric simulations enabling optimathe field emitter (generator) and the sensor. Tthegeit is

choice of the system of magnetic field generatidhe
disturbing
objects on the system accuracy have been simulsiedg
the finite element method (FEM). Some methodsnaiting
these disturbances have been proposed on the dfasis
results obtained.

possible to track the further end of the instrumeumt into

influence of conducting and ferromagneti the patient's body which decreases the errors aabdles

navigation of flexible instruments. Furthermoremiakes the
work of medical staff easier.

Objects made of good conductors and ferromagnetic
materials can produce deformations of primary ithistion
of the magnetic field and, therefore, also worsée t

Keywords: electromagnetic navigation system, medicalnavigation accuracy. This is the main shortcomifighe

navigation, positioning.

1. INTRODUCTION

Medical navigation is one of the auxiliary methods

EM navigation.
2. AIMSOF RESEARCH

The main aim of research works presented in thigepa

applied in medical diagnostics and surgery, aimed ds to widen the working space of the considered EM

speeding up and increasing precision of investigatiand
surgery, increasing safety of patients and fatitfita
preparation and realisation of these actions byntieelical
staff [1][2]. Navigation of medical instruments @ists in
determining spatial co-ordinates of the charadierjmoints
of the instruments and superimposing them on theeth
dimensional images of the patient's body obtairefdre the

navigation system without worsening navigation aacw.
Present EM navigation systems available on the etdnr&ve
their working space limited to a segment of splaeut 50
cm in radius or a cube of side length 50 cm [7][8]is
assumed to extend this space to a cube of sid¢hletgut
100 cm, with simultaneous improvement of the naiiga
accuracy. Two procedures are proposed: (1) — widgethie

surgery in investigations performed using CT or NMR system working space by an optimal choice of pataraef

During the surgery the position of the trackedrimsient is
located in real time on the images of the patidrdtdy [3].

the magnetic field generator, determining areas of
convergence of the measurement algorithm and inipgov

Among the medical navigation systems availablelen t accuracy of measurement in the areas of low magneti
market more and more popular become electromagnetiocduction, and (2) — reduction of the navigatiorroes

(EM) ones using magnetic field of low frequencythe EM
systems the position of instruments is obtainedtakng
advantage of the relationship between the valuaaxgfnetic
induction of the field produced in a particular moof the

caused by the presence of metal and ferromagnbjects
in the operation area or its vicinity [8][9]. Thec®nd way
can be complemented by introducing an additionadlenaf



operation, of enhanced resistance to the presehosetal
and ferromagnetic instruments in the operation.area

3. MEANSENABLING IMPROVEMENT OF
METROLOGICAL AND USABLE PROPERTIES OF
EM MEDICAL NAVIGATION SYSTEM

A considerable improvement of the positioning aacyr

1.6 A which is the maximal allowed limit related the
thermal effects estimated for that diameter. Thstrithution
of the position measurement error in the vicinifyeach of
the orthogonal coils is shown in fig. 2. The em@tribution
was compared with the contour corresponding tovtidae
of magnetic field intensity equal to 10 A/m whicls i
considered to be safe for a human.

The obtained results show that for the magnetitd fie

in an extended working space can be achieved bgenerator with the geometry used in the develoystes

introducing an additional reference channel, withsensor
situated at a point of exactly known coordinatesctt
a solution provides continuous testing changesheffield

produced by the emitter — the negative feedbackiress
correction of these changes and therefore imprdhes
stability of the exciting field, which directly impves the
metrological features of the system.

Extension of the working space of the system can be

obtained by a suitable selection of parameters haf t
generators of the magnetic field, improvement
convergence of the measurement algorithm
improvement of the system accuracy for the areageof
low magnetic induction.

Modifications of the generators involve a choice of

dimensions of an individual emitter (source of thagnetic
field) in the form of an inductor, optimal spatdiktribution
of the set of emitters and the method of generatibthe
signals exciting the emitters.

Geometric dimensions of the emitter (each emitter

contains three orthogonal inductors) and intensitythe
current flowing through it have been optimized ba basis
of numerical computing of the signal volume and énior

resulting from the assumed simplified model of the

magnetic field. The mentioned parameters are chasen
such a way that the limit of the maximum permissibafe
value of the magnetic field strength and the liwitthe
maximum admissible measurement error resulting ftioen
assumption of non-ideal (of finite dimensions) seuof the
field were very close . Such solution offers thesibility to
optimally utilize the working space. The value of thm
has be accepted as an admissible measurement error.

In the performed computations the magnetic dipcdes w
assumed as the source of the magnetic field. Irvitipity
of the set of generating coils this assumptionilied only
approximately what causes the occurrence of a iposit
measurement error in this area. The value of thisr evas
computed by comparing the real coordinates of tte af
the control points with the coordinates obtainechagsult
of numerical computations. At first, for each pouft the
grid, the Cartesian componefg B, andB, of the magnetic
induction vector were computed using Biot — Sagaldw.
Then the values of the components were used to atemp
the location of the control points using the magnédipole
model. The position measurement error is the distan
between the real position vector of the controhpaind the
position vector computed for the same point usihg t
magnetic dipole model.

The geometry of a single generating module usetién
developed system, containing three orthogonal cdls
shown in fig. 1. The diameter of the winding wirguals to
0.9 mm. The electric current value used in computatis

of
and

both the acceptable value of the position measunesreor

and the maximal admissible value of the magnetitd fi
intensity appear in the distance of several cernémserom

the middle of the set of generating coils. It isoavisible

that the asymmetry of a single generating coil éases the
agreement between distribution of the generatdd fwd

the magnetic dipole model.
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Fig. 1. Geometry of a single set of generatingscoded in the
developed system — the cross-section through thef seils in
three orthogonal directions. The proportions arerespected.

A proper arrangement of the set of three magnedlid f
emitters has been chosen on the basis of numerical
simulations of convergence of the measurement ighgor
Signals exciting the emitters are produced usiggreerator
system of high spectral purity and high stabilityhich
improves the accuracy of measurement in the padiistant
from the sources, in which the signal to noiseoratilow.

Modifications of the path of signals coming frometh
sensor coils consist in application of low noisd aigh gain
amplifiers, introduction of an additional amplifistage of
controllable gain, depending on the signal volunra a
automatically controlled, and application of an ADE
higher than typical resolution. Algorithms for callation of
the voltage induced in the sensor coils, consist in
determining the signal volume for a given exciting
frequency with application of FFT or phase-sensitiv
detection.



4. REDUCTION OF THE INFLUENCE OF
CONDUCTING AND FERROMAGNETIC OBJECTS
PRESENT IN THE OPERATING AREA

4.1 Estimation of distribution of the position
measurement error introduced by conducting objects

The first stage of works aiming to improve the
electromagnetic navigation system immunity to thespnce
of conducting and ferromagnetic objects in the wagk
space of the system or in its vicinity involves nfitative
description of the distortions produced by sucheots
having geometry and dimensions corresponding tacayp
objects usually present in the operating room ageny
[10]. Computer modeling has been applied for thigppse.
Deformations of the magnetic field distribution ihe
vicinity of the disturbing objects mentioned haveeb
determined through the application of FEM (finileraent
method) for the sinusoidal alternation of magndittd of
different frequencies and, for comparison, also fbe
commuted DC field (rectangular waveform). On thésib a
distribution of the positioning error caused by firesence
of the conducting and ferromagnetic objects hasnbee
determined. Simulations were performed for the nwde
corresponding to small, steel instruments locaieectly in
the operating space as well as for the models mfela
conducting and ferromagnetic objects placed outside
operating space of the system but still in the atieg room.
Exemplary results obtained for the model of a losignder
instrument (e.g. chisel, blade or applicator) aesented in
fig. 3 [11].

surgical tool

cross-sectional plane

z=40cm

emitter
4x4x4cm

Fig. 2. The distribution of the acceptable positio@asurement
error (thedark-gray contour corresponds to the value of 0.2 mm)
and the maximal admissible magnetic field inten&itglight-
grey contour corresponds to the value of 10 A/m) foe¢h 8% gk A5 158 TeE 218 250
orthogonal coils (a, b and c, respectively). b ’ ' ' Cx[em] ’ ’ )

Fig. 3 Exemplary distribution of the navigationarcaused by a
long, slender surgical instrument: geometry ofdh@angement (a)
and the errof\r of determining the distance (b) — AC sinusoidal
field of frequency 20 kHz applied.



4.2 The proposal of method of decreasing the infhae
of large objects on the position measurement ersor’
distribution

On the basis of results of the conducted simulatitime
methods of correction of disturbing influence oé thbjects

Cross-section plane

=40cm i
of different size and shape, inserted inside theking g Y Sﬁi?eratmg
space of the system and outside it have been pedpds R=2cm
the case of large objects placed outside the wgrgpace, a L:ﬁ?m
simple and effective method seems to be such an z X

arrangement of these objects in the operating ramwm
surgery in which the area of deformation of theldfie
distribution and the working space of the systemngo

Fig. 4. Geometry of the model of a big surgicall tdamensions of

superimpose. For this kind of objects the minimum the disc: diameter 6 cm, height 3 mm, conductisftynaterial:
1.100° S/m

necessary distance from the boundary of the workjpare
depends on the required accuracy and can equala fe
meters. Having in view an optimal arrangement ofjda
objects one can use the reference sensor coil dielprio
the system, located at the periphery of the worldpgce.
The object disturbing the field distribution sholld moved
towards the working space until the signal from the
reference sensor coil changes.

4.3 The proposals of methods of decreasing the
influence of large objects on the position measurenh
error’s distribution

For small disturbing objects inserted in the wogkin
space two options have been considered: changdeof t
shape of the exciting signal for rectangular wasuef@and
lowering of frequency of the sinusoidal excited Idie
Because of the difficulty associated with measurgmef
weak DC fields in the background of strong noisevis
decided to apply the second solution. However, it
interrelates with lower sensitivity of the magnefield
sensors and complication of the design of the magfield
generator. Solenoid coils of low dimensions, wites core
have been used as the magnetic field sensors. Their
sensitivity is proportional to the frequency of timeasured
field.

Selection of the optimum frequency of the magnficl
alternations was performed applying FEM simulatidfar
the model of the metal object corresponding togashbirgical
instrument the range of the acceptable positionsomreanent
error was determined for different values of thegnetic
field’'s frequency. The selection of the optimumginency
should be a compromise between decreasing the blarm
influence of the conductive objects and preservithg
possibly good sensitivity of the system. The geoynet the
model used in the simulations is shown in fig. 41 dhe
results obtained at different frequencies are shiowfig. 5.

It was found that the compromise between the goo
sensitivity and the small range of disturbancesbigined at
the frequency equal to 1 kHz.
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£ Fig. 5. Position measurement error for the modét geometry

show in fig. 4 for the frequencies: 20 kHz (a) dnkHz (b)

The problem of lower sensitivity at lower frequerti
can be solved by introducing an additional low-pois
8mp|ifier stage to the signal path, in the form of
a controllable gain amplifier.
depending on the signal volume obtained from thesce—

Its gain should bet s

this enables optimal use of the ADC dynamics. An
improvement of the system’s sensitivity decreased b
lowering the frequency of the magnetic field carob&ined

by increasing the intensity of the field. This igspible by
replacing the set of mono-layer generating coilsalget of
multi-layer ones.

Realization of experimental investigations perfodme

with the use of real medical instruments is planiredhe



next stages of the research. It is aimed at: eatifin of the
results of simulations, verification of the effeemess of the

FEM simulations were performed using the software
package Comsol Multiphysics AC/DC [12]. Numeric

methods of arrangement of large objects around thealculations were carried out using Mathematica Matlab

operating space, choice of optimal field frequeraoyd
estimation of the parameters of modified generadigtg

5.MEASUREMENT SETUP, TOOLSFOR
PROGRAMMING

Preparations for experimental works are drawingato
close. Investigations will be carried out with thee of a
specially designed measurement setup enablingptiaion
of the sensor coil in particular points of very gsely
determined co-ordinates. The designed measurenstup s
is shown in fig. 6.

Fig. 6. The measurement setup for experimentalesuaf the
navigation system

. . . 3
The sensors are long thin solenoid coils wound OM

ferromagnetic cores. Preliminary measurements larenpd
with the use of a vector voltmeter (lock-in amgili
Further works
designed especially for acquisition signals from nyna
sensors. Finally, the full EM navigation systeng.(fr) will
be completed and tested.

signal
acquisition
unit PC computing
FESIA and visualisation
9 channels N application
9 emitter || field
coils generation
unit

Fig. 7. System for electromagnetic (EM) navigation

involve using a measurement system

packages and CVI National Instruments software.
6. SUMMARY

Some modifications of the electromagnetic navigatio
(EM) system, aimed at extension of the system wngrki
space without worsening the navigation accuracy ar
described in this paper. Investigations of the wlidhg
influence of conducting and ferromagnetic objects
worsening the accuracy of EM navigation are alss@nted
there as well as the means enabling the improvenpfethie
system immunity to the presence of such objectsite-i
element method of modeling has been used for thisgse.

Efficiency of the proposed changes and improvemasits
well as results of the modeling and simulations! Joie
verified in experimental tests of the system penfed with
the application of a specially designed precisesueament
setup. Experiments with human body phantoms are als
planned for the future.
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