Evaluation of a miniature electromagnetic position tracker
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The advent of miniaturized electromagnetic digitizers opens a variety of potential clinical applica-
tions for computer aided interventions using flexible instruments; endoscopes or catheters can easily
be tracked within the body. With respect to the new applications, the systematic distortions induced
by various materials such as closed metallic loops, wire guides, catheters, and ultrasound scan
heads were systematically evaluated in this paper for a new commercial tracking system. We
employed the electromagnetic tracking system Aurord®dnetix/CH, NDI/Cap; data were ac-

quired using the serial port of a PC running SuSE Linux (BLSE, Gmbh, Nunberg. Objects
introduced into the digitizer volume included wire loops of different diameters, wire guides, optical
tracking tools, an ultrasoni@JS) scan head, an endoscope with radial ultrasound scan head and
various other objects used in operating rooms and interventional suites. Beyond this, we determined
the influence of a C-arm fluoroscopy unit. To quantify the reliability of the system, the miniaturized
sensor was mounted on a nonmetallic measurement rack while the transmitter was fixed at three
different distances within the digitizer range. The tracker was shown to be more sensitive to
distortions caused by materials close to the emi{agerage distortion error 13.6 mi6.6 mm for

wire loops positioned at a distance between 100 mm and 200 mm from the gnfitgortions

caused by materials near the sen@tistances smaller than 100 mrare small(typical error 2.2
mm=1.9 mn). The C-arm fluoroscopy unit caused considerable distortions and limits the reliability

of the tracker(distortion error 18.6 mm24.9 mn). Distortions resulting from the US scan head are
high at distances smaller than about 100 mm from the emitter. The distortions also increase when
the scan head is positioned horizontally and close to the séagerage error 4.1 mml.5 mm

when the scan head is positioned within a distance of 100 mm from the seRserdistortions are
slightly higher when the ultrasound machine is switched on. We also evaluated the influence of
common medical instruments on distance measurements. For these measurements the average de-
viation from the known distance of 200 mm amounted to 3.041n% mm (undistorted distance
measurement 1.5 mi0.3 mm). The deviations also depend on the relative orientation between
emitter and sensor. The results demonstrate that the miniature tracking system opens up new
perspectives with regard to surgery applications where a flexible instrument is to be tracked within
the body. Significant distortions caused by metallic objects only occur in the worst cases, for
example, in the presence of a closed, unisiolated wire loop or a C-arm fluorescence unit close to the
emitter and which can be avoided by suitable usage.20©2 American Association of Physicists

in Medicine. [DOI: 10.1118/1.1508377
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[. INTRODUCTION (OT9 for position measurements provide the most reliable
and precise position sensors available for medical
Image-guided or computer aided surgei§AS) has wit-  applications:™* The restriction of this technology arises from
nessed constant development over the past decade. All sufe requirement of a free line-of-sight between the light emit-
gical navigation systems are following the same basic setuping diodes(LED) and the camera assembly. Therefore only
A sensor measures intraoperatively the position and orientaigid instruments where the LED assembly is visible to the
tion in the coordinate system of the patient, an imaging detracking system's camera at all times can be used. In a
vice or a surgical tool, and a computer correlates image daterowded operating field, requiring rigid instruments and the
acquired pre- and intra-operatively through modalities likemaintenance of line of sight to the instrument may further
computed tomograph§CT) or magnetic resonance imaging constrain the work of the surgeon.
(MRI) to the intraoperative data. The usefulness of surgical Interventional applications using flexible instruments
navigation is fundamentally dependent on the accuracy anbave to use other technologies for instrument tracking. Elec-
reliability of the tracking system. Optical tracking systemstromagnetic tracking systeEMTS) provide a possibility
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for achieving this. Therefore, these devices have been used
in CAS applications® regardless of the fact that metallic
ferromagnetic objects and stray fields from power lines can
distort the acquired position data enormously. Referring to
previous publications of our grotipand others;*° common
commercial systems may exhibit inaccuracies between 1-15
mm and 1°-4° resulting from common surgical tools used
inside the digitizer range of the EMTS. The calculation of
position and orientation is based on the physical principle in
that the systems are measuring either the induced voltage or
the magnetic induction of an alternating curréat) or direct
current(dc) pulsed emitter. In consideration of this fact in-
terference from conductive or ferromagnetic material is in-
eVItf’ible' Some .|mprovement are aChIeve_d Whel’jl the a_‘sse_rEE;. 1. The Aurora emittefa) with a close-up of the sensdh), and some
bly is arranged in such a manner that the interfering object iSources of distortion: the US scan hel and a guiding wire(d). Also
placed outside the area between emitter and recier.  shown is a caliper to indicate the size of the objects.

that case, the distortions are lower at the same emitter—

sensor distance, and, under such conditions, good results

were obtained using EMTS in CT-guided bronchoscBpy, (vi) an endoscope with a radial ultrasound scan head,
three-dimensional ultrasonographycatheter positioning? (vii) a needle holder, biopsy forceps and a drill handle.
and endoscopic surgety.According to Zaarooeet al.® an

error of 5 mm would be acceptable for removing brain tu-  Supposing that these objects are representative for poten-
mors of a size of 5 cm, but for functional neurosurgery ortial sources of distortion in our application we wanted to
applications like navigating a guiding wire the accuracy hasvaluate whether the tracking system used is suitable for
to be improved. For the successful application of navigatiomavigational procedures. Since the C-arm fluoroscopy unit is
systems in interventional radiology, an accuracy in the rangéhe most important instrument of the interventional radiolo-
of 3-5 mm is desirable and the sensor should be smaljist, we also included it in our list of disturbing objects.
enough to be attached to the instruments. As opposed to op-

tical tracking systems, the useful field-of-view is rather

small. To overcome this limitation one can use an additional|. MATERIALS AND METHODS

optical tracking system to navigate the field emitter of the ) )

EMTS. This would allow to move the emitter during the 1he tracking system under evaluation was the Aurora
intervention since any movement of the emitter is registeredniniature electromagnetic tracking systefednetix/CH,

and the new positions and angles of the electromagnetic sePP!/Can, Fig. 1. Three degrees of freedom in position and
sor can be computed easily. This type of hybrid trackingtWO in angulation are proyllded. Specifications given by the
system was described in an earlier paper of our gfoup. manufacturer quote a positional accuracy of 1-2 mm and an

oS PN« iy
Our motivation for using miniature sensors is to improve&ngular accuracy of 1°-2° within the sensitive volume of

the navigation for endoscopes and guiding wires in interven360 MM<600 mmx600 mm. The sensitive volume starts at

tional radiology and endosonography. Because of the podt distance of 300 mm from the emitter. The tracking system
image quality of ultrasonic images from an endoscopic Usemploys a new proprietary iterative algorithm to determine

scan head it was deemed desirable to provide a slice of 9€ sengors position Iand “Nr?_ andgles. For t|r|1_e m(ta)?surer(;]entfs
pre-interventional CT or MR image with identical orientation W& US€d an accurately machined nonmetallic table made o

and position as the intra-interventional US image to be overPerspPex, which was developed for previous evaluatfortse

laid with the latter. In case of positioning guiding wires we setup is similar to that described there. In short, a metallic

wanted to provide important reference slices, e.g., sagittaF,’bleCt representing the source of distortion is mounted on a

coronal and axial, for identifying the current position of the samplg holder that is mOb”? between receiver and sensorin
instrument's tip inside the patient. the main planégx andy coordinatg of the perspex tablé-ig.

With regard to these aims we tested a newly developed g). To allow for positioning of the object in the vertical di-

degree of freedom system which uses a proprietary iterativ: eqt'ﬁ? (ZchordEate we used plasttrl]c boxteﬁ_ of tgn‘fetrent
algorithm to determine the position of the sensor. The pur- €ignts. burng the measurements the metaflic objects were

pose of our experiments was to examine the influence on th@c_)veq n steps between the e_m|tter and the sensor. The po-
accuracy of the system of sition indicated by the sensor is recorded for each step. The

deviation is given by the difference between the positions
(i) closed wire loops with different radii, recorded with and without the distorting object. For the dis-
(i)  guiding wires with different configurations of loops, tance measurements we calculated the euclidian distance be-
(i)  US scan probes near to the emitter and the sensor, tween two sensor positions. During the measurements the
(iv) a mobile C-arm fluoroscopy unit, whole system is placed on top of a wooden table and it was
(v)  optical tracking tools, made sure that no other metallic object was to be found in
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z The calibrated value of the stylus tip positiGre., the offset
vecton was used to calculate the emitter coordinates of a
given point. This was performed with 20 different orienta-

y X tions of the stylus. For all three coordinates the resulting

standard deviation was calculated. The root mean square
(rms) error was computed by

= Eims= \/0)2(4- 0'5-1- oﬁ.

Fic. 2. A schematic illustration of the setup. The objects were mounted on
the sample holder which can be moved in ey plane. In the illustration . . .
a US scan head is positioned uprigatand horizontally(b). The emitter(e) To examine the effect of sensor orientation, we measured

and the sensdps) are fixed on a wooden table. The shown coordinate systeman accurately known distan¢ebtained with a calipgrusing
represents the coordinate system of the emitter. the calibrated stylus. The position of the tip of the stylus was
calculated as described by Hartevall® The first position
was measured holding the stylus upright, i.e., parallel to the
axis of the emitter coordinate system. The following posi-

the vicinity (approximately 1 mof the emitter or the sensor.
Various samples were employed as sources of distortiof

. tion measurements were made at a marker at a distance of 20
(Figs. 1 and R .

cm. For these measurements the stylus was rotated by incre-
A. Undistorted measurements and stylus calibration ments of 10 degrees around thand they axis, respectively.

The precision of the undistorted measurements was med-"€ deviation for each step was again calculated Ay
sured by calculating the mean value of 100 position data Ostyius~ Geaiiper Wherebydgy,sis the Euclidian distance be-
points each for several positions. The resulting mean valug¥/€en the calculated tip position of the first measurement and
were compared with the specifications. The points used wer@e calculated tip position obtained with the rotated stylus at
at 300, 450, and 600 mm from the emitter in the horizontaf"® Marker.
plane.

To evaluate the accuracy for distance measurements, we
measured distances between two markers positioned Syrs: Influence of wire loops, guiding wires, and optical
metrically with respect to thg axis on a measuring bar. The tracking tools
bar was positioned parallel to tlyeaxis of the emitter coor- Three closed wire loops of copper with diameters of 30
dinate system at a distance of 450 mm between emitter anr%m 100 mm. and 150 mm and thickness of 0.2 mm were
bar. The tip of the sensor was placed at each marker and thesea For the,se measurements three distanceé between the
positions indicated by the sensor were recorded. The result-_ " . :
ing error was calculated as the difference between the Eue_mltter(l.e., field generatgrand the sensor were l.JtSEd' TV\.IO
lidian distance between the recorded sensor positions at e © chosen close to the borders of the specified emitter
fnarkers and the distance measured with a caliper \t/)oll:jmer(]BO_O m:n”;t thz near .botrr(]jer a_gglgfé)om%at_r:]e far

'._border horizontally, and one in the mi mm. The
= dsensor ealiper- We repeated these measurements for dis; oo ment space was divided into a 30 mm grid. For each

tances of 100 mm, 200 mm, 300 mm, 400 mm, and 500 mm o . . .
sample 135 positions along the line connecting the emitter
between the markers.

. . n nsor were m red for thr ifferent heigh h
In addition, we measured the accuracy of the location of”1 _dse sor were measured for three different heights on the

: . 16 axis. Furthermore, two different types of vascular wire
the tip of a stylus by a method described by Harénal. guides, one made of stiff and another of flexible material

with 150 cm length, bent to a loop with diameter of 150 mm,
were used. All these loops were positioned with the spanning
plane upright, i.e., perpendicular to tixe-y plane of the
emitter system. Additionally, active tracking sensors of two
optical tracking systemgPolaris, Northern Digital Inc./Can,
and Flashpoint 5000, Image Guided Technologies Inc)/CO
in typical arrangements used in CAS were brought into the
space between the emitter and sensor. For these measure-
ments the distance between the sensor and the emitter was
maintained at 450 mm. The distortions were measured by
comparing the sensor readin@s average value of 100 mea-
surements per pointtaken with and without the metallic
source of distortion in the digitizing volume. Position devia-
tions were obtained by calculating the Euclidean distance
between position values measured with and without the
Fic. 3. Sources of distortions used for the distance measurements: a need¥@Urces of distortion present. Angle measurements were not
holder(a), a drill handle(b), and biopsy forcep). used in this study.
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@) Fic. 5. Deviation resulting from the undistorted distance measurements with
a linear regression shown as a dotted line. The mean value and the standard
deviation obtained from the distance measurement of 20 cm was used for

Anguicticn the figures showing the distorted distance measurements.
PP S
pendicular to the orbital rotatiofFig. 4(b)]. Here, positive
values describe the clockwise movement of the image inten-
sifier of the C-arm towards the emitter.

£

] D. Distance measurements in the presence of

distorting objects

We repeated the distance measurements described in Sec.
Il A with various objects between the emitter and the mea-
suring bar. These sources of distortions were mounted on the
sample holder which was moved along thaxis like for the

(b) wire loops. Figure 3 shows a drill, biopsy forceps, and a
Fio. 4. () Orbital movement of the C-arm fiuor rit. The emiter needle holder used for these measurements. Additionally, we
afd tﬁeasensé)fi) a?gel“ixgd oon aewooezjen tl;ct))lg.sc':rot?g ;Jal;éled ep:\rtsI of the employed a us Scan, hea(d:4-2, Ultramark 9, Ad‘,’anced
C-arm fluoroscopy units are the image intensifi@rand the x-ray source 1€chnology Laboratories/USAand an endoscope with a ra-
(b). (b) Angulation of the C-arm fluoroscopy unit. dial scan headUM 96, Olympus/Japas sources of distor-
tion. Both instruments were mounted in upright position on
the sample holder.

C. Influence of US scan head and a C-arm fluoroscopy

unit IIl. RESULTS

US scan head: To evaluate the effect, we mounted a scai:u Undistorted measurements
head (C4-2, Ultramark 9, Advanced Technology "
Laboratories/USA upright and horizontally on the sample  The precision of the undistorted measurements depends
holder(Fig. 2 and measured the distortion within an interval on the distance between the emitter and the detector. At dis-
of 450 mm between emitter and detector. tances of 300 mm and 450 mm, respectively, the deviations
C-arm fluoroscopy unit: All data were obtained with a never exceeded a value of 0.2 mm, at the far end of the
Siremobil 2000(Siemens/Erlangen, Germangnd with an  sensitive volumé&600 mn) still were below 1 mm. This is in
interval of 450 mm between emitter and sensor. The paramagreement with the specifications.
etera in Fig. 11(a) gives the horizontal distance between the For the stylus calibration, we found the RMS error to be
C-arm unit and the sensor. Positive valuesaoignify a 4.2 mm in 20 experiments. Figure 5 shows mean value and
horizontal translation towards the emitter=0 means that standard deviation of deviations resulting from undistorted
the x-ray source is positioned exactly below the sensodistance measurements. Each distance was measured 10
whereas a negativ@indicates a horizontal translation of the times. The deviation increases almost linearly with increas-
C-arm further away from the emitter. To cover the range ofing the measured distance.
possible C-arm positions we also rotated the arm around two The effect of sensor orientation is shown in Fig. 6. The
different axes. Axis | corresponds to the C-arm orbital move-deviations are equal to zero when the stylus is rotat@®
ment with a positive angle indicating a motion of the x-ray degrees around theaxis relative to the first measurements.
source towards the control unit of the C-afRig. 4(a)]. Axis A rotation round they axis results in relatively constant de-
Il corresponds to the C-arm angulation i.e., the rotation perviations (average error 3:50.9 mm).
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B. Influence of wire loops, guiding wires, and optical 5 0
tracking tools ‘g s -
Wire loops: Figs. 7 and 8 show the deviations for a £ ¢
sensor-emitter distance of 600 mm and 300 mm, respec- § i
tively. The sensor readings exceeded a deviation of 10 mm %
for loops with diameters greater than 70 mm for distances © 2 -
within 160 mm from the emitter. In contrast, the loop with 30 0 S R ———

mm diameter causes negligible distortiop. Thg same objects ¢ 5 10 15 20 25 30 35 40 45 S0 55 &0
close to the sensor do not cause large distortions. The extent
of the deviation depends on the distance of the object from
the emitter and on the distance between emitter and sens@fe. 7. Deviations for distance between emitter and sensor of 600 mm, the
For each emitter sensor distance there is a zone where suffiire loops are mounted on sample holders at heights of 20 mm and 100 mm,
cient accurac>(<10 mm erroy can be obtained. At a dis- respectively. The axis is the distance between the wire loop and the emit-
. ’ ter. D indicates the diameter of the wire loops.
tance of 600 mm between emitter and sensor the zone IS
represented by a distance of 300 mm around the sensor.
Moving the sensor to a distance of 300 mm from the emitter
results in a reduction of the useful zone to 100 mm at a
height of 100 mm. Furthermore, the height of the objectC. Distortions caused by US scan head and a C-arm
characterizing its displacement from the connecting line befluoroscopy unit
w‘zegﬁirg:téchggssein;ga'inr:::urgggﬁf tzfsd;%reerﬁec::td:ft;rg?/n' US scan head: The distortions resulting from the US scan
g disp : head depend fundamentally on the way it is mounted on the

dent that the extent of error correlates with the surface area . . o

) L Sample holdelFig. 10. When the scan head is positioned
defined by the loop. This is a consequence of the general law” . . i N . .
of induction. upright, the distortions are significantly lower than in a hori-

Wire guides: These tools do not distort the measuremeng%lomal position. This effect can be seen clearly when the scan

significantly. Because they are isolated, eddy currents do ngt€ad is moved close to the sensor. The distortions also in-
develop and therefore the resulting magnetic field is muctf'€ase when the ultrasound machine is switched on.
lower than in the case of closed loops so that the resuling C-&rm fluoroscopy unit: The results show that the use of a
distortions could not be distinguished from measuremen%:'arm unit between the emitter and the sensor during navi-
noise. gation causes severe distortions if either the x-ray tube or the
Optical tracking sensors: The tested tracking tools werdMage intensifier tube are close to the emitféig. 11. The
made entirely of titanium or aluminum. Their influence on distortions are acceptable only when the arm is positioned
the accuracy of the position measurements are Surprisingﬁyrthest away from the emitter in our configuration i.e., with
low (Fig. 9. Assuming a tolerable error of 5 mfas sug- a@=—200mm[Fig. 11(@)]. The curve obtained for rotation of
gested by Zaarocet al),®> an optical tracking sensor can be the C-arm around axis | shows a peak at zero deffféep
used satisfactorily anywhere except within a distance of 7d1(b)]. In that case, the distance between the x-ray source
mm to the emitter. It should be noted that the deviationsand the sensor is the closest. For a rotation of the C-arm unit
caused when the object is close to the sensor are lower thatound axis Il it can be seen that the worst deviations occur
in all measurements of the other small structures. The resultshen the image intensifier is close to the emitmngle=50
depend significantly on the materials of the different tools. degrees, distance emitter—image intensiizr0 mn).

(b) Distance emitter - object [cm]
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Fic. 9. Deviations for optical tools of two different brands of optical track-
ing systems and at a distance of 450 mm between emitter and sensor.

The functions resulting from distance measurements ob-
tained when the scan head is mounted upright show the same
shape as the functions obtained with the US scan head in an
upright position by the simple sensor readings. Referring to
the deviations caused from the endosc@gig. 13), one can
see that the reliability in distance measurement is decreasing
when the radial scan head is switched on. All resulting de-
viations are below 4 mm.

Needle holder, biopsy forceps, and drill handle: These
metallic objects, which can be found in operation rooms and
interventional suites, can be used during navigation without
notable effects(Fig. 14. The measured deviation only
slightly exceeds the results from the undistorted measure-
ments. Only the distortions caused by the drill are high when
this surgical tool is positioned close to the emitter.

IV. DISCUSSION

The experiments described in this paper give a somewhat
ambiguous figure of the performance of this novel tracking
system. Overall accuracy was found to be in the range of the
manufacturer’s specifications, and additional conductive or
ferromagnetic do not introduce as significant a deviation as
in the case of other commercially available electromagnetic

Fic. 8. Deviations for distance between emitter and sensor of 300 mm, the
wire loops are mounted on sample holders at heights of 20 mm, 60 mm, and
100 mm, respectivel\D indicates the diameter of the wire loops.

D. Distance measurements under distortion

US Scan Head and Endoscope: The resulting deviations,
with respect to the scan head, are shown in Fig. 12. The

dotted and dashed lines represent the deviation obtained

from the distance measurements without objects of distortion
(mean value-standard deviation There is no significant dif-

14
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510_ 4 Lying Oft
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c
Q
T 4]

.g .
o 24
o771 77T T T T 7T T T T T T T

0

3 6 9

12 15 18 21 24 27 30 33 36 39 42 45

Distance emitter ~ US scan head [cm]

ference when the scan head is switched on. In contrast to the o _

measurements shown in Fig. 9, the smallest distance betwegl§: 10- Deviations caused by a US scan head at a distance of 450 mm
. . etween emitter and sensor. The scan head was mounted upright and hori-

sensor and scan head is 100 mm when the distance bet\’V(:/'ﬁﬂnally. The distortions were recorded under two conditions, when the ul-

emitter and scan head is 450 cmxmirection. trasound machine was switched on and off.
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straints are respected. For instance, the use of guiding wires
would not lead to notable distortions as measured for con-
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40 ducting wire loops due to the impossibility of forming a
* Ais| closed loop, thus avoiding secondary magnetic fields. Simi-
Y Aisl larly, US scan heads should be used near to the sensor, not

the emitter. The C-arm, however, forms an exception from
this rule, and it is definitely necessary to find a way to over-
come this restriction by further technological development of
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Fic. 11. (a) Distortions for translation of the C-arm fluoroscopy unit in SYStemz’ using an addltlor_]al optlcal trackmg tool to monitor
vertical direction for three different horizontal distances between the C-arnflisplacements of the emitter.

and the sensor. A positive means a horizontal shift towards the emitter. Information about all six degrees of freedom of a tracked
a=0 means that the x-ray source is positioned exactly below the Sensofjayible instrument would require the use of two 5 degree-of-
Axis | in (b) defines an orbital movement of the C-arm where a positive . . . .
angle refers to the motion of the x-ray source towards the emitter. Axis Ilfreedom sensors, mounted in an arbitrary but fixed position
specifies the angulation movement of the C-arm unit. Positive values of th&n the instrument. Northern Digital offers 6 degree-of-
angles refer to the movement of the image intensifier of the C-arm toward§reedom sensors which consist of two 5 degree-of-freedom
the emitter. sensors mounted perpendicular in a plastic case. Unfortu-

nately, this sensor was not available for our experiments, and
trackers tested under similar conditidh8ased on our re- the evaluation of such a probe for a specific clinical applica-

sults, it is to be assumed that the errors from interferingions should form the background for further work in the
objects can be kept at a reasonably small level in many cliniﬁ'eld of d|_g|t|zer as_sessment for image guided therapy. As an
cal applications if it can be made sure that some simple corihtermediate solution, we have used two sensors mounted to

an endoscope’s tip for calibration of an endosonographic
scan head. Nevertheless, the 5 degree-of-freedom probe can
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Fic. 12. Deviations in distance measurements resulting from the US scan

head. The dotted line represents the mean value of the undistorted distanEgs. 14. Deviation in distance measurements for various medical tools.
measurements at 20 cm plus the resulting standard deviation. The dash&tese tools can be seen in Fig. 3. The dashed and dotted lines are obtained
line is calculated from the mean value minus the standard deviation. by the meartstandard deviation of the undistorted distance measurements.
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