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TECHNICAL FIELD
10 ‘This invention is generally directed to a system and method for

detecting the location of an indwelling medical device within the body of a
patient and, more specifically, to a detection apparatus which senses magnetic
field strength generated by a magnet associated with the indwelling medical

device.

15 BACKGROUND OF THE INVENTION

There are many instances in clinical medicine where detecting the
location of a medical tube within a patient is important. For example, when
- positioning feeding tubes through the mouth or nose of a patient, it is essential
that the end of the feeding tube pass into the patient’s stomach, and that it does

20 not “curl up” and remain in the esophagus. If the end of the feeding tube is not
properly positioned within the stomach, aspiration of the feeding solution into
the patient’s lungs may occur. In addition to feeding tubes, a variety of other
medical tubes require accurate positioning within a patient’s body, including
dilating tubes to widen an esophageal stricture, tubes for measuring pressure
25 waves in the stomach and esophagus of a patient who is suspected of having
esophageal motor disorders, Sengstaken-Blakemore tubes in the stomach and

esophagus of a patient to control bleeding from varicose veins in the esophagus,
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col oni c deconpression tubes in the colon of a patient to adis®. i n
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ureter or of a patient, laser tubes inserted into'th ear or
transmyocardi al revascul ari zation, and vascular tubes in the heart or

pul nonary arteries of a patient. 5 Curyently, the |ocation of a nedical
tube within the body of a patient is routinely detected by the use of

i magi ng equi pnent, such as a chest or abdom nal X-ray. However, such a
procedure requires transportation of the patient to an X-ray facility or,
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catheter 'wthin the patient. This approach,” however, requires either an
ext er nal abdoimhar Xataypoddowewary sech a grooedutengequirass fransportatioan ekitbhe nal

power source adds _significant risk associated w th _shogk or el.ectrocution,
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rupture. rkg?égg{il%ih?&tioh@ﬁdt)g-?ﬁgﬁ tter is relatively conplex, and requires
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an active ctronic circu el'ther internal or external to the catheter),

as well as the varPigsoisatémps d@ndktectinpettie locatioe ofsaadigal arbestwitimmoper
function. Lastly, the signal produced by the trans'n' t_tereéns at t epuat ed
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receiver, tuned to the frequency of the transmitter, is used to detect the location
of the catheter within the patient. This approach, however, requires either an
external or internal power source to drive the transmitter. An external power
source adds significant risk associated with shock or electrocution, and requires
20 that electrical connections be made prior to positioning of the catheter within the
patient. An internal power source, such as a battery, must be relatively small and
can only provide power to the transmitter for a limited time. This precludes
long-term detection of the catheter’s location, and poses additional risks
associated with placing a battery internally in a patient, such as the nisk of battery
25 leakage or rupture. In addition, the transmitter is relatively complex, and
requires an active electronic circuit (either internal or external to the catheter), as
well as the various wires and connections necessary for its proper function.
Lastly, the signal produced by the transmitter is attenuated differently by

different body tissues and bone. This attenuation requires adjustments in the
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and the magnetized compass pointer at distances greater than several centimeters
15 are not strong enough to accurately orient the compass towards the small magnet.
Furthermore, although the compass aids positioning of the large magnet,
positioning of the small magnet, and hence the pacing catheter, still requires the

use of imaging equipment, such as X-ray or ultrasound.
For the foregoing reasons, there is a need in the art for a medical
20 tube, apparatus and method for detecting the location of the medical tube within
the body of a patient which avoids the problems inherent in existing techniques.
The medical tube, apparatus and method should provide for the detection of the
medical tube at distances ranging from several centimeters to several decimeters,
should not require the medical tube to have an internal or external power source,

25 and should obviate the need to independently verify positioning of the medical

tube with imaging equipment.

SUMMARY OF THE INVENTION |
The present invention is embodied in a system and method for the

detection of a position of a magnet associated with an indwelling medical device.



4 The systemincludes a plurality of magnetic sensors thati-each generate a
set of signals as a function of the nagnetic field strengt en ed from
t he magne‘?' %8438 direction fromthe sensor to the magnet %C%@ygé‘gédr
calculates a predicted position of the nmagnet in a 3-di nensional space and
calcul ates a predicted value 5 related4qto magnetic field strength of the
magnet at the predicted | ocation. The processor cal cul ates an actual val ue
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within a predetermined tolerance. The system also includes a display to provide
a visual display of data related to the position of the magnet in the 3-dimensional
space. With the iterative process, the system must first generate an initial
estimate. The neural network may be used to generate the initial estimate based
20 on the signals generated by the magnetic sensors.

In one embodiment, the display is a two-dimensional display
indicating the position of the magnet with respect to the housing. A depth
indicator portion of the two-dimensional display provides an indication of the
distance of the magnet from the housing. The display can include a visual

25 indicator to assist the care giver in centering the housing over the magnet. In one
embodiment, the display is integral with the housing and includes a transparent
portion to permit viewing of the patient below the housing. Alternatively, the
display may be an external display electrically coupled to the measurement
device. With an external display, the data related to the position of the magnet

30 may be combined with an image of the interior anatomy of the patient generate



WO 98/ 49938 PCTI US98/ 09454 5 by a conventional inmaging device, such as a
fl uoroscqgg,‘)s/%(ggggy, MRI, and the |I|ike. The sensors therrselLé/.??Sﬁﬂ,g@ge
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sel ected froma group of nmagnetic sensors conprising Hal ect sensors,
fl ux-gate sensors, wound-core inductive 5 sensors, squid sensors,

magnet o-resi stive sensors, and nucl ear sprecessi on sensors. The system may
further include a position detection system such as a digitizing arm to
determ ne the location of the neasurenent. device. In this enbodinent, the
device may be readily nmpved by the caregiver, with the_new _|lgcati of the
devi ce bePn@ pomxengienahimagiag slsyiae, SHol @8t flUGFPSEORE-ofHTa¥a M oﬁn@&le
position ﬂﬁéa provi ded by the position detection system the calibration
processor” nay recalibrate the systemeven in the presence of the magnet.
In this enbodi ment Thehensdrkahémsélved Ben egsedécted €romwat grdupest fingnetic
calculating the contribution to the actual magnetic field neasured by the
nmagneti c sensety eomprisingeHalwffec sensoss . flmxrgateasanspes: ivndkeeerinduastivyge

£ f f th - i field h L on: h
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sensors and the contihehdiiedt nidy flithedGheRide Apositibhddiéatich spsetht sieh f rom

the magnet. The position detecting. system na al so be used to &royi de
| andmar ksas @ digigizingarm,Roj detenmuind éhe tadationaff the engasyrement. devece, shr thasy

i ndi cate on r nore, | andmar k sitigns using.the position 2 tection
syst om 1 FnDoguaditerie SBURE ek Deaieadty MRYREOW e RERraR wilk dit HEw
patient, : )i _ ' i th
fata |t ol [GERBRRATHEUBRE Bl EITHAED Y Moo AeteDof sPRefl Bhltatort,
nmoni t AP t pesitionglatd prviddd by ¢hecpoditordetdctiog sybtent, dbe eahlorakiod frgcesser

| andmar ks. The net H&s a magneti c. di gol e nonent .indicative OE t&e 25
ori ent at | BRYofeqahdratgg e SYFIRET <yRBois thenprgsene: of hthemaemet.c & ptis

ot BABUAA el b AR S dhsabe ol ame dde
and t hi r dcosteibnaionebeheattmabnagnewe fiehi meaartd dychemigieticaensarsde et
e © e Iacation. " The callbration detemmmes the effects of the Barth? fagnetic °
15 field at the new location based -on the difference between the actual magnetic
field measured by the magnetic sensors and the contribution to the actual
magnetic field resulting from the magnet. The position detecting system may
also be used to provide landmarks to the user. Prior to detection of the magnet,
the user may indicate one or more landmark positions using the position
20 detection system. In subsequent operation, as the magnet is inserted into the
patient, the predetermined landmarks are shown on the display along with data
relating to the position of the magnet. This permits the user to monitor the
insertion of the catheter along the route marked by the landmarks.
The magnet has a magnetic dipole moment indicative of the
25 orientation of the magnet. The sensors can detect the magnetic dipole moment
and provide a visual indication on the display to indicate the magnet onentation.
In one embodiment, each sensor comprises first, second, and third
sensor elements arranged in an orthogonal fashion to detect magnetic field
strength in three dimensions corresponding to the first, second, and -third

30 orthogonally arranged sensor elements.
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BRI EF DEQ{(&LE TSN OF THE DRAWNGS Figure 1 illustrates th@,clrﬂgﬁg,j,ggg‘, of a
magnet fixed to the end of a nedical tube positioned within the body of a

human patient using a known detection apparatus. 5 Figure 2 illustrates
the orientation of the x, y and z magreti ¢ sensors used in a known
detection apparatus. Figure 3 is a top plan view of the detector of the
present invention illustrating one possible arrangenent of nagnetic

sensors. Fi ' e_ge jon of magnetic field strength
vectors g%ﬁéﬁﬁéé@%éﬁ@ﬁhgeﬁg&w@ﬁﬁogur ation of Figure 3 to
determ ne the | ocatg;9feof ; n(rﬂr@&n 106l £5Amasndt FXEE & len8! gFCK

di agram of an exem?llgl’?}f félﬁ%so I maﬁlie lgghg%?sma?gnstlr uc?ggﬂ?ﬁngccordance
wi t h t he nedisaintubenpesitionsd twithidether bodye dfhe Humat ipatientf usingag atowl 5

Figure 5B is a functional block diagramillustrating the operation of the
syst em ofdetSCHIPAPBAIS. di spl ay the | ocation of a magnet in conjunction with

a conventional i i y i gur e LRk u (oJal .. of the
Cystom of Fioure AR ARS8 friofiaish 5F B 56 o2 RERBC 20
Fi gure 6Aehidryatédires khbeniReectibntdppasitid.em of Figure 5C to sel ect

| andmar k | ocations gn a :gati ent. Figure 6B illustrates the display of the
sel ect ed | ocat i ons Eigerethis a tew alanoviews obithedgiestor pf ghg present igvenfionchar t

iocd. AR ho IR B B Lon of 7, et
of the system of FiE}%ﬁxQ HlustriatidtRe 8éndrhtivh Of atappeadfickdbRehdiR Vecks t he
vi sual display used by ) ) _
10 using the magnetic sensor configuration of Figure 3 to determine the location of a
magnet.

Figure SA is a functional block diagram of an exemplary
embodiment of a system constructed in accordance with the present invention to
determine the location of a magnet.

15 : Figure 5B is a functional block diagram illustrating the operation of
the system of Figure 5A to display the location of a magnet in conjunction with a
conventional imaging system.

Figure 5C illustrates an embodiment of the system of Figure 5A to
monitor the location of the detector system.

20 Figure 6A illustrates the use of the sytsem of Figure 5C to select
landmark locations on a patient.

Figure 6B illustrates the display of the selected locations and the
location of a magnet.

Figure 7A is a flowchart used by the system of Figure SA to

25 determine the location of a magnet.

Figure 7B is a flowchart illustrating the automatic calibration
function of the system of Figure 5A.

Figure 8A illustrates one embodiment of the visual display used by

the detector of Figure 3.



the detector of Figure 3. _ WD 98/49938 PCT/ US98/ 09454 7 Figure 8B is an
al ternatiwg ogabpagi nent of the indicator used with the detpget/pgosiosdal gur e
3. Figure 8C is yet another alternative enbodi nent of the display used
with the detector of Figure 3. .5 . . Figure 8D is yet another alternative
enbodi ment of the display of the dete@tor of Figure 3 with a depth
I ndi cator indicating the distance of the nagnet fromthe detector. Figure
9 is agraph illustrating the results of clinical testing of the system of
Fi gure 5A. 10 DETAI .ED §CRI PTI]% % THE IHIVEN'I;I The resent ention
provi des a medical TGHE SBoSANfimaly cmbeABReRtot s & Pl Wb at i on
of the nafeRtectdSt Mol  the body of a patient. As used here| n, the term
"medi cal tube" means dny type of tube or device which maybe inserted into
a patient's body, iFrighmjl&Gg if lyet amothdrlattdmativa))emhi)(ﬁmthmoé'rﬁlp dsphiy wi res,
and nedi cal |nstrun§nts Ei: ex argp catheters include such itens as
fEBFE

feedi ng t4isdavith the,detoctorp gw de wires and dil atl ng catheters, as
wel | nasogastri cg Qgpse el und
dr ai na?ubes rectal fpﬁgﬁs lté]ﬂ nB’Z‘Pg BI a erm(‘rﬁeﬁlt%zb%f;

col oni c tﬂecwtesmfohgnttbeswnthl-h Qﬁpﬂﬁhﬁdleatomhdidahngmthﬁsmns;: afnthe
urol ogical tubes. 20 Guide wires are often used to guide or place dilators
and ot hermﬁ%ﬁt(,féﬂmtth%é@te‘:t%dl cal instrunents include |asers, endoscopes

and colonoscopes t ' f in a
patient's body is aﬁ@ﬁf Fe @%Pc‘feiﬁ%értmkdg\ee%?‘?ﬁég 85%119 ai)li?‘lf‘es neéﬂ
i nventi ong smjﬂof%gm@gmpassed wthin the term " nedi cal tube " 25 The

present invention detects the |ocation of the medical tube by sensing the
magnetic fi.eld produced by a permanent nmagnet associated with the nedical

et Uiy Bﬁﬂﬁ:’? DS CRPTRRTORTEH BVENTION he et cal tube. " in one
The present invention provides a medical tube, apparatus and
method for detecting the location of the medical tube within the body of a
patient. As used herein, the term “medical tube” means any type of tube or
device which may be inserted into a patient’s body, including (but not limited to) -

15 catheters, guide wires, and medical instruments. For example, catheters include
such items as feeding tubes, urinary catheters, guide wires and dilating catheters,
as well as nasogastric tubes, endotracheal tubes, stomach pump tubes, wound
drain tubes, rectal tubes, vascular tubes, Sengstaken-Blakemore tubes, colonic
decompression tubes, pH catheters, motility catheters, and urological tubes.

20  Guide wires are often used to guide or place dilators and other medical tubes.
Medical instruments include lasers, endoscopes and colonoscopes. In short, the
location of any foreign object within a patient’s body is a suitable device for
detection by the present invention, and is encompassed within the term “medical
tube.”

25 The present invention detects the location of the medical tube by
sensing the magnetic field produced by a permanent magnet associated with the
medical tube. As used herein, the term “associated with” means permanently
fixed, removably attached, or in close proximity with, the medical tube. In one

embodiment, such as a feeding tube, the magnet is associated with the end of the



enbodi nent, such as a feeding tube, the magnet is associated with the end
of the 38 PCTI US98/ 09454 8 nedical tube. In ano | ment,
such asvgégélfég aken- Bl akenore tube, the magnet is assoc%gﬁé}gg%?% t'he
medi cal tube at a |l ocation above the gastric balloon. Preferably, the
magnet is a small, cylindrical, rotataply attached, rare- Earth nagnet.
Suitabl e magnets include rare Earth magnets such as samarium5 cobalt and

neodym um iron boron, both of which generate high field strengths per unit

vol ume. VWil e magnets which generate a high field strength for their size
are pref anedigal wbekdn anadeeembodunents sughace S@ngﬁék@wBéﬂvm}oralmbe he

utilized. Since the ma S .pernma eq s NQ,ROWEk SQUlGe.
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| ocation ﬁ/itpi n the patient's body. One known technique for |locating a
nedi cal tWBEeen the body of a 20 patient is described in U S. Patent No.
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I nserted |nto the patient. In the exanple |Ilustrated in Figure 1, the tube
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W th other YPES O n appara 'S us to sense the

magnet” s mbaisb%ﬂrza@aater%oﬁml @he shdedigible tlecaticdl wondletti@isenécediatafoces 18
and 20 while immersed in the Earth's anbient magnetic field 22. By

measur i nghewse of atnaversgheed areraverdedst Flausyihereas ap risk of electric shock'to
15 (or possible electrocution of) the patient. Furthermore, the magnet’s static

magnetic field passes unattenuated through body tissue and bone. This property

allows the use of the present invention to detect the medical tube at any location
within the patient’s body. |

One known technique for locating a medical tube in the body of a

20 patient is described in U.S. Patent No. 5,425,382, which is incorporated herein

by reference in its entirety. Figure 1 illustrates the techniques described in U.S.

Patent No. 5,425,382. A tube 10, with a permanent magnet 12 located in its tip

is inserted into the patient. In the example illustrated in Figure 1, the tube 10 1s a

feeding tube that is inserted into the patient’s nose, down the esophagus, and into

25 the stomach. However, the system may be readily used with other types of tubes.

A detection apparatus 14 is used to sense the magnet’s static magnetic field

strength 16 at two different distances 18 and 20 while immersed in the Earth’s

ambient magnetic field 22. By measuring the static magnetic field strength 16 at

two different distances 18 and 20, the detection apparatus 14 determines the

30 magnetic field gradient. As the detection apparatus 14 is moved about the
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two different distances 18 and 20, the detection apparatus 14 determ nes
the 30 rra@@ajmg%fgl eld gradient. As the detection appar at uspdfsss/uased

about the TIi:~ SHEET HAS BEEN REPLACED WO 98/ 49938 PCT/ US98/ 09454 9
patient's body, greater and | esser magnetic field gradients are indicated.
The tube 10 is | ocated by noving the fetection apparatus 14 until - the

greatest nmagnitude is indicated by the detection apparatus. The detection
apparatus 14 described in U S Patent No. 5,425,382 5 utilizes first and
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magnetic field gralent et ect systemis described in t ent
5, 622, 169maghitede issindicatedr ipothet dededtameappabatus.ef er ence in |ts entirety.
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el ement s t :
and z di ﬁgf&tgrggi’ént ﬂgt%gtg)gt%ygtgwn??%géﬁ%&fﬁgﬁs%ﬁ%%ég Igﬁ 25% kY:luzﬂtrjrggnet I C
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measurenents of magnetic  field gradient in three directions, the |ocation
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known detection apparatus that contains at [east two static magnetic field
strengt h 24% 2énsand 2danthagare dorleognmally cairangado toyuheasyee auagnaticofieklhbi ent ,
hormgenemgength in three orthogonal directions, illustrated in Figure 2 by x, y, and z axes,
15 respectively. Similarly, the magnetic sensor 26 comprises magnetic: sensor
elements 26x, 26y, and 26z to measure magnetic field strength in the x, y, and z
directions, respectively. Using the sensors 24 and 26, the magnetic field gradient
may be determined in the X, y, and z directions. With measurements of magnetic
~ field gradient in three directions, the location of the magnet 12 (see Figure 1)
20 may be readily determined using conventional vector mathematics. The
mathematical sign of the magnetic gradient is indicative of the direction of the
magnetic field dipole of the magnet 12.
The magnet, and hence the medical tube, is detected using a known
detection apparatus that contains at least two ‘static magnetic field strength
25 sensors configured geometrically to null detection of ambient, homogeneous
magnetic fields (e.g., the Earth’s field), while still detecting the magnetic field
strength gradient produced by the magnet.
The magnet detection apparatus illustrated in Figures 1 and 2
detects the location of the magnet based on the difference in magnetic field

30 strength at the two sensors. However, it is possible to construct a magnetic field




magnetic fields (e.g., the Earth's field), while still detecting the

magneti c trength gradi ent produced by the magnet. ngmgg
detecti on‘{’gg%g?g?us illustrated in Figures 1 and 2 detects the 1ocation of

t he magnet based on the difference in magnetic_ field 30 strength at the
two sensors. However, it is possible t@ construct a magnetic field TI;,~
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apparatus with different sensor configurations to provide additional data

lated tqQ th I ti rpentati ft t. The t
| vent | ondeteaiol ABERS anih dSkFRHIETTS, COABEROR $ PIOREBGerdly o

I ti C ] ' ; t
The post & 1A el B the posh B8O BRERARANE GP BMERL TR0 FR e o ot

of the i niseditéoted tsa esod@iljrdfor detectidtofel magnstaising 4 @fultiséizon atrayFingur e 3.
The detector system 100 includes a housj n]g 102, control fs i tches 104 such
as a powef coRvergrnem algerithig dhatscan ageuraialy logate the REpItGIGO BASBSRp| ar y
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area whi chetbiodVeystdhe 100! 8BoWATint Pighte. t The ddtédtoPglstemt MO0 Sticludes aof t he
detector system 100. As will be discussed in greater detail below the
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magneti c sensors 108, 110,” 112, and 114, respectively. In a preferred
enbodil@enbackgreund, avt baveng riznisparsah arsaswhid allowathe spragivertto yewythee
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- aids in the placement of catheters using the detector system 100. Alternatively,
the display 106 may-be an external display such as a video monitor.
15 Also mounted within the housing 102 are first, second, third, and
fourth magnetic sensors 108, 110, 112, and 114, respectively. In a preferred
embodiment, the static magnetic sensors 108-112 are spaced to provide maximal
separation within the housing 102. In an exemplary embodiment, the magnetic
sensors 108-112 are élranged in a substantially planar fashion within the housing
20 102 and located proximate the corners of the housing.
The orientation of the magnetic sensors 108-114 is illustrated in
Figure 4 where the magnetic sensors 108-114 are positioned at locations S; to Sy,
respectively, near the comners of the housing 102. Although the system 100
described in Figures 3 and 4 illustrates a rectangular configuration for the
25 magnetic sensors 108-114, the principles of the present invention are readily
applicable to any multisensor array. Accordingly, the present invention is not
limited by the specific physical arrangement of the magnetic sensors.
In an exemplary embodiment, each of the magnetic sensors 108-
114 comprise three independent magnetic sensing elements orthogonally

30 arranged to provide three-dimensional measurement in the x, y, and z directions,



Figure 4 where the magnetic sensors 108-114 are positioned at |ocations Sl

to $4, r.ﬁ,qp%«;‘,tg;%ely, near the corners of the housing 102. pQchj39s/6¥ass he
syst em 100 escribed in Figures 3 and 4 illustrates a rectangul ar

configuration for the 25 magnetic sensors 108-114, the principles of the
present invention are readily applicable to any nultisensor array.
Accordingly, the present invention is not Ilimted by the specific physical
arrangenent of the magnetic sensors. In an exenplary enbodi nent, each of
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108-114 cgn r L] 10 ngeg, f Lalized application. . For

exanpl e, §eﬁ8?ﬁ’|f£§?‘t%§? XQO Rhodﬁg?asl %pqgéﬁfgﬁgﬁﬁ‘gy be configured in a spheri cal
arrangenent around gheajonfipurstidieat tiOmagaeae schdtis [108a1 140barPbe trogdifpgnet
120 in the brain. Furthernore, the nagnetic sensing elenents need riot be

- or t hod@narchgngedr foryspecirbzedeepplication. he Fonggrample, gephirabtyelodnmagsetay be
configured in _a pl anar ray,or other. conveni ent 15 copfiguration I ted.
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the detector system nust have at |east as many sensing elenments to provide
data as t kensngelmantsnoeetbnonbe bethegomdllyoaangedeFenexaplenthe magnetitie

| ocation and.ori ?nt ati on of the neti.c sensi ng el enents . be kn(‘),\évrdi. n _20 I'n
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15 configuration suited . to the particular application (e.g., the spherical
arrangement). The: only requirement for satisfactory operation of the detector
system- 100 is that the detector system must have at least as many sensing
elements to provide data as there are unknowns in the equations to be solved and
that the location and orientation of the magnetic sensing elements be known.

20 In the present case, it is desirable to detect the position and
orientation of the magnet 120 in three dimensional space. This results in five
unknown parameters, that may conveniently be considered as x, y, z, 6 and ¢
where x, y, and z represent coordinates of the magnet 120 in three dimensional
space relative to an origin such as the center of the housing 102, 6 is the angular

25 orientation of the magnet in the YZ plane and ¢ is the angular orientation of the
magnet in the XY plane. In addition, the contribution of the Earth’s magnetic
field in the x, y, and z directions is unknown. Thus, the model used by the
detector system 100 has eight unknown parameters that require eight independent
measurements. In an exemplary embodiment of the detector system 100

30 described herein, a set of twelve magnetic sensing elements 1s used to provide



orientation of the magnet 120 in three di nensional space. This results in
five un aneters, that may conveniently be consid :ﬁ%] y, z, O
and 0 wh §§R§£§é, and z represent coordi nates of the nagﬁg Eggmgl(“ﬁ“t‘hree
di rensi onal space relative to an origin such as the center of the housing
102, O is the angular 25 orientation qb the magnet in the YZ plane and O is
the angul ar orientation of the nagnet in the XY plane. In addition, the
contribution of the Earth's magnetic field in the x, y, and z directions

i s unknown. Thus, the nodel used by the detector system 100 has.eight
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15 can measure the static magnetic field generated by the magnet 120 and determine
the location of the magnet at location a with a single measurement. However,
the presence of the Earth’s magnetic field, stray magnetic fields that may be
present near the vicinity of the magnet 120, internal noise from the magnet
sensors 108-114, internal noise generated by electronics associated with the

20 magnetic sensors, such as amplifiers and the like, make it virtually impossible to
perform a measurement under “ideal” conditions. To provide accurate positional
information for the magnet 120 in the presence of various forms of noise, the
detector system 100 uses known formulas for magnetic field strength, plus actual
sensor measurements as inputs to an estimation algorithm that converges to

25 provide an accurate reading of the location and orientation of the magnet 120.

| The elements used to process data from the magnetic sensor 108-
114 are illustrated in a functional block diagram of Figure SA where the
magnetic sensors 108-114 are coupled to analog circuitry 140. The specific form
of the analog circuitry 140 depends on the specific form of the magnetic sensors

30 108-114. For example, if the magnetic sensors 108-114 are orthogonally



20 magnetic sensors, such as anplifiers and the like, make it virtually
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estimation algorithmthat converges to 25 provide an accurate readi ng of
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15 the magnetic sensors 108-114. need not be identical types of sensors. For

example, the magnetic. sensors 108-112 may. be one type of sensor while the
magnetic sensor 114 may be a different type.

The analog circuitry 140 is designed to operate with the specific
form of the magnetic sensors 108-114. The specific design of the analog

20  circuitry 140 is well within the knowledge of one of ordinary skill in the art and
need not be described in greater detail herein.

The output of the analog circuitry 140 is coupled to an analog-to-
digital converter (ADC) 142. The ADC 142 converts the analog output signals
from the analog circuitry 140 to a digital form. The operation of the ADC 142 is

25 well known to those of ordinary skill in the art and will not be described in detail
herein. The detector system 100 also includes a central processing unit (CPU)
146 and a memory 148. In an exemplary embodiment, the CPU 146 is a
microprocessor, such as a Pentium™ or the like. The memory 148 may include
both read-only memory and random access memory. The various components,

30 such as the ADC 142, CPU 146, memory 148, and display 106 are coupled



formof the magnetic sensors 108-114. The specific design of the analog 20
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142. The ADC 142 converts the anal og q4tput signals fromthe anal og
circuitry 140 to a digital form The operation of the ADC 142 is 25 well
known to those of ordinary skill in the art and will not be described in
detail herein. The detector system 100 al so includes a _central praocessing

uni t . (cPUpgethgsbyadus systepr J54.48s can berppprestated By hose of eedinary siallapy 146
isa m p , P i . ' T. ryy. 8 may
mclude Brorads St 1o, Musftes MG Lolfphiel Bus 'SR i mt
conponent GmdHoweiCindSoritis Isltaddeftbh 16 @atamenory 148, and display 106
are coupl ed 98/ 49938 PCT/ US98/ 09454 14 together by a bus system 150. As
can be appreci at ed plsotilusteated inthe farstional blogkndiagraan of (Figeree>Aas aBy st em

150 il}ustrates a_typical nput er..pus t. nd L hY r.,.and
cont ro# Se[sé%q 0y Rf%c%aﬁ% l)#)t oxﬁa‘f”:lf.)%ﬁl é%S%PﬁE{iJg@r %f%ﬁ"ri ﬁgtf’heb%l?]wgttp nal
bl ock di agfiafatiin prodedser 252 iperfddms ancitdraivé tOMpRIi6E BEMVechoadh edmited! be
described in greater detail below, the estimtion processor 152 perforns

an it er atposition nf e megndtet2eEnc Fingwstl) maderimepsiredipositicin ehthermagnrat 120
Fi d it f th 0 dat
Gorved TR RagHEE CeruEndBrs theamegnetorieiioraaeud. e ledBvbnt | nues

until t hgpx%ééés”%"oﬁfinﬁ&si&n&i@”ﬂf’é”@sﬁﬁﬁté@%ﬁﬂfﬁ PRI tthé’”m%@sﬁ@ﬂ}’ﬁbﬁﬁon
resulting in an accurate neasurenent of ‘the location a (see Figure 4) of
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152 as a nce 1t perfornms an independént function.
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conventional conputer co nents, such as a digital i gnal . processor (not
shown). diagram of Figure 5A Hilustrates the estimation procgssor 153 4% an in ependent (

15 Dlock since it performs an independent function. Alternatively, the estimation
processor 152 can be implemented by other conventional computer components,
such as a digital signal processor (not shown).

The detector system 100 assumes that the magnetic sensors 108-
114 are sufficiently far from the location a of the magnet 120 that the magnet

20 may be treated as a point dipole source. In addition, it is assumed that the spatial
variation of any extraneous magnetic fields, such as the Earth’s magnetic field, is
small compared to the inhomogeneity produced by the presence of the point
dipole sourcé. However, under some circumstances, perturbations in the Earth’s
magnetic field may be caused by extraneous sources such as nearby electrical

25 equipment, metallic building structural elements, and the like. As will be
discussed in detail below, the detector system 100 can be readily calibrated to
compensate for such perturbations.

The equations used by the estimation processor 152 are readily
derived from the fundamental laws of physics related to electricity and

30 magnetism. A static magnetic field B produced by the magnetic dipole of a
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Its - all is a nodulus value well known in_matrix mathematics (e.g.,,11ls -
al 12 is whesrbs zaliaaumedplus valye siallknovm ér snteix gpathgmaigs Z@g~,3§-mllzs, and

B are all. - yal 10198 [ ic.fjeld: |sii dto
descri be {%%%ﬁ%n%&%figﬁ%?'eﬁg%%@g% ééégy&? ﬂ?@ng%tﬁl& dl%, S’aéslﬁlogg%xge 13to a
time varyivegol OabhedCt IR e i“Gtaticehfagheti@fidld? a5 niaténdgdnrydeseribd itk d.  The
magnet 120 generates a fixed, constant (i.e., stati c% magnetic field. The

strengt h Bfagnatic niigldegencrated) by thetwegeet b0t ke epposed do 8yEmEnvaDNgiepends
Those Gk FISHOTREREE B4 BEaR ARRacramediis o0 ae THbvbEnd TR0 ol
e ot och o e e e B L gy
rel ative dotestesry thet drsector Rysteiat Kt depesyls oarthe alistamet between the magnet
| 120 and the magnetic sensors 108-114. Those skilled in the art can appreciate

that the detected rﬁagnetic field strength may vary as the magnet 120 is moved

15 ‘within the patient or as the detector system 100 is moved with respect to the
magnet. However, relative movement between the detector system 100 and the
‘magnet 120 is not essential. The detector system 100 can readily determine the
location and orientation of the magnet 120 in three-dimensional space even when
the detector system and the magnet are not moving with respect to each other.

20 The values from the magnetic sensors 108-114 can be used in
equation (1) to determine the strength of the magnetic field B at locations S/-S4,
respectively. Changes in the magnetic field B over distance 1s defined as a
gradient G(s) of B, which is a derivative of B with respect to s. The gradient
G(s) can be represented by a 3x3 matrix derived from equation (1) and expressed

25 in the following form:

~( (G-a)em)s-a)s-a) HAs-af(s-aym ms-a) (s-a)em))

ls - al

)

G (s) =

THIZ SHEET HAS BEEN
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magnet 120 is not essential. The detector system 100 can readily determ ne
t he Ioc%bgﬁl4@§§i orientation of the nmagnet 120 in three- q;%{y §ya) space
even when “the detector system and the magnet are not noving wth respect
to each other. 20 The values fromthe magnetic sensors 108-114 can be used
in equation (1) to determne the strepgth of the magnetic field B at

| ocations S1-S4, respectively. Changes in the magnetic field B over
distance is defined as a gradient s) of B, which is a derivative of B
with respect to.s. The gradient S) can be represented by, a_ 3x3 matrix
derived fwherehuseimdrixiyanspasespd £4s adx3adentity; matrpohagng the following s) - -
( ((s - a}o m)(s - a)(s - a) 311s - all2 ((s - aamms - a ((s-a ml)

(2) Ilis = ™" Tii:~ SHLET HAS f3L: EN WD 98/ 49938 PCT/ US98/ 09454 16 whereT
is a matrix transpose and | is a 3x3|ild@n®ilty matrix having the fol |l ow ng
form 100 I=010 00151t show d Ibg noted that equation (1) could

be solved directly for the value a giyventlhe values B, m and s. However,
such a calculation can be difficult*to solFve and may require significant
conputing power. The iterative estinmation process described bel ow

determisnes the | ocajd §ufh BOCloRid A Etdn1) cblRl BREASED HRRCAY fopiiiemt i ng
the I oCation a and conparing a predi cted or esti mated magnetic field
t hat woul daluesaldivén ahe tatuesaBnet, 42d sbeithowbwaratsech a calkchlatient tamtbed
| ocation with the actual neasured magnetic field as neasure 31/ t he
[

| b
magnet i c SHRgBltdo159dve and may reqwire SiSRalIEANS EIBPYING BeWERe £4% iLIFEALEE
| ti ' ) | ti i i i . | |
mt chee t ARG RIS BEARRA%IR deroinie MR 1dcafn T GRE GEntaiBh GfF 258 >
and ori enyg ixsﬁ)dgﬁéﬁ 178t bhesstinhainc thallodivat boand comparingent ptédictedfort he

uc

magnet 120. an iterative process can be perforned very ?uickly by the
det ectl®r estimated Toagnetic field that would result from the magnet 120 being

ocated at

the estimated location with the actual measured magnetic field as measured by

the magnetic sensors 108-114. The iterative process varies the estimated location

in a controlled manner until the predicted magnetic field closely matches the

measured magnetic field. At that point, the estimated location and orientation

15 matches the actual location a and orientation of the magnet 120. Such an

iterative process can be performed very quickly by the detector system 100

without the need for extensive computational calculations required to solve for

the location a directly using equation (1). The difference between the predicted

magnetic field and the actual measured magnetic field is an error, or error

20 function, that may be used to quantitatively determine the location a of the

magnet 120. The error function is used in the iterative process to refine the

estimated location of the magnet 120. Equation (2), indicating the gradient G(s)

is used by the estimation processor 152 (see Figure 5A) to determine the

magnitude and a direction of error in the estimated location. Thus, equation (1)

25 is used to generate predicted values and equation (2) uses the error results to
determine how to alter the estimated position of the magnet 120.

The magnetic field strength B is measured at each of the locations

S;-S4 by the magnetic sensors 108-114, respectively. While only four magnetic

sensors are illustrated in Figure 3 to Figure 5A, the measurement may be



wi thout the need for extensive conputational calculations required to solve
for the(},{,_ggg,ggggﬁ\ a directly using equation (1). The di ffel;(?f}g% Reieen the
' i c fie 3

predicte magnetic field and the actual neasured nagneti IS an
error, or error 20 function, that nay be used to quantitatively determ ne
the location a of the magnet 120. Thel®rror function is used in the
Iterative process to refine the estimted |ocation of the nmagnet 120.
Equation (2), indicating the gradient s) is used by the estinmation
processor 152 (see Figure 5A) t eterm ne.the nagnitude and a .direction
D Corror BSerHIPESIS FRSERAr MR oipal BHGL. Ol U TERIEE) SOISOrS REUer G
generate | _ ualy (=2

 Geter mi ne EAEREH; EBRFPaARRI TUAGE 1) 18 7 CTAC Butfiilibn pRoufston |9
magnet i c ¢dlenldtest queamgities B\ Gneasased)ed B(t;) eaB(s;)of Thisecdlovlationnsrovides 3¢ by
the magnetic sensors 108: 114, respectjvely. VWile only four nmagnetic
sensors ameasure oft the: gradient droqnrmagnetic f8150F 4 I9AMAgRElGRS§RTAT alsy, be WO

93/ 49938 SETHOR 99 Sftecd P TAHAS ol RURET SHAHCIY LORmRERLY OF e

magnetic Sensors provides a rneasure poi efre i =1

to n. Thegedidntet Qs theangattic sthdor Lald tHeadnagnetiapérisor ¢S The éstpaatiored) =
B(s;) - B(sj). This calculation provides a neasure of the gradient from

nmagnet i ¢ B§EEHOT |1 520alse galsulates pradacted vahtesads (predissedefremoequatioas @ ect s

Phe. magnel E BB s Yafficth siifel ol 258 tastiedSutpestay RiskRusPdt bsor
152 al so gd prddacted vanagi & aﬁga@ke&)&nﬁch(@a@kayeg)pégsmme?va{émﬁlé)- The

estimate for the value a is adjusteéd until the hreasured val ues A (‘neasured)
and pl@di teedetoctoneystam {90 saryc inatipllymssimeghatl hedogataen woef th maghot

| e, t.he det ect syst 100 Lhitirally. that t.he | ti
crarm! . 120 Eelgisr B R IARR TP, ML Sh e ARGl S
esti mat ededtRfAidiP Protdi8or GSD Gﬁkhﬁﬁeﬁrtﬁ@:[gﬁﬁ%t&ﬁ&aﬁ?ésc%laﬁﬁa%ﬁe% Aergdi cted

val ues for magnetic field strength at e f the nmagnetic sensors 108-114
t hat woul sirengthilat each ofthermgpmdtic $aGorei@8-dd4 thatl woald tdsaltas theratagdet

| ocati on. n an exenpl ary enbodi t, the 15 sensing elenents of each of
t he magne}%é “éeéﬁs"(‘}ﬂar{g'oﬁt- %ffW?r’Ego%?tWé‘as an gxem %Wnﬁlglﬁeeti%emi © Bin
three9rt {a@RNAEIefentCHf Sith SLRHY fhPRedd seROAC108-1148)Bvide a measure of
the magnetic field B in three orthogonal directions resulting in magnetic field .
strength values By;, By;, and B;; where i equals 1 to n. Similarly, the gradient G(s) -
is also calculated for each of the three orthogonal directions.
The estimation processor 152 also uses measured magnetic field
20 strength values from each of the magnetic sensors 108-114 and compares A;
(predicted) with A; (measured). Based on the difference between A;; (predicted)
and Aj; (measured), the estimation processor 152 generates a new estimated
location for the magnet 120 (see.Figure 4) and iterates the prediction process
until A; (predicted) closely matches A; (measured).
25 The degree of match between A; (predicted) and A; (measured)
may be measured by a cost function comprising the sum of the squares of the
difference between A; (predicted) and A; (measured) and then using non-linear
iterative optimization algorithms to minimize the value of the cost function. The
required gradients of the cost function are calculated using equation (2) above.

30 Many different, well-known cost functions and/or optimization techniques, such



strength values B 1, By;, and B,; where i equals 1 ton. Simlarly, the

gr adi ent \%?%14995? al so calculated for each of the three oL HA%8HF4s4
directions. "The estimati on processor 152 al so uses neasured nmagnetic field

20 strength values fromeach of the magnetic sensors 108-114 and conpares
A, (predicted) with & (nmeasured). Bagagd on the difference between A ~
(predicted) and Did (neasured), the estimation processor 152 generates a
new estimated |ocation for the magnet 120 (see Figure 4) and iterates the
prediction process wuntil A (predicted) closely matches A (neasured). 25
The degr ets Brurahnevasks,iaay ba used hydthet stimation Moee%%dgar@oﬂcmfﬁ’&yth&

0 17 or onctosiBaiBEtec o Hptc bR SRR WG Pk alAEN I Ay (hBSWIIAT TS D LD 1 near
iterative optim zatTRE Ré@EVEt MFastdng) ptobésse pefformad uby othe hestifmasion

function. The required gradients of the cost function are cal cul ated using
equat i on Propessoovio2 e bardondi fif arshort, pewod ok tone cdstypPiadhdBeasHECIBERY/ or

optim zation techni que uch WO 98/ 49938 PCT/,US98/ 0945 .8 as al

net wor és, CXFE?/ ‘%86'32)&86%35/" ?‘ﬁ‘@ngg? Pﬁﬁ‘t ﬁ%ﬂmg'r &Se@(%“%iéﬁtésgé%egv@ggﬁéet
desired desyge ﬁbv@@tvﬁmﬁ@%eﬂfgsﬁexﬁyﬂ(@gﬁ&%&ﬁ aAd ofiRftatiohNEfadhe Rabnet THH
iterative measuring process performed by the estimation processor 152 can
be done ichagshoHowewes, dibcaiiset theemedsurgmientatyceteas vesmshert, thecohangeiia

performed in.fractjons of. a second. As th ube and assqci.at ed magnet 120
are novedPHHAR And, arisatation: ?tetﬂl‘lee 'B%%ﬂefi‘ﬁﬁl d VP é’ﬁlflﬁt 8‘6‘5“%fantyhgg'ﬁagnet

will Chaﬂ@ﬁsur,@ﬂx‘é’ﬁi’%gﬁ%f?%ﬂysﬁcﬂﬂﬁiﬁgﬁﬁéﬂftﬁ% Nfradkifg Qiﬂl ﬁ]beVﬁ{a\gnéf‘Q"stthet he

change in position orientation of the magnet W e very small during
any giloenmagneisis meoread insidel the phtienst draasi the thatising 102ais-movesl om duksurfacsft t he
magnet as the 10 magnet is noved inside the patient or as the housing 102
i s noved OhtherRati€htf ace of the patient. As discussed above, the estimation

processor Perfori aQ iEEHALA oy E PRk FHUBRR P ESITRS SR L1 O

of the magnet and a neasured. posrtion magnet". Initial
est i mat edcompatisanbemsechandstimaeet pysidon ofitter magndtanossichswred pokitiogues,
such as rgfn (El?emmsaegln(eagt iT%rg:’ inziitialllogs?itnile?tgd li(r)]ga%ront rql?i'y:bés erved by a number of
15 possible techniques, such as random selection, a location under the -sensor
element 108-114 having the strongest initial reading, or, by way of example, the
detector system 100 may initially estimate the location a of the magnet 120 is
centered under the housing 102. However, it is possible to provide a more
accurate initial estimation of the location a of the magnet 120 using a neural
20 network 154, shown in Figure SA. It should be noted that the neural network
154 is preferably implemented by computer instructions stored in the memory
148 and executed by the CPU 146. However, for the sake of clarity, the
functional block diagram of Figure 5A illustrates the neural network 154 as an
independent block since it performs an independent function. Alternatively, the
25 neural network 154 can be implemented by other conventional computer
components, such as a digital signal processor (not shown).
Neural networks are capable of receiving and processing large
amounts of data and, by virtue of a learning process, determining which data are

more important. The operation of a neural network is generally known in the art,

30 and thus will be described herein only with respect to the specific application.



el ement 108-114 having the strongest initial reading, or, by way of

exanpl e, WwHdgsh8§ ector system 100 may initially estimate tferLmabian a of
the magnet 120 is centered under the housing 102. However, it iIs possible
to provide a nore accurate initial estimation of the |ocation a of the
magnet 120 using a neural 20 network 1B%, shown in Figure 5A It should be
noted that the neural network 154 is preferably inplenented by conputer

i nstructions stored in the nmenory 148 and executed by the CPU 146.

However, r the sake of clarity, the funciipnal block di.agtam of.Figure

S 11 T ust TRRE. Eh onganan Giarosdurabneondid 54 o sgBradn ugngl RasHign 1

perforns %mﬁg%gr%@&g ,]f!#g&tion. Alternatively, the 25 neural network 154
npl enent e y o‘f) [

can be i er conventional conputer conponents, such as a

di gital signal proc%hsaeufadaetwdhidn4 hica ledm meddwiankd an operaivahl mode.
recei ving,_and processjng |large, anounts of data, and, by virtue of a
| ear ni ng B¥ am mader ReneabRedrriald$ 1 pro withnastualmeassgemgptr at i on

of a neur ' ner i n d: lJ)..be
Geseri BaatharEhHCHE, baghER saudols 1BRIN14.0 Sifife Bhth of InBabiblfy Wisord? 1002
PCTI US98/ 0983944 Révellfiireei differedthsergify @ldraentof at fralnefiril pacdméeters abet to
generate an initial position estimte will be discussed. The neural

net wor k 1pwvided as inpits torthrenewral antveprkr b34. o Rasedwaethe 12, parpenetersy the
node, . t he_neural . ne 154 is proyided with actual neasurenent dat a
rom i he RAGHbRCEVSEn Lot eSituleh e erBim dnd ofEn o nEE TIK FiFEDir 420

108- 114 haye nelif2 heBvbileI $Nts GRAOYIRUSHRR data thdiOitilg Be defudlabsamier s. are
provi ded as inputs to the neural 'network 154. Based on the 12 paraneters,

t he d8ur and osientmtion]dithesmagmitek2( hd hio pradess 1nnepeatddeatlatgeommben of
magnet 12Q. The,neural, network 154 jis the rqovided with data indicating
the act uapmeéc%ﬂcihoﬁ’afoth&naeﬁai e‘}ﬁrﬁ'f’f’li)nl({?f PQ?%’%%&CCT%&YTI‘?F%’“BWO sis

repeat ed fydafibd ndUSH&Tta@én o&”itﬁ@%%}ﬁ%b 100 ask@®nNeid’ 82 m&els. 18P thd ear ns”
he location and orientation of the magnet 120

to accurately estimte t f

based on ptesentcases thedeaning processedespribsd abovabrg., phevilng 1 pgrametersss
descri bed above (e.g.,, providing 12.. aneters, .estimating the | tion,
and. pr ovi BRHGRHS T dopaions and Rinyidial The Fehial dosatip was repeated 1,665 " °

15 times. The neural network 154 learns the best estimated position for a set of 12

parameters. It should be noted that the user of the detector system 100 need not
operate the neural network 154 in the learn mode. Rather, data from the learn
mode process is provided along with the detector system 100. In normal
operation, the neural network 154 is utilized only in the operational mode.

20 : In the operational mode, the 12 parameters from the magnetic
sensors 108-114 are given to the neural network 154, which generates an initial
estimate of the location and orientation of the magnet 120. Based on
experiments performed by the inventors, the neural network 154 can provide an
initial estimate of the location of the magnet 120 within approximately +2 cm.

25 Such an accurate initial estimate reduces the number of iterations required by the
estimation processor 152 to accurately determine the location a of the magnet
120. It should be noted that if the location a of the magnet 120 is sufficiently far
from the detector system 100, the magnetic sensors 108-114 will provide very
low signal levels. Accordingly, the neural network 154 will not generate an

30 initial estimate until the parameters (i.e¢., the 12 input signals from the magnetic



15 tinmes. The neural network 154 |earns the best estinmated position for a
set of 1 r ters. It should be. noted that the user ctor
system 10 Oﬁgg%ggot operate the neural network 154 in thg T@%?%&ﬁ%ge.

Rat her, data fromthe |earn node process is provided along with the
detector system 100. In normal operatjgon, the neural network 154 is
utilized only in the operational node. 20 In the operational node, the 12
paranmeters fromthe nagnetic sensors 108-114 are given to the neural
network 154, which generates an initial _estimate of the |ocation, and

ori ent at i samsors ﬂﬂ%-larégm above apasimush theesheld ardcangheredpreeprayyds Be

I nventors %gﬁ%neural network 154 can provide an initial estimte of the
| ocati on 8#1 SigRYnet 120 within approximately 2 cm 25 Such an accurate
initial estimte red#e@sad BecurmehRitiapkstihafedtheoetiniainh pri¢esortlse can
estimation processor 152 to accurately determne the |ocation a of the
magnet  1peérfoim tltsehiieuta(ﬁioneprmexzsscsiletsclcrziahedy dbavieaandodesenmine sheoaaienmehte 120 is
sufficiently far. fromthe detgector, system 100, the.magneti
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network 1 e is3ctbR lopalatRbt biBhe débdctér shtemal et ers
(i.e.. thgég.\éﬂailvhp(&f[?ﬁ%l gna EHf %‘%‘Sﬁﬁ‘gb%é’ﬁ’gﬁ & WD 98/ 40038 PCTI US98/ 09454

20 sensor Tho&8elididal stndieshrevdesaribedibelow.t hr eshol d and can t herefore provide
a reliable signal._Gven an accurate injitial, K estimfe, the esti jon
processor 152 can g«gﬁf&tﬁ?tphéY§ﬁeBT alf)ioo SBr’(S‘EB'E%S éﬁ?ﬁ%‘éd“éﬂfg‘?gnﬁé

det erm ne l; ' f t'n%@ R} hh RikEhalst udi es
per f or rredSl})@ig%dﬂﬁﬁéﬁ%g@c@o?é@ﬁg%}%mﬁ?gg&hlav Jgﬂ%&ng{gpgaygg\ q[ he sati s? actory
oper atloondizpldyhénatedhomtmr dygsthese tRilled ithtimeant| will appresiateli smngref thescri bed

bel ow. The detector system 100 al so j ncl udes a,di ay, i nterface 156,
shown in FpRReaena ofi e detgater ﬁsrﬁéernn%tww@éh?f@@ l\;‘*és 5!@;@?1 mEnoLy

ext er nal ' ) e 1. lied il i AN

onpr o o 438 ik SBhfehiioat cANBURL cofipohPAS® SlSC i dishy Aplertck 156

CPU 146 amthyt be aredRvehtich4B inteefaconhanillonsalthe aigedter systepoimages to be
Simlarly, the display interface 156 nay be a conventional. i ntlggface t hat
al | ows t hehewneut 3P display phater feomtor, Such as a live image monitor (see

15 Figure 5B). '

One advantage of an external display is that the housing 102 may

remain in a fixed position with respect to the patient. In this embodiment, the
four magnetic sensors 108-114 may be replaced with a large number of sensors
(e.g., sixteen sensors) uniformly distributed throughout the housing 102 to form
20 an array of magnetic sensors. As the magnet 120 is moved relative to the
housing 102, the movement is detected by three or more of the magnetic sensors
and the position of the magnet calculated and shown on the external display. In
this embodiment, the user need not reposition the housing, but simply views the
external display where the array of magnetic sensors can track the position of the
25 magnet 120.

Another advantage of an external video display is the ability to
combine the image generated by the detector system 100 with image data
generated by conventional techniques. For example, Figure 5B illustrates the
operation of the detector system 100 in conjunction with a fluoroscope system

30 160. The fluoroscope system 160 is a conventional system that includes a



shown on a PC di spllay or other nonitor, such as a live inmage nonitor 168

(see 15 ELALW, B). One advantage of an external display j e
housi ng fgég?rl/éiga’érenai nina fixed position with respect t%é{/ﬁ%@}g)a{s?em- In

this enbodi ment, the four magnetic sensors 108-114 may be replaced with a
| arge nunber of sensors (e.g., sixteepm sensors) uniformy distributed

t hr oughout the housing 102 to form 20 an array of nagnetic sensors. As the
magnet 120 is noved relative to the housing 102, the novenent is detected
by three or nore of the nmagnetic sensors and the position of the nagnet
cal cul at eflugrpscepisiicadrl 62na fhiaresoepic tmags pEpcesser 164 and gpdmage storaghe user

need not reposition th ousli but sij. L e t . ernal. di;sgl ay
where. t ne“Sitrihar ekt Aol d gt TR, gt g U iERE BTl 198
magnet 12fh aABRidACTa BehAtRAE! GidcdNcAXERE Rebordbdag0KaP b Shé lifaghi |1 ty
to. conbine the inmge %;nerat ed by the detector system 100 with i nage data

gener at edgeneraisdvian theoHlabrassopeisystem 160 randxiamages  gepetaied byBhe| dajectent es
the operation t det ect or syst 100 in copju i.on wWth.a flugroscope
syst enpsoougn R Angornseabgh o fBe dhiorerropd SORIERS dmiwe i s o "
“includes gn YRS s BLAROKE RS HhtaiRerbinior oscopi ¢ head 162, a
fl uoroscopi c I nage processor 164, and an | mage storage systemthat

i ncludes. a stored iTimgdetattor tsysteh6d 0dnis fixedlyi attachedgto moaiftmroscePic | n

addition, a entiqnal video cassette.recorder. 170 can record t | mages
gener at edh%‘fﬁg ‘F‘I’ﬁ&'ﬁ%’%ﬁ@a%%lsf shonshin g HRgEs ﬁ"@ﬁgb% inage ?Egle'

det ect or t 0, : i r s known
it ho ar PR AR bialof (SRR Ble MoLcdie sl RIFBRE ANPERE, By
det ectl@r sf skampl)©nithe fliveddiageahdmedmetv8. o Aishecdtheter contamiag theadhghé? in a
known spatial relationship. A's "snapshot" inmage of the patient can

be obt ai ndd0 (ssenEiguEe4) n%mssgeéhnq%gwi@% ﬂmdawetqa?syatef&yéep dsjeatagheo of
cxamPL .. SRt o o FOGCUER i oo RBHE S SARGh s i o
detects t hfiagd ofahe anagnadfor fiee MB@nEhage2 thonitol NES8TalvIR wits gid brspshbpve and
can proj e(i:rglaéeh%f the patient. In this manner, the user may advantageously utilize the
15 snapshot fluoroscope image provided by the fluoroscope system 160 combined
with the live image data provided by the detector system 100.

For satisfactory operation of -this- aspect of the invention, it is
necessary to have proper alignment between the fluoroscope system 160 and the
detector system 100. This alignment, or “registration” may be accomplished by

20 placing a radio-opaque marker on the chest of the patient where the radio-opaque
marker is aligned with the comers of the detector system 100. When the
fluoroscope system 160 generates the snapshot image, the corners of the detector
system 100 are indicated on the live image monitor 168 by virtue of the radio-
opaque markers. The advantage of the image overlay using the detector system

25 100 is that the patient is only momentarily exposed to radiation from the
fluoroscope system 160. Thereafter, the snapshot image is displayed with data
from the detector system 100 overlaid on top of the snapshot image. Although
this process has been described with respect to the fluoroscope system 160, those

skilled in the art can appreciate that the present invention is applicable to any



| mage of the magnet on. the live inmage nonitor 168 along with the snapshot
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structural elements, and the |ike, Because of the unpredictable nature of
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requifges 158, shown in Figure 5A. It should be noted that the calibration processor 158 is

preferably implemented by computer instructions stored in the memory 148 and

executed by the CPU 146. However, for the sake of clarity, the functional block

diagram of Figure 5A illustrates the calibration processor 158 as an independent

block since it performs an independent function. Alternatively, the calibration

20 processor 158 can be implemented by other conventional computer components,
- such as a digital signal processor (not shown).

An initial calibration is performed before the magnet 120 is
introduced into the patient. Thus, initial calibration occurs outside the presence
of the magnetic field generated by the magnet 120. A measurement is performed

25 using the detector system 100. Under ideal conditions, with no localized
perturbations in the Earth’s magnetic field, the signals generated by the magnetic
sensors 108-114 will be the same. That is, each of the sensing elements oriented
in the x direction will have identical readings, while each of the sensing elements
oriented in the y direction will have identical readings and each of the elements

30 oriented in the z direction will have identical readings. However, under normal



calibration. The detector system 100 may be readily calibrated to
conpensaty@o b§logss ocal i zed perturbations in the Earth's nmagn&iisshbglsd usi ng
a calibration processor 15 158, shown in Figure 5A. It should be noted that
the calibration processor 158 is preferably inplenented by conputer

I nstructions stored in the nenory 148 2d executed by the CPU 146.

However, for the sake of clarity, the functional block diagramof Figure
S5A illustrates the cali bration processor 158 as an independent bl ock since
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field generated by the magnet 120. If the detector system 100 is. stationary, as

illustrated in Figure 5B, a single calibration process is sufficient to cancel out the
effects of the Earth’s magnetic field, including localized perturbations caused by
external objects, such as metallic equipment, building structural elements, and

20 the like.
However, in certain embodiments, it is desirable to move the
detector system 100 over the surface of the patient. As the detector system 100
‘1s moved to a new position on the patient, the localized perturbations in the
Earth’s magnetic field may cause a degradation in the accuracy of the detector
25 system 100 since the effects of the localized perturbations may no longer be
completely canceled.  However, the calibration processor 158 allows a
continuous automatic recalibration of the detector system 100, even in the
presence of the magnet 120. This is illustrated in Figure SC, where the detector
system 100 is fixedly attached to a digitizing arm 180. The digitizing arm 180 is

30 a conventional component that allows three-dimensional movement. The



142 (see Figure 5A). Thus, the differential reading between any two of the

magneti c. 108-114 wll be zero before the magnet I Siel oduced.
Thereaftevrv,aggéﬁtg%e magnet 120 is introduced, the di fferensli%%/ﬂjsrcgg)ggﬁsélgs from
the 15 magnetic sensors 108-114 will have nonzero values due to the static
magnetic field generated by the nmagneiq 120. If.the detector. system 100

Is. stationary, as illustrated in Figure 5B, a single calibration process
is sufficient to cancel out the effects of the Earth's magnetic field,
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15 typically be inserted in the patient’s arm and threaded through the venous system
into the heart. Using conventional technology, the surgeon would typically place
marks on the chest of the patient to mark the expected route over which the
catheter will be inserted. Without the present invention, the surgeon must
blindly insert the catheter and verify its location using, by way of example,

20 fluoroscopy. However, the detector system 100 permits the surgeon to track the
placement of the PICC.

In the example above, the detector system 100 may be located over
the arm of the patient where the PICC will be initially inserted. Following the
initial calibration (in the absence of the magnet 120) the detector system 100 is

25 calibrated and will compensate for the effects of the Earth’s magnetic field
including any localized perturbations. When the magnet 120 is introduced, the
detector system 100 detects and displays the location a of the magnet in the
manner previously described. As the surgeon inserts the PICC (with the attached
magnet 120), it may be desirable to relocate the detector system to thereby track

30 the progress of the PICC. Using the digitizing arm 180, the surgeon relocates the



| ocal i zed perturbations of the Earth's magnetic field at the new position

of the dgiprsmie§zgsystem 100. The automatic recalibration ppesRRSs/doiss
particularly useful in a situation, such as a peripherally Inserted

central catheter (PICC), which may 15 typically be inserted in the
patient's arm and threaded through the2g8enous systeminto the heart. Using
conventional technol ogy, the surgeon would typically place marks on the
chest of the patient to mark the expected route over which the catheter
will be inserted. Wthout the present inyention, the surgeon nust blindly
insert t heletestpretysterantPd & pmew decativpar Fen example %?“Wﬁﬁ‘é? t@(éﬁﬁ?l"@,‘ 20
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“magnet 120%sults: fiony the mizgriet alR0e 1t as rpeissibla o tsubtraet out dhe wffectsnof theher eby
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six inches in the y direction, three inches in the x direction, and has
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field fromthe magnet 420, gny. remaining or, 'residuaby Fpanelfs Ligld is
15 to the presence of the magnet 120.
' The user may manually recalibrate the detector system 100. at any
point in time. However, the advantage of the technique described above is that
-the detector system 100 may be automatically recalibrated on a continuous basis -
as the detector system 100 is used. The digitizing arm 180 provides a continuous
20 reading of the position of the detector system 100 and thus makes it possible to
accurately track the location of the detector system. As the detector system 100.
moves, it is constantly recalibrated to recompensate for the Earth’s magnetic
field. In the example above, the detector system 100 may be moved at will to
follow the movement of the PICC as it is inserted into the heart without concern
25 that external influences, such as a hospital bed rail, will cause a degradation in
the accuracy of the measurement. Although the recalibration system has been
described above with respect to the digitizing arm 180, it can be appreciated that
other position sensing systems may also be readily utilized.
For example, commercial tracking systems are manufactured by

30 Ascension Technology and Polhemus. The system manufactured by Ascension



10 magnetic field. The residual reading is processed in the manner

descri bedyghgysfsgfor an initial calibration to thereby rezgray®dkoosss
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field, including |ocalized perturbations, at the new |ocation. Follow ng
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15 marker pen as landmarks to assist in insertion of electrical pacemaker leads.

With the principles of the present invention, the digitizing arm 180 may be used

to electronically record landmarks specified by the surgeon. This aspect of the

‘invention is illustrated in Figure 6A, when a computer input stylus 182 or other

electronic input device is mounted to the digitizing arm 180. The computer

20 stylus 182 may be attached to the detector system 100 or attached to the

digitizing arm 180 in a position corresponding to, by way of example the center

of the detector system. Prior to insertion of the catheter with the magnet 120, the

surgeon may utilize the digitizing arm 180 and the computer stylus 182 to

electronically generate landmarks, illustrated in Figure 6A by a series of x’s. It

25 should be noted that the computer stylus 182 electronically “marks” the patient,

but need not place any actual marks on the patient. In the example above, where

heart pacemaking leads will be inserted, the surgeon may place a series of

electronic landmarks from the neck to the heart along the route in which the

pacemaker leads will be inserted. At each landmark, the digitizing arm 180

30 records the position marked by the surgeon. In subsequent operation, when the
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sur geon. e Tandmarks are shown on "an external display 184, shown in
Figure 6B, along W fthet fshepalsopdratio®ioftthe deegiet syistém W0 ¢b illgstiateddn cat ed
by an arrow. As the surgeon inserts the magnet 120, the progress . is shown

on the exths fawchpgpetaljiguea 6Aicmt astart 200nthg imagnetol XhéseesFigusnd) hasm
andmsk fobo h Ao Ank CpddI ML step 3B, e |Gt Widblhded an fiGhaR ave.
calibration. In an exemplary embodiment, the.initial calibration is performed
before the magnet 120 is introduced. Thus, the system 100 compensates for the
effects of the Earth’s magnetic field, including localized perturbations, in the
absence of any contribution from the magnet 120. Alternatively, the magnet 120
20 may be positioned in a known location with respect to the housing 102 such that
the effects of the magnetic field caused by the magnet 120 are known and can be
canceled in the manner described above with respect to the automatic
recalibration process. That is, the contribution to the measured magnetic field
caused by the magnet 120 in the known location can be subtracted from the
25 measured readings with the resultant residual value being caused only by the
Earth’s magnetic field. Following the initial calibration, in step 202, the detector
system 100 measures sensor values from the magnetic sensors 108-114. In step
204, the estimation processor 152 (see Figure 5A) calculates an initial estimate of
the location a and orientation of the magnet 120. The initial estimate includes

30 sensor position data from step 208 and magnet calibration data from step 209.



surgeon can readily detect divergence fromthe expected route. For exanple,
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pat hway and quickly identify the problem The catheter and nagnet 120 nay
be withdrawn and reinserted to followgthe | andnarked pathway. The general
operation of the detector system 100 is illustrated in the flowhart of
Figure 6A. At a start 200 the magnet 120 (see Figure 4) has 15 been
inserted into; the patient. In step 201, the system undergoes an initial
cal i br at i Ghe s¢nsoapositienplata galowliatedl imestep 208 provides datagelatipgahe pasition
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28 The sedgtempd¥ition data cal culated in step 208 provides data relating
the position of ea of the.m ti.c.S OrS. -11 e i:ve
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data are provided as inputs to the estimation processor 152 (see Figure 5A) in
step 204.
In an exemplary embodiment, the initial estimate of the location a
is provided by the neural network 154 (see Figure SA) based on the measured
20 sensor values derived in step 202. As previously discussed, the neural network
154 may require minimum values from the magnetic sensors 108-114 to assure a
reliable initial estimate. The neural network 154 provides the initial estimate of
magnet location and orientation.
In step 210, the estimation processor 152 (see Figure 5A) calculates
25 predicted sensor values. As described above, this requires a measurement A;
(predicted) for each combination of the magnetic sensors 108-114 in each of the
three orthogonal directions x, y, and z. In step 212, the estimation processor 152
compares the predicted sensor values (i.e., Ay (predicted)) with the measured
sensor values (i.e., A; (measured)). In decision 216, the estimation processor 152

30 determines whether the predicted and measured sensor values match within a
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ort hogonal, directions X I n, steH 212, the F?t | mati on processor
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t t
returns '(I)n addition, the detector system 100 may display a confidence value indicative of

15 ‘a degree of confidence with which the location a and orientation of the magnet -
120 have been determined. The calculation of a confidence .value based on
statistical data is well known in the art and need not be described in detail herein.
Following the display of location and orientation data in step 220, the detector
system 100 returns to step 202 and repeats the process on a new set of measured

20 sensor values. If cost function is too high, a close match may not be achieved in
decision 216. Such conditions may occur, for example, in the presence of
extraneous magnetic fields. In practice, it has been determined that close
matches have a cost function in the range of 1-2 while the minimum cost
function for an inaccurate local minimal are orders of magnitude greater. If a

25 close match cannot be achieved (i.c., the cost function is too great), the detector
system 100 can start the measurement process anew with a new estimated
location or generate an error message indicating an unacceptably high cost
function. |

The flowchart of Figure 7B illustrates the steps performed by the

30 calibration processor 158 if automatic recalibration is implemented within the



step 210 to calculate a new set of predicted sensor val ues using the new

esti mat ew(?%f/‘rggg{]et | ocation and orientation. The esti nat %ggﬂ{ggg&ﬁéisor 152

conti nues terative process of adjusting the estinm ocation a of
the magnet 120 and orientation and conparing predicted sensor values with
nmeasured sensor values 10 until a clogg match is achi eved. Wen a cl ose
mat ch between the predicted sensor values and the neasured sensor val ues
is achieved, the result. of decision 216 is YES. In that event, in step
220 the detector system 100 displays. the magnet |qcation a and

ori ent at i datedtar system 500.ayn ths mplementagioas f@lgewm theneompletionof#tgpt i on,

t he det t 1 di spl ' i i b 15
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based on statistical data is well known in the art and need not be

descri beddigitizieg aim 186r(sen Figure SIC)vndigating thii piesest loratien of it defggtor
orientation data.in.step,220 he . .det or, .system 10 e ep 202
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function o369 4idithed ntdghee 1R Cihe MBMibIRE 0 EpractisoY eT58 taldistesithe 216.
Such conditions may occur,” for exanple, in the presence of extraneous
magnet i ¢ Mmaghetse fitld yesaltinigcfeomi the maagriet and dubracts thel effeats of heemagnatches

have a cost function in the range.of 1- ile the gl ni.num cost function
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cl ose mat hy, A 05 @uﬂcbélﬁgéaqné%su?cd Hsyh*ihé%’éiglfxé{[@tsbﬁébrhsléﬂglﬂr(%%E), t he
detector syste can start the measurement process anew with a new

est i moedFiguoe 8A) omeodugetvetla effuterof othenEasthie maghatmt ifiedd,amaludiogept abl y

hi gh cost, function. The flowhart of Figure 7B illustrates the steps
per f or rredl%ﬁlh%%PerQUbéﬁW%rat ion processor 158 if automatic recalibration

is inpl d w thj /;
100, Tn This | mpl enihih 22k, URofetiial g s B Rofado P A Sk o

syst em 10000y exhpaidatd Yormadwe effecst of tR24Earth’s ushpadted fiebd Fitgineend's,
wherein the calibration processor 158 obtains éhe position data fromthe
di gi ti zi nipcatign.1$ollogang theyipcalibrarionfypesssi Hi§ dgtectar sxdpm YLEVBS 18 ¢ he

det ecygr step 202, shown in Figure 7A, to perform additional measurement cycles with the
detector system 100 at the new location and recalibrated for operation at the new
location.

It should be noted that the automatic recalibration process
illustrated in the flowchart of Figure 7A automatically and continuously
20 recalibrates the detector system 100. However, in an alternative embodiment, the
calibration processor 158 will perform the recalibration process only if the
detector system 100 has been moved by a predetermined amount. This prevents

the unnecessary recalibration when the detector system 100 has not been moved.
The iterative estimation process is described above using the
25 difference in magnetic strength B provided by different pairs of magnetic sensors
108-114. Alternatively, the detector system 100 can use the measured field
gradient values G. In this embodiment, equation (2) may be fit to the measured
values, in a manner as described above with respect to the iterative process to fit
the measurements of B. With respect to the flowchart of Figure 7A, the step 202

30 provides gradient values with respect to pairs of the magnetic sensors 108-114.



5 system 100. G ven the new | ocation of the detector system 100 and the

known | agglogmeysg of the nmagnet 120, the calibration procesSgUsskmdsss
cal cul ates the magnetic field resulting fromthe nmagnet and subtracts the

effects of the magnet fromthe. current neasurenents in step 226. As a
result of this process, the remaining ¥lesidual val ues neasured by the
magneti c sensors 108-114 (see 10 Figure 5A) are due to the effects of the
Earth's magnetic field, including |ocalized perturbations. In step 228,
this residyal valuge is used to rezero the detector stem 0 t.o
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108-114.  AbdifiiritRt vl the tbesuded 86 valties ad 4RO predictedschlisr vatasumatthf i el d

gradient values G In this enbodi nent, equation (2) may be fit to the
measur @d withirethe pradetermimedrdegseadeStoléranet. above with respect to the

Iterative process to,fit the nmeasurenent f.B. With respect to t
flowchart of Figure b yet h%mgq‘glp %@ﬁmge ) %“8\"6‘13%6 %didgﬁe[&qfalsxggnwh@g
respect toy@RidsstheimédiGreRaneddis an@OW e cdtidn42) Y82 S&iRA$S The direct:

PCT/ US98/ 09454 31 For exanple, a nmagnetic gradi ent neasurenent can be
cal cul at edsalefiom appeoachnetihzssi thef faet dh@ Gemsarsythrgtrichmatmig neith posginsor 114

th respect Lo Lhe  Rgnel e Ll d tpasured BY. ogFNel nhie | &M 19
15 - calculated and used algebraically to-solve for the location a and m directly. This
assumes that the magnitude, but not the direction, of m is known. In practice, the
magnitude m is known because magnet calibration data is provided by the
‘manufacturer. It should be noted that this technique requires an additional
magnetic sensor to determine the orientation of the magnetic dipole.

20 Mathematically, the orientation of the magnetic dipole is indicated by a + or -
sign. The additional magnetic sensor, which need only measure the magnetic
field strength B, is used to determine the sign of the mathematical function. In
addition, combinations of these various techniques may be used by the detector
systerh 100 to determine the location a of the magnet 120.

25 In yet another alternative, a Kalman filter may be used with
equations (1) and (2) above to track the position of the magnetic dipole m with
respect to the multi-detector array formed by the magnetic sensors 108-114. As
is known to those of ordinary skill in the art, Kalman filters are statistical
predictive filters that use statistical signal processing and optimal estimation.

30 Numerous textbooks, such as “Tracking And Data Association,” by



respectively. In step 204, the estimation processor 152 determ nes an
initial i e of the magnet |ocation and orientation, ﬂ% | tep
210, cal 3%‘?3%’%@ predi cted sensor val ues using equation (f)c’c1~ 38/}5)598‘?) 212,

t he neasured sensor values are conpared with the predicted sensor val ues
usi ng conventional techniques, such agpthe cost functions described above.
The iterative process continues until the nmeasured sensor values and the
predi cted sensor values match 10 within the predeterm ned degree of
tolerance. In yet another alternative technique, the detector system 100

utilizes thBaredwmlomnend Rt aFerterann] Academiat Pigss,( Bostom &R, rprovide  The
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of these (hatitelgeamicee MendiReaToriAmee Hgelehyo the Operater king gfgﬁs@émaxgﬁ)ﬁ 0
determ ne the 4. tq a e, net..120: n a erpative,
a Kal man {&Ieth g}lg&n%yj@]é us'ﬁ%u%m?%n&gqsergtol}%nlsn (Z%Char%&[(of) ?tge{?g@lée gttt%%gk t he
posi tilon driddperdemoairl smald thel endartainth inrths pdinatt® of hke foddtiondetcanttr arr ay
formed by the magnetic sensors 108-114. As is known to those of ordjnary
skill in cakulated wangmior i exaaplearrameirRag | beyndsp, edihisi & degreerel ¢ hat
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1988, provide detai on the theory and operation of Kalman filters. In
addi ti on for bigmedical applications.

15 Figure 3 illustrates the operation of the detector system 100 for a

specific configuration of the magnetic sensors 108-114. However, the techniques

described above may be generalized to virtually any fixed configuration of

sensors. A minimum of one gradient sensor or eight magnetic field sensors is

required to measure G(s) and B(s), respectively, assuming that the strength of the

20 magnetic dipole m is known. The magnetic sensors can be configured relatively

-arbitrarily and thus may be readily positioned at locations within the housing 102

(see Figures 3A and 3B) based on instrument design and/or other signal or noise
considerations.

The magnetic sensors 108-114 may be calibrated using the known

25 strength of the Earth’s magnetic field. In the absence of any inhomogeneous

fields (i.e., away from any strong magnetic dipoles) the X sensor element of all

sensors 108-114 can be read at the same time. Similarly, all ¥ sensor elements

and Z sensor elements can be read at the same time. In any configuration, the

sum of the squares of the average readings of the magnetic field strength for each

30 orthogonal direction (i.e., By, By, and B,) should be constant. The constant value



individual techniques descri bed above, it is possible to use any or all of

t hese in a conbination, such as a sum of cost 554 OF
each sensor tfgﬁie For exanpl e, the differences between OlI zpéfdg |ct ed) and

A;; (measured) can be required to match within a certain toI erance. If the
mul ti pl e mat hematical techniques are gable to identify a solution for
which all difference values neet that tolerance, then an error can be
signaled to the operator using the display 106 (see Figure 5A). Assuni ng
the errors Itﬁ ach, sensor maasurerrent are 10 i ndependent and small t he
uncert ai nto§ fﬁ%@ﬁb sHegReticfisid ¢ancbe used toodetarmaing the apprRTiata caibiaipRg, f or

measur erodtPELfoh erotcHaRTerc; Mior RoRE R eRiond AURIRR in R IEAT Shates . o

syst em 10@ittifey @iethedgindancy i s h| ghly desirable for b| omsdl cal
applications. 15 Figure 3 illustrates the operation of the detector system
100 for a speC|f|C ltmiteg\mac|c@hbrﬂtlomht@chmgnetuscs semadl magost ofiknownwever

t he te scrlbed above ma ener zed, t V|rtuall flxed
cont | ot actigndy PRREHLIT oA miRY JOEeooRe rEleliffcin Yad foapRte e
magnetic fliogL Hl4 e Ne@istrdrfents %ﬂé’?éﬁ@nﬁ@d rﬁ%ﬁéﬂﬂ %f%é )on@rtfi' ﬁ()?é 1oda@foa§qbl vely,
assum ng that the strength of e 20 magnetic dipole mis known.

‘magnetic dslieteronee ¢ha apprqmm‘tcp galibrhtios| ﬁlcmrelfpr mhmagmtioysmsort hOﬁmmy be

di | t d at ti t the h 3A and
N e R
consi der afjkaNgay 160 BRASED tF AR the %n%é?l g:l%é)rpqosal'mbr ated using the

known 25 strength of the Earth's magnetic I'n the absence of any
i nhonoldeneous fi el déhe display, 166vdyed Fugnran%o ptovidey gmphiehl dispilpplofsthet he X

sensor elenent of_.all sens 108- 114 can_be read t sane

Similarl ypoamonwggwssxageﬂeﬁﬁwt Eaiest Dol RO Ines R BBAJAER: the
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PCT/U898/0 454 3 of_.the Eartﬂ S netic field can be_used to determ ne
the appr optnsfrated i, FigHE oBA, the dlsp ay 106 uses a circle 250 and a pair of

15 orthogonal lines 252a and 252b to ‘indicate the:location a of the magnet 120
relative to the housing 102. - The orthogonal lines 252a and 252b provide a visual
indicator to the caregiver to assist in determining when the magnet 120 is
centered under the detector system 100.

In an alternative embodiment, illustrated in Figure 8B, a fixed

20 1indicator 254, such as orthogonal lines 254a and 254b, form cross-hairs over the
center of the display 106. The circle 250, or other indicator, is used to provide a
visual indication of the location @ of the magnet 120 relative to the housing 102,
The circle 250 is centered in the cross-hairs in the center of the display 106 when
the magnet 120 is centered directly beneath the detector system 100.

25 | In yet another embodiment, shown in Figure 8C, the display 106
provides a different indicator, such as an arrow 260, to provide a visual
indication of the location a of the magnet 120. The arrow 260 may also be used
to indicate the orientation of the magnet 120.

The depth of the magnet 120 beneath the surface of the patient can

30 be indicated on the display 106 in a variety of fashions. For example, a portion



factors for each magnetic sensor using conventional algebraic and |east
squar es ‘Léggkﬂgsnethods. An alternative calibration techrj 9H§ﬁé4a smal |
magnet of Known™ 5 strength placed in one or nore |ocations relative to the
magnetic sensors 108-114. Measurenents are performed at each of the one or
nore locations to determne the approgyg ate calibration factors for each
magneti c sensor. O her techniques, such as the use of an el ectromagnetic
cage, Helmholtz cage, or the 1like, nay also be used to calibrate the
magneti c sensors 108-114. 10 The display 106 (see Figure 3) praqvide

gr aphi cal Wampphytherdisplay H¥sican aproyider Revisedjnidicaton,pf he é@ﬁﬂttoft €t he

housi ng 102. Fi g s 8A to 8D illustrat. . dypHf e chni ques
used by t h@aﬁlé?teg(g}m%sq §Pf§ 20ic 3“81? ﬁgilcgﬁﬁﬁgﬂl%ggﬁ %fr? ai_%g& etvhg @r‘ggnet
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252b t o i netiadsqus of ke depibeanf tha magiiet tlgé inrahsalute1gmts, sBelas gentimeters Housi ng
102. Thg orthgeggnal { i nes 252a and 252b provide.a visual indicator to the
caregi ver YOCEBPHSH det ermi ni ng when the nagnet. 120 is centered under

the detector system $f{s #he aéteé\ﬂofresrX@?etxﬁ VI®0e dbRehifRA! thel |dcutibh at &F fhe
Figure 8B, a fixed 20 indicator 254, such as orthogonal |ines 254a and
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different indicator, such _as.an arrow 260, to provide a.visual 1ndication
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3 any convenient two-dimensional display, such as a dot matrix display or the like.
15 Thus, the present invention is not limited by the specific size or shape of the
housing 102 or by the specific type of display 102. In addition, the detector
system 100 can operate satisfactorily with a variety of different magnetic sensors.
Thus, the present invention is not limited by the specific number or type of

magnetic sensors employed in the detector system 100.

20 Clinical Studies
The operation of the detector system 100 has been described for the

detection of a static magnetic field associated with the magnet 120 inserted
within a patient. The reliability of the detector system 100 has been tested mn
clinical studies, the results of which are described below. As will be described in
25 detail below, the location of the magnet was determined using the detector
system 100 and subsequently verified using conventional fluoroscopic
measurements. Although initial results of the clinical studies indicate a relatively
high error in the location detected by the measurement system 100, these errors

are believed caused by inaccurate alignment of the detector system and the



106a of the display 106 can provide. a visual indication of the depth of

the MagREH odi4dds4iSi Ng a bar graph, such as illustrated in fdgUsdR 095
However, the epth indicator portion 106a of the display 106 can al so

provi de a nunerical read-out of the depth of the magnet 106 in absolute
units, such as centineters, or 5 in rg&ative units. Thus, the detector
system 100 determ nes the |location a of the magnet 120 in a
t hr ee- di nensi onal space and provi des an easy-to-read visual indication of
the |l ocation of the magnet, incl udi a gﬁc{)th i ndi cation as.WliJI as the
ori ent at | SHOBISCORIS MERTHETEN RSB, S ﬁ’éfofﬁo%@i‘ﬁbe tothe misaligngientt ed as
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equi di st ant wthin't ousl ng the recta ar shape was choen for
its ease revigioasim tige signal processiagisoftvartieeslted, int freatepushiability 2n dater have
any shape or size. Furthernore, the display 106, while illustrated as a
liquid crinsageregents vy thechinigad studyy as diseusscdrhelowo- di mensi onal - di spl ay,
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t] L oyed i.n th t ect tem 100. 20.0injcal Studi
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inserted wthin a patient. The reliabilrty of the detector system 100 has
- been tl@st sberting dhé rhathaditers taidhe gneasueed aleptht. s Tlie wcedssaoe faidurer oHdble bel ow.
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by ‘'t he neasessibleesolutsyrstoetine 1OlindY pbsement.ors are bel i eved caused by '
naccurat e al i gnment. of fhe detector systemand the 0D 05/49938
15 to. test its accuracy compared- with conventional fluoroscopy. The detector
- system 100.located magnetic tagged PICCs to within an average of 0.4 cm, and a -
range of 0.2 cm to 1.25 cm. The detector system 100 also provided: valuable
real-time information about the path and orientation of the PICC tip during
difficult insertions. The detector system 100 has demonstrated its ability to
20 accurately locate a magnet tagged PICC relative to an external landmark and thus
aid in catheter insertion. The measurement capabilities provided by the detector
system 100 have the potential to improve clinical outcomes and thus reduce
healthcare cost by decreasing catheter related problems in infusion therapy and
by decreasing or eliminating the need for radiographic verification of PICC

25 placements or other medical device placements.

Introduction
The PICC catheter is inserted to a peripheral vein in the patients
arm and threaded into the superior vena cava to a point approximately 2 cm

above the right atrium. The current method for introducing PICCs is to measure



fl uoroscopi c neasurenent system Thus,. the errors are due to the
nisalignqgagsmaﬁgher than i nherent inaccuracies in the det 0g/RY3h em 100.
In addition, révisions in the signal processing software resulted in
greater reliability in later neasurenents in the clinical study, as

di scussed below. 5 One application of g8ge detector system 100 is for the
insertion of a catheter into the heart. Positioning a peripherally
inserted central catheter (PICC) in the lower half of the superior vena
cava, just_ above the right atrium is a ﬁrilical a qhi ation faqr the
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tagged Pl GleysdsO it fHen catheff CEARRL Obe Qiséd CfBr MFEsidns 'RNSAnPhng whtilmitso 1. 25
cm The detector system 100 al so provided valuable real-tinme information

about t he Ipeationsahaveobeemivatified Wyf radiegmaply; wihich dsiinenpvenient,i mlatively
insertions. The detegctor st.em 100 has denonstrated its ability to 20
accur at el FXPGEYE %{‘cﬁ‘éﬂh@eﬁxl’ thygary g‘?‘(%ylsel ative to an external |andmark and
thus aid in catheter insertion. The neasurenent capabilities provided by

the detector system 100 have the potential to inprove clinical outcones
and t hus rAvoued Mbdell t hcare cost by decreasing catheter related problens in

i nf usi t herapy an by decreasing or.elimnatin he need for .
r adi ogf‘gphi c verifi ?:QPF’Sﬁ“‘bFTQSF%@CdZSWBHCa”E%rWQ agﬁf’%ﬁﬂ‘é’?‘ﬁrﬂﬂ&gefpr Hasi ce
pl acenment Nt r tq T. con hnlaRSEiRYat Qs PRkémhahal vein
in the patlsmé(lrl%'s ngﬁ%dgﬁ?fmt ﬁgr‘ceegtfed ﬁ)ﬂ%gﬁfﬁlge supeari or veﬁa cavgﬁ{o a poi nt
appr oxi matthky have m cephalie veineinrthglitthaetaciculimbTthet offerseant acveptabde farte to
introducing PICCs is to neasure WO 98/ 49938 PCT/ US98/ 09454 . 36
the cranial vena cava, which is analogous to the superior vena cava in humans. A
necropsy study done prior to the present study has indicated that the-right sternal
15 second intercostal space is a good external landmark for locating a point 2 cm
above the right atrium in the cranial vena cava. The study also demonstrated that
the chest wall to dorsal cranial vena cava distance ranges from 8.5 cm to 10 cm
in animals weighing approximately 30 kg. This distance is analogous to the
distance in humans for the analogous procedure. This last factor is significant, as
20 the detector system 100 has a distance limit of approximately ten centimeters for

locating the smallest magnetically tagged catheter used in the study.

Magnet Tagged PICCs
Commercially available PICC catheters and introducers were

modified by placing one or more small cylindrical (NdFeB) magnets in the
25 catheter tips and sealing the ends of the catheters with a non-sterile, medical
grade silicone adhesive. Two catheter sizes were used. The smaller size
catheters (4 Fr, 65 cm length) contained three N-40, Ni-plated 0.8 mm x 2.5 mm
magnets, and to the large catheters (5 Fr, 65 cm length) contained two N-40, Ni-



t he di stance fromthe point of insertion to the right sternal third

i nt er cost .on the patient's chest and inserting t a
depth equ‘gk)?t%@%tsﬁi S neasurenent. The catheters are used fg&’;@gﬁ%é’% s who
require long-term (two weeks to six -nonths) intravenous access for

i nfusi ons, blood sanpling, or blood 5 tymnsfusion. Currently, PICCs may be
pl aced in outpatient or honme settings by nurses, but the catheter cannot
be used for infusions or sanpling until its |ocations have been verified
by radi ogreiphy, whi ch is_ inconvenient, relativel expensi ve, and can del ay
“therapy foplatedyLO0 mgm xS WS @vagnotsoo o Fagnetip Jisld strenethvf eAchonaZantid as

t he ani nmal FEHQF I .~ OW. N 8 3accept ed nodel of the hunman
cardi ovasctl ar ésaygé}élfn g?dlﬁﬁ%q?ﬁﬁpgr %‘ébp‘ﬁgﬁc vein in their thoracic
linb that offers an acceptable route to the cranial vena cava, which is
anal ogous to the superior vena cava in humans. A necropsy study done prior
to the pr%ﬂ&sﬂﬁhﬁﬂgmmi cated that the-right. sternal 15 second

i ntercostal space is.a g external |andmark for | ocati a poi pt cm
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ranges from8. 5 cmto 1 i n"ani mal s wel ghi ng approximately 3 <g.- Thi s
di st ance iheldmpabtogops was ushé fod 8 tlacalizationhu ritheshdrad-heldeursin ahagdeds four

procedure. This.last factor is gignificant, as t det ect or system 100
has a di siBASRTS field BhSasedki ﬁ’&@ﬁg@%swﬁt% i&-éﬂg) mpunted, mhaimesticne
smal | est i qggﬁg, C I udy. d
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cat het 6 tiﬁﬁ En%sg ling the ends of the catheters with a non-sterile,
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nun magnets, The magnetic field strength of each nmagnetic i
with revision 5.1 of the-software, and four localizations were performed with

revision 5.2 of the software. As will be discussed below, the early revisions of
15 the software for the hand-held prototype required significant software debugging
and calibration. More reliable measurements were obtained with revision 5.2 of
the software.
The bench-top version of the detector system 100 comprises four
magnetic field sensors (e.g., the magnetic sensors 108-114) mounted on a
20 Plexiglas platform with their associated electronics. The bench-top version of
the detector system 100 was coupled to a personal computer (PC) where software
was used to calculate the position and orientation of the magnet in three
dimensions and to display the information on a conventional PC monitor in the
form of an image indicating the magnet tipped catheter. Matching grids were
25 placed on the Plexiglas platform and on the PC monitor to correlate the position

on the monitor with the position on the external anatomy of the subject.



ti pped catheter was 3,129 mlli Gauss per cubic cnB. Mgnet Field Detector

Two diff versions of the detector system 100 were us ' 5
st udy. A(J‘]B§Eé/ﬁ9-9§%p feasibility systemwas used for 44 Ioca(ifl(z:l-ljzﬂia;gtg|E/Eéaﬁ'§‘,1 and a

hand- held prototype was used for 28 l|ocalizations. The hand-held unit

i ncluded four magnetic field sensors gg.g9., the magnetic sensors 108-114)
nmounted in a plastic case with control buttons and their associ ated

el ectronics. A peripheral unit, containing processing hardware, software,
and a power supply were also used 10 with the hand-held version of the

det ect or $Ainiesh Apoedwresi ngl e hand-hel d - unit wth three different software

t d. Ei.ght | i ti . f d with. ik Si .0 of
the Softvare. 26 1 oct sudyamat RerftmeTh nibl RS abptdifBig' ing; o ©
sof tware, cgisﬁiiev\snftilgrérggélg?éeﬂzﬁwn‘énsm %u?ﬁ%f WAl bhesth@¥ied pHoP 1@ thé t he

sof twar e. I scussed bel ow, e early revisions of 15 the
sof t war e fprocedvre hamd-cuthahizado imimyqueategdfoHewing dghe f progedursof tAgee the

debuggi ng . and. cali prati on. re reliable.nmeasurenents e obtained,with
revi si oﬂ gnijiagon th zl?ﬁt\%ﬁ?sgﬁe%e chSHRRC ePg‘?E ermﬁhBI dSEREmial sy st em
100 conpri - g i 1L.el.d et SQFS
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to a personal conmputer, (PC), where software used to cajculate. the
posi tion ah@ubdowim: Ht iths, axlla hé‘?ﬁad tmaﬂ"%\r@éc WakeHSFEes TWHE Vi@ 8 spl ay

the infor ] N;. a,acon: ' : I 4t [ f.or '
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Pl exi gl@s ipbéatdd ewicendiaoan tileodiicendni therleftocephatiel wdin. t Raclpeathetanwasn t he
nmonitor with the position _on the external anato of the subj.ect
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The location of the catheters was confirmed with fluoroscopy, and

15 approximate accuracy of the detector system/fluoroscopic location correlation
was determined by aligning the fluoroscope with the detector system 100 using a
jig attached to the fluoroscope. Both versions of the detector system 100 were
positioned over the subject prior to catheter insertion with a reticulated arm and
leveled to within one degree relative to the fluoroscope jig using a conventional

20 digital level. In the bench-top version of the detector system 100, an alignment
rod was placed through the center of the jig and aligned over the grid on the
Plexiglas platform that corresponds to the grid on the PC monitor. In the hand-
held prototype version of the detector system 100, a paper marker was placed
over the rendering on the screen and the alignment rod aligned with the paper

25 marker.

Electronically captured fluoroscope images were analyzed with a
commercial drawing program to estimate the measured error from the position
determined by the detector system 100 and the center of the magnet mass as
determined by fluoroscopy. This measurement is considered a conservative

30 estimation. The image of the magnet tip was used as a reference to determine the



5.initiation of the anesthesia, each subject underwent four sequenti al

cat het eri gafden) S_The subjects were neasured external Iy fropyiResqesnt of
insertion to the desired external |andmark after venous access was
established by a cut down in the axilla. One 4 Fr nagnet PICC was inserted
twice via an introducer in the right gephalic vein, and one 5 Fr magnet
tagged PICC was 10 inserted twice via an introducer in the left cephalic
vein. Each catheter was placed in md-clavicular and cranial versa caval

| ocations and the position of the nagnetic tagged tjp. was determ ned by
one nodel s§let ﬂtrepae%ralgwteeﬂpmeyﬁwveelaf@ﬁ m.aia@ idélﬁl,ngr uﬁ‘ﬁ’ﬁﬁ'i t he
total of g . ' ' r .oml | t : S was
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syst en f | uhe qpeasuired leprat | This effeet 3§ itelievedodied enitionest the adgget nipst he
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f | uor oscop@pedsdriohsrislaiivelynflat eeardt Beeroscepis dmaga.oSubiective gsametesfd over

o wi tH n Rl aRsRRICFEGLmale By uh? Suieb8 sBploFitt 1 e SEbR0E N onal
20 digital level. In the bench-top version of the detector system 100, an

alignnment rod was placed through the center of the jig and aligned over
the grid ddesulie Plexiglas platformthat corresponds to the grid on the PC

itor. In the hand:, held t ot ' f the d t t 00, .
paper marker vas. pl abtoeR/BIo HerShanaEHe: s or saiett 18 et Hellgnment
rod al i gnegiy :aut l;t%a\l/]mt ns, Dut ek Hrst BVEGET RREARIS YWeAP Wohfiflichtddob ﬁgope

| mages were anal yz a conmerclal drawing programto estimate
measur ed eahiffoculfyr onaligreangebé filuonoscope gigriontet dotedtbe syemci@0. $iy shefirt00 and

the cepter of the nmagnet mass as . determ ned by fluyoroscopy. This

s HhorVele HSREIIES: Kavas SHIeA e (6 2hgnawnt red Hos( torhien 8fast he
magnet ti ugech Qi 1,49, whi _
1) sop) SRR BEE ysSnbRREP AR ABAaTC i 6yl B ML il which,
during theaffdctetl g miasuredgirad 6f thesloghBzatidie Afegeahe awalfth éndeetion,hthe -

actual magnjfication, thus increasing th% nmeasured errqr. This feff&ct S
bel i eved tB1zpEnent god agangemenyas alteradsto allow 1t to hang straight, and, after the

sixteenth insertion, a hollow Plexiglas cylinder was added to the jig platform to
15 keep the alignment rod straight. Following these modifications, .the detector
system 100 provided more consistent and accurate results.

The magnet tagged PICCs were inserted with ease into the swine
craniai vena cavas through the introducers provided in the insertion kits
accompanying the PICCs. The detector system 100 aided investigators twice

20 during difficult PICC insertions. In one case, the detector system 100 had
indicated that the catheter had doubled back on itself in the cranial vena cava,
and the catheter was withdrawn until the image indicated the orientation was
correct, and the catheter was properly inserted. In a second case, it was difficult
to pass the PICC from the left cephalic vein into the external jugular vein due to

25 a sharp angle at this junction, which was subsequently verified using
fluoroscopy. The surgeon used the real-time feedback from the detector system
100 to twist, insert, and withdraw the catheter until it was clear that the catheter
was oriented in an anatomically appropriate direction. When the catheter tip was

past the sharp angle, it was inserted with ease.



appeared to be relatively flat in each fluoroscopic inmge. Subjective
estimates_of 5 the catheter position were nmade by the surge Qrm ng
the measuV8MEA8®  Results The bench-top version of the d%@?‘t’%ﬁbéﬁét-em 100
functioned well during all localizations, but the first twelve insertions
were conplicated by difficulty in aligpging the fluoroscope jig to the
detector system 100. In the first 10 twelve insertions, it was assuned that
the alignnment rod used to align the jig was straight, but it was shown
that the alignnment rod could be held at an angle, which affected the
measured error of tHé shoald beznotedrthanresatts tfhemithe|threée handeheldoprotatype
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crani al velwemavied byathd defectorasysedmriofaso the hcbualMocativhloftthe datteeger tip
indicated the orientation was correct, .and. the catheter Efyvas roperly
i nserted. deterniagd obiy RRuarescapy. wabheyi44 ilecalizatipgs pasee g 1 awdt he

| eft cephal;L¢ vein into t tern J, Lo vein 4dus 25 a ngl e
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sur geong usdidferdirtetedivetnh e frRasinagkerfdroan thbe: tiRhE6HO(p YOO THOmeant Wi st ,
insert, and withdraw the catheter until it was clear that the catheter was

ori ent ed imeasurechaxronfarA4 locabzatignsiiatsix animals,iusing thecbenchetopaerdesoft i p
was past the,sharp angle, it was, jhserte i e . 98/ 49
peri UBas: dB4=atednP P ot wiE RAGER, hifh Huth BRI IUOIE o R fng- e o
prot ot ype TNEr&IRSoPkhd Bencilede GERion BTt e ddiector @ybein iafe lildarhted ih hi s
report, as the software and calibration procedures varied and the
| ocal i zat i Biguree8ulThe mgaswrad error ranged from 0.02 cm to 1.25 cm, but five out of
15 six localizations with errors of greater than 0.6 cm were performed in. the first
twelve placements. As previously discussed, the early placements were
complicated by difficulties aligning the fluoroscope jig with the detector system
100. As is readily apparent from Figure 9, the alignment difficulties were solved
after localization number twelve, with the resultant decrease in measurement

20 error.

Conclusions
After the first eight localizations, the surgeon was asked to
determine the anatomical position of the catheter tip by fluoroscopy without any
input from other observers. After the magnet tip PICC was placed using the
25 behch-top version of the detector system 100, the surgeon confirmed that the
PICC was in the desired position in every localization.
The use of an external anatomical landmark in placing PICCs
permits healthcare providers to insert the catheters in many different settings,

from the home setting to outpatient clinics. The detector system successfully



accordingly. 5 The accuracy of the PICC tip placenent was determ ned by

measuri ngybBgssdst ance fromthe actual |ocation of the magnetyégasd tip,
determned by the detector system 100, to the actual |ocation of the

catheter tip determ ned by fluoroscopy. The 44 |ocalizations were
performed in md- clavicular and crani 4l vena caval positions, and there
was no significant 10 difference between the neasured error at these

| ocations (p = 0.90). The nean neasured error for 44 localizations in six

animals, using the nch-to ersiqn of _the detectqgr system 100, was 0. 40
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in withdrew the catheter until the tip of the image resumed its proper orientation,
and the insertion was completed. Another valuable application is the ability to
15 watch the image of the catheter tip as the catheter negotiates sharp angles and
curves in the venous system. The investigator used this aspect of the detector
system 100 while passing the catheter from the left cephalic vein to the left
external jugular vein. The user felt considerable resistance that correlated with
the rendering appearing to “bump” into a wall. By twisting and repositioning the
20 catheter, it was eventually passed into the jugular vein, and the investigator felt
comfortable that it was positioned correctly. Without immediate, real-time
feedback, the user does not know if the catheter takes a wrong turn or kinks until
the procedure is over and the patient has undergone radiographic verification.
Thus, the present study illustrates the ability of the detector system 100 to
25 accurately locate the catheter tip relative to an external landmark in an animal
model, and lays the groundwork for proving its clinical efficacy in placing PICCs
and other medical devices.
From the foregoing, it will be appreciated that, although specific
embodiments of this invention have been described herein for purposes ‘of

30 illustration, various modifications may be made without deviating from the spirit



i nt erspeci es anatony, but the concept of placing a catheter at a.

prescrib dmar k using the detector system 100 has i shed.
The dete588P§g%§€en1100 al so permtted users to overcone qﬁﬁ?#ﬁ%& ?*es in
catheter insertions. In several cases during the study, the operator felt
resi stance at sonme point during the ingertion and used the real-tine
position and orientation data to position the catheter correctly. This
capability. proved 10 nost useful when the catheter doubled back on itself,
which is easily shown using the detector system 100 because the catheter
tip stoppethd seopeoriniednventir edscardinglyl thejinventon inaat bmited: exceph by At
this point,i i e operator wthdrew the catheter until the tip of

t he i mage v%gﬁ%%ﬂ&?%éggp%per orientation, and the insertion was conpl eted.
Anot her val uable application is the ability to 15 watch the i nage of the
catheter tip as the catheter negotiates sharp angles and curves in the
venous system The investigator used this aspect of the detector system
100 whil e passing the catheter fromthe left cephalic vein to the |eft
external jugular vein. The user felt considerable resistance that
correlated wwth the rendering appearing to "bunp” into a wall. By tw sting
and repositioning the 20 catheter, it was eventually passed into the
jugular vein, and the investigator felt confortable that it was positioned
correctly. Wthout imediate, real-tinme feedback, the user does not know

if the catheter takes a wong turn or kinks until the procedure is over
and the patient has undergone radi ographic verification. Thus, the present
study illustrates the ability of the detector system 100 to 25 accurately

| ocate the catheter tip relative to an external |andmark in an ani na

nodel , and |ays the groundwork for proving its clinical efficacy in placing
PI CCs and ot her nedical devices. Fromthe foregoing, it wll be

appreci ated that, although specific enbodinents of this invention have
been described herein for purposes of 30 illustration, various

nodi fications may be made wi thout deviating fromthe spirit W 98/ 49938
PCT/ US98/ 09454 42 and scope of the invention. Accordingly, the invention
is not limted except by the appended cl ai ns.



WO 98/ 49938 PCT/ US98/ 09454 4 CLAIMS What is claimed is: 1. A systemfor

det ecti ngy@ofigyasd i on of a magnet associated with an i ndwgldyigs/ababiycal
devi ce ‘froma neasurenent |ocation on the surface of a patient, the system

conprising: a housing; first, second, and third magnetic sensors supported
by the housing, each of the nagnetig3sensors conprising sensor elenents to
detect magnetic field strength in thiee orthogonal directions, the first,
second, and third magnetic sensors generating first, second, and third
sets of signals, respectively, as é&f &ﬁiion of static nmagnetic field
strength and direction due to the ﬁq ) a processor to calculate an
estimated position of the magnet in a three- dinensional space and to
calculate a predicted magnetic field strength for the first, second and

t hi r d Wiias iy clatmekid; on the estimated position, the processor further

cal cul ating an actual magnetic field strength using the first, second, and
third sets of signals and generating an error function based on a

di fference bet vvef_Pet hghs’g,rspeg,i. ¢4e tg%@%géjogiﬂda,%fja%%ga Sc%:i‘é{gflggiﬂg%}lual

magnetic field s ngt and a di roviding a dat a
rel at gedwelid}e mrdiddl i dewicef frbfea megnedment lobatiéhonethdi saficdeosfrh patizag usi ng
the error function. 2. The systemof claim1, further including a neural

net worthesysteee@npriginghe esti mat ed position, the neural network receiving
the first, second Snd third sets of signals and generating the estinated
position based t"hg BYRE> 3. The system of claim 2 wherein the neural network

includes a | earfirsigdRoAd CarRthAREMAEh &ALt Csuppoptedssy e REUMRE keach
functioning in the learn node to receive a plurality of the first, second

and t hofr thesmagnasfc sangaws comprisiggrsensorn elgmeptst iondetect magnetiofisld sirergtbh of

Has B PiRestialBigans 4ie Ber tsORtoad ird MagnelS sEnfirs genclating
first, second, and third sets of signals, respectively, as a function of static magnetic
field strength and direction due to the magnet;

a processor to calculate an estimated position of the magnet in a three-
dimensional space and to calculate a predicted magnetic field strength for the first,
second and third sensors based on the estimated position, the processor further
calculating an actual magnetic field strength using the first, second, and third sets of
signals and generating an error function based on a difference between the predicted
magnetic field strength and the actual magnetic field strength; and

a display providing a visual display of data related to the position of the

magnet in the three-dimensional space using the error function.

2. The system of claim 1, further including a neural network to
generate the estimated position, the neural network receiving the first, second and

third sets of signals and generating the estimated position based thereon.

3. The system of claim 2 wherein the neural network includes a
learn mode and an operational mode, the neural network functioning in the learn mode
to receive a plurality of the first, second and third sets of signals and generating

estimated positions for each of the plurality of sets of the first, second and third sets of

THZ SHEET HAS BEEN
REPLACED




44 signals, the neural network further receiving data related to an actual

position magnet after generating each of the esti rp%t[%is i-f1ons
and usi ng&{)ﬁé@%r"%rality of sets of the first, second and t H(ﬁ@%‘tﬂs of

signals, the estimted position data and the actual position data to
create rules for generating the esti %gted position data while functioning
in the operational node, the neural twork functioning in the operational
node to receive the first, second and third sets of signals and to generate
the estimated position of the magnet based on@é_lhe first, second gnd third
sets oignalythe aearal network futhergeseiving dafr relateh &9 aBractealipesten pE4hG node.

"t o i Bftef keferBiflh ead 8 e eqei Bt il o R BAS BLARY GF s
di pol &f tHeHRe stSond &l MR8 of Bindiss BeaystiRated Position ddig affdghehctual

orientation. 5. The systemof claim1 wherein the display is supported by
the Inositiong.daga thereatet BHeoffor| genarstingethei Astirnatedi Pppitipn; gatg while

{1 ans JAREROTRG in tit, APeAtontluhoft, e Ml BRbhe Rratiohiie i B8 RYRTER . 1
the trapdPRY AREIVRRAE R, sdoonddSHISRIOSL fikAdlahd Wb Pefibratd R dtaitey is an

external display spaced apart fromthe housing and €lectrically coupled to
t he prposiéssoof the. magretdasedon dlie Gikstj saconlandubudwsetshofsignalgand thienles

capabl e of eperati.ng. an i e of the internal anatomy of the patient,
V\/nereicﬁe?tﬁ@"%l'gepﬁrwtlog’i“gdpéggget%"? ge of the internal anatonmy of the
patient conbined with the data related to the position of the magnet. 9.
The system of claim|l wherein the processor iteratively calculates the
estimated positicn anbhé bestanerfi dbiad | nelyereiri thef ineguetstasengiagneme dipolhie enor

function WO 98.49938@%3 / US98/ 0945 45 i ndi ca‘ieﬁ t.hat the predi te?
magnetMemenk nglicativengh MenereHadon gt the Magnchapd dhs detectadymagnetis, giRe1G ¢ hi n

a_predgh aieh] (19glsfial 1 BR5Re dklay TISnEkaIR:AhadleRbkAatBar ei n the processor

perfornms a Tirs eration on an initi estimated position, the
system further including a neural

5. The system of claim 1 wherein the display is supported by the

housing.

6. The system of claim 5 wherein the display is a two-dimensional
display with at least a portion of the display being transparent to allow the user to

view the surface of the patient beneath the transparent portion.

7. - The system of claim 1 wherein the display is an external display

spaced apart from the housing and electrically coupled to the processor.

8. The system of claim 7 for use with a imaging device capable of
generating an image of the internal anatomy of the patient, wherein the display
displays the image of the internal anatomy of the patient combined with the data

related to the position of the magnet.

9. The system of claim 1 wherein the processor iteratively calculates

the estimated position and the predicted magnetic field strength until the error function
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network to generate the initial estimted position, the neural network

recei vi ngyblRga9oks r St, second and third sets of signals andp(?gﬂ sAbisdg the
initial estirmated position based thereon. 11. The systemo C%@m 1

wherein the display provides the visual display of data based on a single
generation of the error function. 12.,.The systemof claim1l wherein the
first, second, and third sensors are~“selected froma group of nmagnetic
sensors conprising Hall-effect sensors, flux- gate sensors, wound-core

i nduct.i ve sensors, nmagnetic. fiel radi ent sensors, squi sensors,
rragnet‘BHPQE‘?ss‘i‘f“(/a‘esBWgéﬁt%, matRcHe Ff‘gﬁrmﬁpé maf Ss‘bﬁé?@? ni%neﬂ%tsl%@st'-em
of cl 3§tf@n#tl{%thﬁ?ﬁgﬁ'&ﬁé&%ﬁﬂ&@?&g%ﬁf a magnetic field of the Earth

t He processor subt a fri

wher ei n racts I'rst selected one of the first, second,
and third sets of signals froma second sel ected one of the first, second,
and third sets of signhals different fromthe first selected one of the
first, second, aH¥ thiRe system of clging Qamdiergin cthgc processoreperderms @ figste

osi ¢ BTN Babt ob S it oot RS SR e i Y fetvulith ghehgbEn RPd
posi t i rfgtwak ao rg@naiaél thoenkial csAdted pbgitioR! #id ABuRI GREVOEK réstivtipnpPdesat e
for variations 1n the Earth's magnetic field resulti ng from novenent of

t he hdigst.ngpcond aandeshirdesatsi oft signads endi gensrating theodnitieb estimatedu pasitiog t he

changeg_i.n sition of the housing based on the position data, calculating
t he a??%%%ﬁ?l’é‘ti c field strength at the new | ocation, and cal culating the
contribution to the actual magnetic field resulting fromthe nagnet, the
calibration THE- SHEET HAS BEEN REPLACED WO 98/ 49938 PCT/ US98/ 09454 46
processor furthetl.usi flge aystefif of ebawm Hewheran tthe displapl provgiestthe Viswdld

strengt.h at ew | ocation and the contribution.to the actual nagnetic
field é%lﬁytqtf%tqg‘lﬁ?fit%‘ea SR rRRNCT 31 QILph g LXrQr fIPBFt“P‘F]e effects of the

Earth's magnetic field. 15. The systemof claim1, further including a
calibration circuit to calibrate said first, second, and third nagnetic
sensors. 16. ThelZystEhe systehaifroldim l whdrein thedinstisegond)sanidi thirddehsarsor t o.

are selected from a group of magnetic sensors comprising Hall-effect sensors, flux-
gate sensors, wound-core inductive sensors, magnetic field gradient sensors, squid

sensors, magneto-resistive sensors, and nuclear precession sensors.

13. The system of claim 1 for use in the presence of a magnetic field
of the Earth wherein the processor subtracts a first selected one of the first, second,
and third sets of signals from a second selected one of the first, second, and third sets
of signals different from the first selected one of the first, second, and third sets of

signals to cancel the effects of the Earth’s magnetic field.

14.  The system of claim 13, further including position detector to
detect the position of the housing and generate position data related thereto, and a
calibration processor to compensate for variations in the Earth’s magnetic field
resulting from movement of the housing to a new location, the calibration processor
calculating the change in position of the housing based on the position data,
calculating the actual magnetic field strength at the new location, and calculating the

contribution to the actual magnetic field resulting from the magnet, the calibration
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detect the position of the housing and generate position data rel ated
thereto, ngs/‘t@é?tem bei ng operable to record the positiopghydoBedlPuUsi Ng
at a plurality of locations selected by the user, the display providing a
vi sual display of the selected |ocations conbined with the data related to
the position of the magnet. 17. A sy tGemfor detecting a position of a
magnet associated with an indwelli né nmedi cal device from a neasurenent

| ocation on the surface of a patient, the systemconprising: a plurality
of magnetic sensors, .each griented in a known directio d eperating a
set of Propessar futherusing @ distgrasceheayeen thgaeiak magastc 2&6@ ﬁEP‘%gtgr?d e

di rect h o 0feS I J F%tnF

posi ti%ﬁpép gﬁoeﬁ %uﬁ‘én@%en?‘%{}g"%‘ﬂ&ég‘g’ g‘%né%é%%é@éggcgélgn@g%lgﬁ{a cu g[P%

val uesmaghétte Gohtpensate o theasdtfadgofthe Edrtlel thagpetief@gld for at |east a
portion of the plurality of sensors based on the estimated position, the
processor further calculating values related to an actual nagnetic field

t th i t f si d, det 1-0i . . . h
Cocat Lon of the ragnth® syReal S 3 1 BiEiTRERRER GRorBIGH B0 054 1o
pr edi ciAmbaRIAR fifst! i@bAd, H1d ARG RagRsidfpsyal ues related to the actual

magnetic field strength; a position detector to determ ne the | ocation of
t he magnetic sensors and to generate position data relating thereto; TH

SHEETHAS BEEN REPLACED WO 98/ 49938. PCT/ US 09454.. 47 a.cali brat.i
processor to r ecEgve E% P i‘gﬁcﬁgf‘g’ag\ﬁ@%ﬂ ieludigg Jpesition, CPett‘Flcéo’lpggati on
of the gk 1.0 Rd f f : tic
{1 el o dPRONR pBSHabDof MPRURSHE A Srde it dald BeleRd el afe e
pat i ensystamdeinglopgiable reeod thg positicuaf tht bphsayg af a\phhnadisy oéllegatiwnso t he
osition of = the magnet in the threge-di nensional. s . 18. The system of
ol ai m Sesipd by thet 'ﬁ%rc_énei ‘%PH‘@V&TOM‘B’&%§sY)‘Pualc‘§PB]G?'g‘?_afg§‘et %Fieféﬁfgﬁ@%ﬁms
posi ti ?&nﬁfnﬁghﬁtﬂﬁ%ﬁétﬁgﬁmrtge ﬂ%i‘%n% thOsndppet. tion data, calcul ates

t he actua gnetic freld strength at the new I"ocation, and cal cul ates the

17. A system for detecting a position of a magnet associated with an
indwelling medical device from a measurement location on the surface of a patient,
the system comprising:

a plurality of magnetic sensors, each oriented in a known direction and
generating a set of signals as a function of static magnetic field strength and direction
due to the magnet;

a processor to calculate an estimated position of the magnet in a three-
dimensional space and to calculate values related to a predicted magnetic field
strength for at least a portion of the plurality of sensors based on the estimated
position, the processor further calculating values related to an actual magnetic field
strength using the set of signals and determining values related to the location of the
magnet based on a difference between the values related to predicted magnetic field
strength and the values related to the actual magnetic field strength;

a position detector to determine the location of the magnetic sensors and

to generate position data relating thereto;
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contribution to the values related to the actual magnetic field resulting
fromthe nfg the calibration processor further using pcgiidsaogdice
bet ween t?{e 'values related to the actual magnetic field strength at the
new | ocation and the contribution to the values related to the actual
magnetic field resulting fromthe nmagpet to conpensate for the effects of
the Earth's magnetic field. 19. The systemof claim 17 wherein the
processor : iteratively calculates the estinmated position and'the val ues

related to the predj.cted magnetic field ren t|| he val ues rel ated
to the predicted? ﬁﬁb\’n@ﬁ‘i"& BIPEPHOLIQ EFGHYF ﬁ@[ﬂ‘?ﬁg@‘i alues é‘lﬁéfeéidtoto t he

actual g I clhe
system gﬁge a?%ogg?éwﬁlez%gl nH[?(Iilgo pro eeggég%???%rgfr‘rﬂgbgeﬁ ltrhgt}%ﬁl?gr a?g&n based
on an fieldtdsahe ésdativnt eftthp asdgnieis sehdtis shs:i@mwluh réspect tocthepatigng andur al

network to generate the initial estimted position, ihe neur al network
recei ving the f#digplay peoyidingny viswal displays obvalyesslated oy ﬂg‘?eﬁ@$1§9¥1r1§f t he

initi a&heqﬁﬁeéﬂ@tlﬁﬂleoﬁéé Bﬁ@%‘f%‘?%‘g%{’h%e-reon' 21. The systemof claim 17

wher ei rocessor ca position of the nagnet based on a
single calculatlon of the values related to the predicted magnetic field
strength and the values related to the actual nagnetic field strength. TH
SHEET HAS BEEN HKEPLATHD wystes/ Mgskumcﬂﬁumregnahe salibratiolth presessam of

clalmlq‘\érnfet ;fﬁ" roces or c* ulate .the b tedt osi t.i.on |ng
mat hen®t R4S hﬁ B ?%BP& mgiict Wesmfﬁﬁse g€t o1 thE Posifigy
The sygdl@ias theaddial 'm ‘é?ﬁét% ﬁelch@tr@ﬁ 5SS FéW ABLAIGS M@l%a]@ﬁFa'téE‘iﬂﬁd

position using a mathenatlical eq uatlon representative of a gradient of the
magnet ¢cmtf1betldn dor t}wgtvhlueﬂrelaﬂ:ré toytitee actohl ch@mﬁt?ﬁm}der@uhnmglefrmnﬁmr s are

selected fro sensors Hal | -ef f ect .sensors,

i ux gRpentio Mecralbraliin RrodESe Turat 6roE AUREERISe BrgRER e FpLER Rt on

Sensor g thedattdalSRAgALto fIERDSEERsth at the new location and the contribution to the
values related to the actual magnetic field resulting from the magnet to compensate for

the effects of the Earth’s magnetic field.

19. The system of claim 17 wherein the processor - iteratively
calculates the estimated position and the values related to the predicted magnetic field
strength until the values related to the predicted magnetic field strength matches the

values related to the actual magnetic field strength within a predetermined tolerance.

20.  The system of claim 19 wherein the processor performs a first
iteration based on an initial estimated position, the system further including a neural
network to generate the initial estimated position, the neural network receiving the
first, second and third sets of signals and generating the initial estimated position

based thereon.

21.  The system of claim 17 wherein the processor calculates the
position of the magnet based on a single calculation of the values related to the
predicted mégnetic field strength and the values related to the actual magnetic field
strength.
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resi stive sensors, and nucl ear precession sensors. 25. The systemof claim
17, further including a calibration circuit to calibrate th F ity of
sensors. ‘ﬁg.gsqﬁébjsystem of claim 17 wherein the processor P&Jﬁ%‘% )g%‘gg a Cost
function based on the difference between the values related to the

predi cted magnetic field strength and the values related to the neasured
value related to nagnetic field stré gth, the processor further generating
a mnimmvalue for the cost function and analyzing the m nimum val ue for

the cost function with a predeterm ned mninum value, and generating a
signal to the user to indicate whether the m ninmumvalue is above or bel ow

th det i 1 nj I w 2f. t f det ecti itj f

manet assoct at i ¢ ARG TYSIAUGE A Fodt EPids aEorsoom Safubaes chene

| ocat | QinPiied gﬁsﬁi%f@sﬁ%afmﬁh%hﬁe@ ecglaﬁaﬁ xﬁy&tseﬁ?aﬁom'tﬁe AhgndtiBlfisl@l ity
nsors nal i xed

of magnetic s tained I n position wth respect- to each

ot her , stemgth.of the nagnetic sensors being oriented in a known direction and
TH: ;; SHEET HAS BEEN REPLACED WD 98/ 49938 PCT/ US98/ 09454 49 generati ng
signals as a function of static nmagnetic field strength and direction due

to the magnet; g proggs Ss%tehf oggélﬁﬁhai’? \ﬁﬂer@gf gﬂ?gﬁgc&%f tc'gﬂﬂllzﬂ s (e

magnet in a three-" di nensrona ace and to c e a predicted magnetic
field edtineated pobionanisihgasimathenpichal equation heprpdamtative yf af gradienoof thased on
the estimated _position, the processor further cal culating an act ual
rragnetmégl""?t&ﬁe]éitsﬁ’@ﬁﬁﬂh for the portion of sensors using signals and
generating an error function based on a difference between the predicted
magnetic field strength and the actual nmagnetic field strength; and a

di splay providi ng4a vTheaystdinsef ahinaf 1 Taherdinl the 8dnicis tdhe splested fromoé t he
magnet in the three-di nensional space based on the_error function. 28. The
syst engioupcolamagnetiaprnserncempripingr Belilejiest sensgrnt flux-gatgssnsorsawoundr ent ed

N U g O RRARRAenblieShRTe T SRRRAS SROFLANLAR Lbhddhs, HAGABR. and

resistive sensors, and nuclear precession sensors.

25.  The system of claim 17, further including a calibration circuit to

calibrate the plurality of sensors.

26.  The system of claim 17 wherein the processor calculates a cost
function based on the difference between the values related to the predicted magnetic
field strength and the values related to the measured value related to magnetic field
strength, the processor further generating a minimumn value for the cost function and
analyzing the minimum value for the cost function with a predetermined minimum
value, and generating a signal to the user to indicate whether the minimum value is
above or below the predetermined minimum value.

27. A system for detecting a position of a magnet associated with an
indwelling medical device from a measurement location on the surface of a patient,
the system comprising;

a plurality of magnetic sensors maintained in fixed position with respect

to each other, each of the magnetic sensors being oriented in a known direction and
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third sets of signals, respectively, as a function of static magnetic field

strength ‘*’? 95/9@938t hree orthogonal directions. 29. A syst e”%él%sﬁ%?sﬁti ng a
position Of "a magnet associated with an indwelling nmedical device froma

measurenent | ocation on the surface of a patient, the systemconprising: a
plurality of magnetic sensors, each qgﬁerating a set of electrical signals
as a function of a magnetic field strehgth and direction due to the nagnet;
a processor to calculate nagnetic field gradi ent neasurenents for the
magnetic sensors fromthe sets of electrical signals and _cal cul ating the
posi t i genesatingsignatsoaret fumction pf statigi megnatienheldsyieangth and glirechantiueato cal
_equatiﬁ@ regé sentative of a gradient of the nagnetic field strength and
the catedP4 >magnetic field gradient neasurenents; and a display

~providing a visuglpret&sgbPio 8ilcHRitd ah &sehRted ?oéihenrzﬁStihteima t ihhethreggnet .
THE SHEET HAS BEEN REPLACED WO 98/ 49938 PCT/ US98/ 09454 50 30. A net hod

f or dedigatrisienad spast andrio afaleulateon predistedanagrstionficld stnengthdeeat ileast medi cal

device from a asyrenent Jocation on, the.surface qf a.patient, the method

Compr TRoRen At TBE HILRTRY of, SaRbEnPASHL ofr earsdiiasd nouRoh: Y pradsol:
redet ' | 1t e t Sy : i tic

Piolq St aicedhy acnlilRat RARCAEI Qrérih TBORR poRRIE Y sBscls TRARC

r el at esighalstdnel gateeatigy anwgroetfunctioe bdsetl en taodiffdrenceabetsteencthe qredictady an

estimated posi.tjon of the magnet; calculaLing a predigted value related to
t he rraﬁ‘ﬁgf‘g'éc fie W?‘Iﬁthﬁﬂéﬁ?ﬁ)ﬁ‘iﬂ“&h magnee éﬁmgﬁh% on the esti mated

position; calcul gt .ig_ga?ﬁ}r@\ﬁhﬂﬁl a VP alspl 6EadR rERfed BN PdsiddLoFtHES| NI

the sets of signals;
magnet in the three-dimensional space based on the error function.

28.  The system of claim 27 wherein the plurality of magnetic sensors
are oriented in three orthogonal directions, the sensors generating first, second, and
third sets of signals, respectively, as a function of static magnetic field strength in the

three orthogonal directions. -

29. A system for detecting a position of a magnet associated with an
indwelling medical device from a measurement location on the surface of a patient,
the system comprising:

a plurality of magnetic sensors, each generating a set of electrical signals
as a function of a magnetic field strength and direction due to the magnet;

-a processor to calculate magnetic field gradient measurements for the
magnetic sensors from the sets of electrical signals and calculating the position of the
magnet in a three-dimensional space using a mathematical equation representative of a
gradient of the magnetic field strength and the calculated magnetic field gradient
measurements; and

a display providing a visual display of data related to the position of the
magnet.
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conparing the predicted value related to the nagnetic field with the

act ual vg‘rlxée%@?%gt ed to the magnetic field to determ ne t%ﬁﬁ@%%&&‘ of the

magnet ; | aying data related to the position of the magnet. 31. The
met hod of claim 30, further including the step of analyzing the set of
signal using a neural network to thegﬁgy generate the estimted position
based on the set of signals. 32. The thod of claim 30, further including
the steps of recalculating the estimated position and the predicted val ue
related to the magnetic field until the predicted value related to the
magnetic field n%‘g-c hed mphoddoudetegtingd pastien efiatmagnes apsagiated ovith and

W t hin. det ersined t ol grance. 33. ] f.claj 2 rein a

vt RHERE R et BRAS Tusafleontf IERORE 0B Hifled oo R FeRsle ° e
met hodthleuhéel coffprisihgthetsiépssifep of anal yzing the set of signal using a
neural network to thereby generate the_initial estinmated position based

on the set of sipestiening\a plurality oAOEZREND TRSASOBSPROEIaUEIRD dakBions1 34.

The net hod of glahr? 30, further including the steps of altering the
measur YHBIESHSSE 1R M5 MAENSther eby reposition the plurality of magnetic

sensors and 1 epgabiiss 4 AaghtAOTCR! aCRIACIiRE plitaligRONRerst | ©f d.

generating a set of signal calculating an estimited posiftion,

cal cul ati ng a prgetierating aaktof signhbsutedated do dhe detactdd maghetas ficbdrdae itog t he
predi cted val ue with the actual value to determ ne the position of the
matgnett dnagiele to the altered neasurenment |ocation, and di spl ayi ng data

related to the &Héﬁl%’ﬂgg ag;esgé %té?}g%‘?ﬁ\;\%ﬁ Sfﬂ{ei Mﬁ%ﬂ&' the altered neasurenent

| ocation. 35. The ne alm erein t plurality of sensors are
sel ected from a ¢aloulating apgedictal sahsorslacaimioi thengndgaletic efitk tfosehsor s,
flux-gate  sensors, wound-caqore inductive sensors, magnetic field gradient
sensor Bluralifyiod sspspys dased omiiecashmated gpsifiNsensors, and nucl ear precession

sensors. 36. The ' ' f etic
roid of the ear Pt ARTedh RAR Vo iR EF dimbilficdt FERTEGAR INERERAPT )
sel ect signalse
comparing the predicted value related to the magnetic field with the
actual value related to the magnetic field to determine the position of the magnet; and

displaying data related to the position of the magnet.

31. The method of claim 30, further including the step of analyzing
the set of signal using a neural network to thereby generate the estimated position

based on the set of signals.

32. The method of claim 30, further including the steps of
recalculating the estimated position and the predicted value related to the magnetic
field until the predicted value related to the magnetic field matches the actual value

related to the magnetic field within a predetermined tolerance.

33.  The method of claim 32 wherein a first iteration is performed
based on an initial estimated position, the method further including the step of
analyzing the set of signal using a neural network to thereby generate the_initial

estimated position based on the set of signals.




of the set of signals generated by a first of the plurality of magnetic
sensors fW@oy/sezgecond sel ected one of the set of signals iamesogioesdsby a
second 'of the plurality of magnetic sensors to cancel the effects of the
Earth's magnetic field. 37. The nmethod of claim30, further including the
steps of: detecting the position of gre plurality of magnetic sensors
resulting from novenent of the plurality of nagnetic sensors to a new

| ocation and generating position data related thereto; calculating the
change in position of the plurality of magnetic sensors based on the
position data; calculating values related to the actual nmagnetic field

strength at the sgew T}fécxﬁtefh%ﬁ?oméifxghé}fe\ggﬁ :ﬁﬁcéﬁ?i;hgrth@@feb@%ftaﬁeﬁﬂgh{gé_rh_ _

related to the actual nagnetic fie r m t he magnet ;

SHEET méaSufsiieit REPLACHED therdf/ 44a3&idrCThe)gderabidyl ef nGignetc ngnsomdi afidr ence
bet ween the val ues relfl%ﬁagl to actual magnetic field .stren%tz%fat.th new

| ocat FERFAERE thoe StdSt P ecting; the paagnefigaficld gaenerating & ¢t & FEmal, from

the magRgia M@%ﬂ%&ﬁ%%@ﬁ?%zﬁéﬁgggﬁ t% yﬁgflfc'@é‘d Vafue cilc Af abfugl d

resul t1ng om novemnent magneti1 ¢ sensors to the new

| ocat ivalue, 36mpating nid predictéd vhlenwitll thdectaahvilbe to deemindttrppasytiogofises an

external display spaced %%grt fromthe magnetic sensors. 39. The nethod of
[

clh ai miygragnetslatiye to theiaftgadmcanyrmentigcatie, ¥id displeing ria.tlg rg}ﬂ?‘hﬂ%e of
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conbined with the data related to the position of the magnet. 40. The
met hod of claim30, further including the steps of detecting the position

the magnetic sedors Hed mpthed afi elgimod@ twheretmithe pleralite dft penserso are

selected from a group of magnetic sensors comprising Hall-effect sensors, flux-gate
sensors, wound-core inductive sensors, magnetic field gradient sensors, squid sensors,

magneto-resistive sensors, and nuclear precession sensors.

36. The method of claim 30 for use in the presence of a magnetic-
field of the Earth, the method further including the step of subtracting a selected one
of the set of signals generated by a first of the plurality of magnetic sensors from a
second selected one of the set of signals generated by a second of the plurality of

magnetic sensors to cancel the effects of the Earth’s magnetic field.

37.  The method of claim 30, further including the steps of:

detecting the position of the plurality of magnetic sensors resulting from
movement of the plurality of magnetic sensors to a new location and generating
position data related thereto;

calculating the change in position of the plurality of magnetic sensors
based on the position data;

calculating values related to the actual magnetic field strength at the new
location;

calculating the contribution to values related to the actual magnetic field

resulting from the magnet; and
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41. A nethod for detecting a position of a nmagnet associated with an
i ndwel I'i ng nedi cal device froma rreaggrerrent | ocation on the surface
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38.  The method of claim 17 wherein the step of displaying uses an

external display spaced apart from the magnetic sensors.

39.  The method of claim 38 for use with a imaging device capable of
generating an image of the internal anatomy of the patient, the method further
including the step of the displaying the image of the internal anatomy of the patient

combined with the data related to the position of the magnet.

40.  The method of claim 30, further including the steps of:

detecting the position the magnetic sensors and generating position data
related thereto;

recording the positions of the magnetic sensors at a plurality of locations
selected by the user; and

displaying a visual display of the selected locations combined with the

data related to the position of the magnet.

41. A method for detecting a position of a magnet associated with an
indwelling medical device from a measurement location on the surface of a patient,
the method comprising the steps of:

positioning a plurality of magnetic sensors at predetermined locations
with respect to the magnet;

generating a set of signals related to magnetic field strength and
direction from the sensors to the magnet;

calculating magnetic field gradient measurements for the magnetic

sensors from the sets of signals and calculating the position of the magnet in a three
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dimensional space using a mathematical equation representative of a gradient of the
magnetic field strength and the calculated magnetic field gradient measurements; and

displaying data related to the position of the magnet.
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