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Description

[0001] The present invention relates to an assembly for detecting the position and the orientation of an interventional
device, using a Faraday sensor.

[0002] Modem interventional and surgical procedures aim to treat the affected tissue by causing minimal injury to
healthy tissue structures. Special instruments are delivered to the target region via a minimal surgical opening and the
affected tissue is treated.

[0003] The target of the minimally invasive operation is often not directly visible for the interventionist, thus the oper-
ations are done under imaging guidance. X-ray fluoroscopy, computed tomography, ultrasound and optical endoscopy
are currently the most frequently used imaging methods. However, magnetic resonance imaging (MRI) is a state of the
art imaging modality for medical diagnostics and it has potential to become a superior guidance method. Knowing the
accurate position of the instrument tip inside the patient is essential, since the surgeon should be able to accurately
guide the instrument to the target.

[0004] Within an MR-imaging apparatus, interventional device tracking has so far been done either by evaluating the
change (gain or destruction) of the MR-signal at the position of the interventional device or by attaching an electrical
conductor or a high-frequency antenna to the device.

[0005] The change of MR-signal caused by the device itself can only be used to measure the position of the device,
if the device is positioned within the imaging frame. Furthermore, if the contrast between the device and its surroundings
is too low, it cannot be detected. Visualisation of an interventional device could depend upon its being coated with an
MR contrast agent, or upon its effect on the MR image by nature of its chemical make-up. However, compounds and
materials considered MR-compatible, and even MR contrast agents, can produce significant distortion artifacts that
obscure the anatomy and physiology of the imaged tissue. Initial attempts to visualise endovascular devices in MR
imaging were based on passive susceptibility artifacts produced by the device when exposed to the MR field. US
5,154,179 and US 4,989,608 disclose the incorporation of paramagnetic material into endovascular devices to make
the devices visible under MR imaging.

[0006] If the device is connected to an electrical conductor with one or more windings and if these windings are passed
by a direct current, a local distortion of the magnetic field of the MR-imaging apparatus is caused. This distortion causes
a local alteration of the MR image. By taking two MR images, one with and one without a direct current flowing through
the conductor, the position of the interventional device can be determined by the difference of the signals in the two MR
images. This method is described in US 5,868,674. Within the magnetic radio frequency field of the MR-imaging appa-
ratus, electric coupling of the wires, which are used as a current supply for the electrical conductor can lead to severe
heating under certain circumstances. If the heat is not dissipated, it might result in the destruction of the device and it
could be hazardous to the patient.

[0007] Another possibility for measuring the position of the interventional device is the application of a high-frequency
antenna, which is attached to the device. This antenna is tuned to the resonance frequency of the MR-imaging apparatus.
Therefore, the antenna is not compatible to all MR imagers. Furthermore, dangerous RF-heating can take place and
the MR technique has to be adapted to this kind of device tracking.

[0008] Exemplary of methods for active MR visualisation ofimplanted medical devicesis US 5,211,165, which discloses
an MR tracking system for a catheter based on transmit/receive microcoils positioned near the end of the catheter by
which the position of the device can be tracked and localised. US 5,375,596 discloses a method for locating catheters
and other tubular medical devices implanted in the human body using an integrated system of wire transmitters and
receivers. US 4,572,198 also provides for conductive elements, such as electrode wires, for systematically disturbing
the magnetic field in a defined portion of a catheter to yield increased MR visibility of that region of the catheter. However,
the presence of conductive elements in the catheter also introduces increased electronic noise and the possibility of
Ohmic heating, and these factors have the overall effect of degrading the quality of the MR image and raising concerns
about the patient’s safety. US 5,882,305 therefore replaces long lead wires, which can cause heating during MR imaging
and may distort an MR image, by at least one optical fibre. Consequently, electrical signals have to be converted into
modulated optical signals and vice versa by two transducer circuits.

[0009] Another possible way of finding the position of an interventional device is to localise it independently of the MR
imaging, by using several cameras and light-emitting or reflecting reference marks. For this technique, a free field of
view between the reference marks and the cameras is required. Unfortunately, the field of view is very limited when the
interventional device is inside a patient’s body and when the MR-imaging apparatus is closed.

[0010] US 6,223,066 B1 refers to an apparatus for determining the position of an object, comprising: a light source;
a magnetic-field responsive optical element coupled to the object, which receives light from the light source and rotates
the plane of polarisation of the light responsive to an external magnetic field; a detector, which receives at least a portion
of the modulated light from the magnetic field responsive optical element and generates signals responsive thereto; and
signal processing circuitry, which receives the signals from the detector and processes the signals to determine the
position of the object.
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[0011] Accordingly, it is the object of the present invention to provide an apparatus for detecting the position and the
orientation of an interventional device, which overcome the drawbacks mentioned above.

[0012] In accordance with the object of the present invention, there is provided an apparatus as set out in claim 1,
This apparatus is used for measuring the position and the orientation of an interventional device within a magnetic
resonance imaging apparatus, the magnetic resonance imaging apparatus providing a static magnetic field By, and
magnetic field gradients with known magnetic flux densities and directions, comprising the steps of

(A) attaching a Faraday sensor to the interventional device, the Faraday sensor being connected to an optical
measuring device,

(B) using the optical measuring device for measuring the rotation of the plane of polarisation of linearly polarised
light in the Faraday sensor, while exposing the interventional device

(i) to the static magnetic field By and
(i) to the field gradients in all three directions of space in addition to the static magnetic field B,

and
(C) determining the position and the orientation of the interventional device by evaluating the measured rotation of
the plane of polarisation of the linearly polarised light.

[0013] The apparatus according to the invention takes advantage of the magnetic fields provided by a magnetic
resonance (MR) imaging apparatus. Compared to X-ray systems, which work with significant levels of radiation, MR
does not utilise ionising radiation and there are no known long-term adverse effects on biological tissues from MR, as
used in clinical MR imaging environment.

[0014] A Faraday sensor is attached to the interventional device. A Faraday sensor uses the Faraday effect, which
consists in the rotation of the plane of polarisation of a light beam by a magnetic field. The magnitude of rotation (rotation
angle ®) depends upon the strength of the magneticfield (magnetic flux density B), the length of the transmitting substance
1 and Verdet constant V, which is a property of the transmitting substance, its temperature and the frequency of the
transmitted light. If the light path and the direction of the applied magnetic field are parallel, the plane of polarisation is
rotated according to the following form:

®=VBL

[0015] If the light path is oriented in an angle o with respect to the direction of the magnetic field, the rotation angle
of the plane of polarisation is

® =V Blcosa.

[0016] Therefore, by measuring the angle of rotation ® and if V and 1 are known (and o = 0), the magnetic flux density
of the magnetic field can be determined. Furthermore, by measuring the angle of rotation ® and if V, B and 1 are known,
the angle o. can be determined. The present invention profits of these correlations in order to measure the local magnetic
field and thereby the position and orientation of the interventional device, to which the Faraday sensor is attached.
[0017] For measuring ®, an active material, typically a crystal, is placed in a light beam between a polarizer and an
analyzer and @ is given by the relative angle between the polarizer and the analyzer at maximum light transmission. At
a constant angle between the polarizer and the analyzer, the angle of rotation can be determined by measuring the light
intensity transmitted by the analyzer, which depends upon the rotation angle ®. Changes in the magnetic field result in
a modulation of the transmitted light and can be measured e.g. using a fast photo detector. The polarizer, the analyzer
and the fast photo detector can be part of the optical measuring device of the present invention.

[0018] One advantage of using a Faraday sensor for interventional device tracking is that it does not contain any
conducting material. As a result, a dangerous heating of the position sensor is avoided.

[0019] The rotation of the plane of polarisation of linearly polarised light in the Faraday sensor is measured with the
help of the optical measuring device. As mentioned above, the angle of rotation is a function of the strength of the
magnetic field. As a result, measuring the angle of rotation means measuring the strength of the magnetic field, if all
other variables are known. According to the present invention, the magnetic resonance imaging apparatus provides
defined magnetic fields, the strength and direction of which are known and are different at every point of the measurement
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space. Therefore, the Faraday sensor can be localised by determining the magnetic field strength at its position.
[0020] The interventional device (together with the Faraday sensor) is exposed to a static and homogeneous magnetic
field By (step (i)) in order to determine its orientation. If the light path inside the Faraday sensor is not parallel to the lines
of electric flux of this magnetic field, the rotation of the plane of polarisation is different than with the light path and the
lines of electric flux being parallel (see above formula). The magnetic field is the same for any position of the Faraday
sensor within the static and homogeneous magnetic field By. Consequently, the angle of rotation ® is not dependent
upon the position of the Faraday sensor, but only upon the angle o between the direction of the magnetic field and the
light path within the sensor.

[0021] Further (during step (ii)), the interventional device is exposed to field gradients in all three directions of space
in addition to the static and preferably homogeneous magnetic field By. The magnetic field gradient is a variation in the
magnetic field with respect to position. By applying field gradients in all three directions (at the same time or one after
the other), the three coordinates giving the position of the Faraday sensor (and the interventional device) can be deter-
mined. The steps (i) and (ii) can also be carried out in reverse order.

[0022] One advantage of the present invention is that no visual contact with the Faraday sensor is necessary. Fur-
thermore, localising the sensor is not dependent upon MR imaging and the corresponding image formation, since it is
carried out only by determining the local magnetic field at the position of the sensor with the help of field gradients.
[0023] In one preferred embodiment of the present invention, the Faraday sensor is a reflection type sensor. In this
kind of sensor, the light passes through the active material (e.g. the crystal) of the Faraday sensor, is reflected and
passes through the active material again in the other direction. The direction of rotation of the plane of polarisation is
the same for both paths of the light. Therefore, if the same beam of light is reflected back and forth through the active
medium, the rotation of its plane of polarisation is increased each time. The reflection of the light beam can either take
place at a mirror behind the active medium of the Faraday sensor or at the end surface of the active medium itself. The
reflection type sensor is advantageous because of its possible miniaturisation, allowing the Faraday sensor to be inte-
grated easily into very small interventional devices.

[0024] The magnetic resonance imaging apparatus provides the magnetic fields for MR imaging and for the method
according to the invention. The magnetic fields applied for MR imaging, particularly the field gradients, are usually very
complex. The magnetic fields used for determining the position and the orientation of an interventional device can be
chosen much simpler, in order to keep the evaluation of the measured data simple.

[0025] In a preferred embodiment of the present invention, the magnetic fields provided by the magnetic resonance
imaging apparatus are used for both, the MR imaging and the measurement of the position and the orientation of the
interventional device. By using the same magnetic fields for both purposes, the time for getting MR images and the
information about the position and orientation of the interventional device is reduced. Long scan times limit the applicability
of MR-imaging techniques to the general patient population. In particular, long scan times lead to artifacts in the MR
images due to involuntary patient movements and motion of the interventional device. Therefore the scan time should
be reduced as much as possible.

[0026] In a preferred embodiment of the present invention, an image of the interventional device is superimposed
upon independently acquired diagnostic images at the position of the interventional device determined according to the
invention. The position of the interventional device (and possibly its orientation) is displayed on display means by su-
perposition of a graphic symbol on a conventional MR image. In alternative embodiments of the invention, a graphic
symbol representing the interventional device is superimposed on diagnostic images obtained with other imaging systems
such as a computer tomography (CT) scanner, an ultrasound scanner or a positron emission tomography (PET) system.
Other embodiments of the invention display the position and the orientation of the interventional device numerically or
as a graphic symbol without reference to a medical diagnostic image.

[0027] Preferably the interventional device, the position and orientation of which are measured according to the present
invention, is a guide wire, a catheter, an endoscope, a laparoscope, a biopsy needle, surgical implement, therapy delivery
implement, an intravascular catheter, a radiofrequency ablation device, a cryo-cooling device or a similar device.
[0028] In a preferred embodiment of the present invention the Faraday sensor is aligned within a static homogeneous
magnetic field By prior to its use. In this context, aligning means setting a particular angle of orientation o. between the
direction of the magnetic field and the light path within the sensor, e.g. an angle of 0°. The Faraday rotation angle ¢
is measured with the aligned sensor and stored. In the next step (for example during an interventional procedure) the
rotation angle ¢, within the static homogeneous magnetic field By, in the absence of field gradients is determined. From
the phase difference ¢, - ¢, the actual orientation angle o is computed.

[0029] The interventional device is exposed to a magnetic field gradient in each direction of space (x,y,z). In a magnetic
resonance tomography apparatus the field gradient G is typically designed to modulate the component of the magnetic
flux parallel to the static magnetic field By:
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B(x,y,2) = By +G, (1) x+G, (1) y+G, (1) -2

[0030] The position of the Faraday sensor (and the interventional device) is then calculated by the difference of the
angle of rotation of linearly polarised light caused by the different magnetic field gradients Oxy,z and the rotation angle
measured without the presence of the gradients ¢:

(Dx—q)o (DJ’ —(Do (Dz —<D0

xz=——t—— y= y Z=———E——,
V-I-G,-cosa V-1.G, -cosa V-1-G,-cosa

[0031] Ameasurement of the position and orientation of the sensor therefore requires the measurement of four Faraday
rotation angles (g, Oy, By ¢,) and an initial calibration of the sensor (¢5).

[0032] In a further preferred embodiment of the present invention the relative angle of rotation is increased using a
minimum of two magnetic field gradients with opposite polarities in each spatial direction. The two gradients are applied
successively and the phase difference is measured.

[0033] Inanother preferred embodiment of the present invention, the optical measuring device uses a lock-in technique
for measuring the rotation of the plane of polarisation of the linearly polarised light in the Faraday sensor caused by the
magnetic field gradients. The angle of rotation of the plane of polarisation of the linearly polarised light is preferably
determined by measuring the light intensity of the linearly polarised light after passing through an analyzer. If the magnetic
field, to which the Faraday sensor is exposed, is composed of a strong static magnetic field By and a small field gradient,
the angle of rotation is mainly influenced by the strong static magnetic field. The small field gradients generate the
position information, however, the small position signal is obscured by noise in the received signal. One of the most
useful devices for improving the signal-to-noise ratio is the lock-in amplifier. A lock-in amplifier takes a periodic reference
signal and a noisy input signal and extracts only that part of the signal whose frequency and phase match the reference.
Therefore, the signal to be measured has to be modulated (e.g. chopped) with the reference frequency. For the present
invention, the field gradients are modulated with a reference frequency, resulting in a modulated intensity signal of the
linearly polarised light after passing through the Faraday sensor and the analyzer.

[0034] The method of detecting the position and orientation of an object within a defined magnetic field with the help
of a Faraday sensor is not limited to medical applications within an MR-imaging apparatus. It can also be used for non-
medical applications within an MR-scanner or for position detection in a known magnetic field, which is not provided by
an MR-imaging apparatus. Examples for non-medical applications within an MR-scanner are materials science inves-
tigations with an MR-independent position signal (e.g. studies on parmesan cheese). Position detection with a known
magnetic field, which is not provided by an MR-imaging apparatus, can be carried out in a room with special coils for
generating the magnetic fields for spatial encoding.

[0035] The present invention may be best understood by reference to the following description in conjunction with the
accompanying drawing in which:

Fig. 1a  is aschematic drawing showing an optical measuring device with a transmission type Faraday sensor suitable
for the present invention,

Fig. 1b  is a schematic drawing showing an optical measuring device with a reflection type Faraday sensor suitable
for the present invention,

Fig. 1c  is a schematic drawing showing an optical measuring device with a transmission type Faraday sensor with
an etalon suitable for the present invention,

Fig. 2 is a schematic illustration showing an optical measuring device with a transmission type Faraday sensor being
suitable for the present invention and

Fig. 3 is a timing diagram showing the consecutive measurement steps to determine the orientation and the position
of the sensor.

[0036] The Faraday sensor as shown in fig. 1a contains a magneto-optically active medium in the form of a crystal 1.
Within a magnetic field the polarisation of a light beam is rotated when the beam is traversing the crystal 1. The rotation
angle at the end of the crystal 1 depends upon the length L of the active material, the Verdet constant and the magnetic
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field strength. To measure the rotation angle, the crystal 1 is placed between a polarizer 3 and an analyzer 4. The
polarizer 3 and the analyzer 4 are formed by polarisation foils, which are arranged at a constant angle to each other.
The optical fibre 5 is used to couple light, which is emitted by a light source 7, into the crystal 1, after having passed the
polarizer 3. A second optical fibre 6 is used to transmit the light beam coming out of the Faraday sensor to a detector
(not shown) for measuring the light intensity. The Faraday sensor as shown in fig. 1a is a transmission type sensor. The
light beam passes through this sensor only in one direction.

[0037] In an alternative implementation the Faraday sensor is constructed as a reflection type sensor as shown in fig.
1b. The reflection type sensor has the advantage that the same optical fibre 5 can be used to transmit the light from the
light source 7 to the sensor and to guide the reflected light to an external detector (not shown). Furthermore, the rotation
angle in a reflection type sensor is doubled as compared to a transmission type sensor of the same length L due to the
doubled optical path length. Therefore, a mirror 9 is attached to the end of the crystal 1 to reflect the light coming from
the light source 7 passing in forward direction through the polarizer 3 and the crystal 1. The light reflected by mirror 9 is
passing in backward direction through the crystal 1 and the polarizer 3, which is now acting as an analyzer 4, and is
guided through the fibre 5 to a beam splitter 2. At the beam splitter 2, the reflected light beam is separated from the
incident light beam 8. The reflected light beam 19 is then transmitted to a detector (not shown).

[0038] In an alternative implementation the Faraday sensor is constructed as an etalon type sensor as shown in fig.
1c. The etalon type sensor is a modification of the reflection type sensor shown in fig. 1b where a second, semi-transparent
mirror 11 is placed between the polarizer 3 and the crystal 1 in addition to the reflecting first mirror 10 at the end of the
crystal 1.

[0039] In summary, the optical measuring device, which is suitable for the present invention preferably comprises a
light source 7, a polarizer 3, an analyzer 4 and a photo detector. The light source 7 is preferably a laser, especially a
diode laser. Since the Verdet constant depends upon the frequency of the light passing through the magneto-optically
active material, the method according to the present invention should be operated with a monochromatic light source.
[0040] In a preferred embodiment of the present invention, the light source 7 is an intensity-stabilized light source in
order to avoid intensity fluctuations of the light beam, which would cause errors of measurement. Another possibility of
eliminating the unwanted effect of intensity fluctuations of the light beam emitted by the light source 7 would be decoupling
part of the light beam to be used in the Faraday sensor without its plane of polarisation being rotated in the Faraday
sensor, the decoupled light beam serving as a reference beam.

[0041] The Faraday sensor is preferably connected to the optical measuring device by at least one optical fibre 5, 6.
By using optical fibres 5, 6, the light source 7 and the photo detector can be placed outside of the magnetic fields,
advantageously avoiding any influence of the fields on the functioning of these devices. The Faraday sensor preferably
comprises a crystal 1 containing at least one of the following magneto-optically active materials: terbium-gallium-gamet
or rare earth (Ill) aluminum garnets (cf. Rubinsetin CB, Van Uitert LG, Grodkiewicz WH: Magneto-optical properties of
rare earth (lll) aluminum garnets, J. Appl. Phys. 35, 3069-70 (1964)).

[0042] Fig. 2 shows a transmission type Faraday sensor, which is suitable for the present invention, being placed
within a static magnetic field and in magnetic field gradients and connected to a signal evaluation unit. A light source 7
emits a beam of light, which passes through an optical fibre 5. The light is coupled into a polarizer 3 and a crystal 1
which turns its plane of polarisation in the presence of magnetic fields created by a magnet 13 and by magnetic field
gradient coils 12. The transmitted light is passed through an analyzer 4 at the end of the crystal 1. The close proximity
of polarizer 3 and analyzer 4 to the crystal 1 ensures that the plane of polarisation is not rotated additionally within the
optical fibres 5 and 6 which would generate an unwanted additional polarisation rotation. If polarisation-maintaining
fibres are used, taking this measure is not necessary. The light beam at the end of the analyzer 4 is coupled into a
second optical fibre 6 which guides the light to the photo detector 14. The photo detector 14 creates a signal proportional
to the intensity of the light having passed the Faraday sensor.

[0043] For measuring the orientation of the sensor with respect to the static magnetic field created by the magnet 13
in the absence of magnetic field gradients created by the gradient coils 12, the signal amplitude measured by the photo
detector 14 is compared with the signal amplitude measured with the aligned sensor, which is oriented parallel to the
static magnetic field.

[0044] For measuring the position of the Faraday sensor a magnetic field gradient in one spatial direction created by
the gradient coils 12 is applied. Preferably the gradient amplitude is modulated in the form of a sine wave. The modulated
gradient field creates an intensity modulation of the light beam passing through the sensor. To evaluate the amplitude
of modulation, the signal output of the photo detector 14 is passed to a lock-in amplifier 18. To eliminate unwanted effects
of signal fluctuations, the photo detector signal is passed through a low-pass filter 16 to determine a reference signal
which does not show the modulation created by the gradients. This reference signal is used for normalization of the
lock-in amplifier signal 18. The photo detector output signal is also passed to the lock-in amplifier 18 through a high-
pass filter 15. The high-pass filter 15 is chosen so that the modulation frequency created by the gradient coils 12 is not
lost in the filtering process. This signal is then compared in the lock-in amplifier 18 with the modulation signal of the
gradients provided by the gradient controller 17. The demodulated and normalized output signal of the lock-in amplifier
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18 is a measure of the position along the direction of the applied gradient.

[0045] Fig. 3 shows four different measurement steps during the manipulation of the interventional device (and therefore
the Faraday sensor). During a first time period only the static magnetic field is acting upon the sensor and the signal at
the photo detector is used to determine the orientation of the device. In the next three following steps a sinusoidally
modulated waveform is applied to the magnetic field gradient in the first, the second and the third spatial direction. During
each of these time periods the photo detector signal is evaluated using the lock-in amplifier for signal analysis.

Example 1

[0046] As the magneto-optically active material for the position sensor a 7.5 mm-long crystal of Terbium-Gallium-
gamet (TGG) was chosen, which offers a high Verdet constant of about 7 deg/T/mm at A = 675 nm. A diode laser (DLS15,
Linos, Germany) was used as a light source and the light was coupled into the crystal through an optical fibre (core
diameter: 63 pm) and a polarising foil. A rotatable analyzer was placed directly behind the crystal and the power of the
transmitted light was measured far away from the sensor using again an optical fibre for light transmission and a photo
detector (transmission type sensor). Several different experiments were carried out: (a) The sensor was placed at the
patient table of a commercial whole body 1.5 T MR scanner (Siemens Magnetom Symphony) and the Faraday rotation
was measured with the sensor as a function of z-position and compared to the magnetic flux measurement of a Hall
detector. (b) At the magnet's iso-center the sensor was rotated relative to the By-field direction and the change in Faraday
rotation was assessed. (c) Trapezodial gradients of variable duration (1-2 ms) and amplitude (20 and 30 mT/m) were
applied at different positions in the gradient field and the change in light transmission was detected with a lock-in amplifier,
which compared the gradient control signal with the signal of the fast photo detector. Since the output power of the laser
diode was not constant over the measurement period, the detected signal was normalised to the low frequency component
of the laser diode signal.

[0047] The magnetic field measurement with the optical sensor showed that the response of the sensor was linear
up to By = 1.5 T. At this field strength a total rotation angle of 65.8° was measured, which corresponds to a measured
Verdet constant of 5.9 deg/T/mm. The expected cosine-law for the rotation against the main magnetic field ® =V L B
cos(ar) could be reproduced. The normalised demodulated lock-in amplifier signal U, showed a linear dependency of
the position of the sensor. For a gradient strength of G = 30 mT/m a sensitivity of (0.31=0.02) x 10-3 was achieved (fig.
2) so that with this set-up the precision of the localisation is about 1.5 cm. With the current proto-type sensor both position
and one orientation angle can be measured. Using this technique e.g. in an intravascular catheter demands the sensor
be integrated into an optical fibre and be operated in reflection mode, so that a single fibre can be used and the sensitivity
is doubled. Furthermore, special gradient cycles for optical position detection must be incorporated into MRI pulse
sequences.

Reference Numbers

[0048]

crystal

beam splitter
polarizer

analyzer

first optical fibre
second optical fibre
light source
incident light beam
9 mirror

10  first mirror

11 second mirror

12 gradient coils

13  magnet

14  photo detector

15 high pass filter

16  low pass filter

17  gradient controller
18  lock-in amplifier

19  reflected light beam

O ~NO OO~ WN -
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Claims

An apparatus containing

a magnetic resonance imaging apparatus for providing a homogenous and static magnetic field By and magnetic
field gradients with known magnetic flux densities in three different directions of space;

an interventional device provided with a Faraday sensor attached thereto;

and an optical measuring device connected to the Faraday sensor, said device being arranged to measure the
rotation of the plane of polarisation of linearly polarised light in the Faraday sensor,

said magnetic resonance imaging apparatus being arranged to expose the interventional device

(i) to said homogenous and static magnetic field By, in the absence of the magnetic field gradients, and
(i) to said magnetic field gradients in addition to the homogenous and static magnetic field By,

and the apparatus being arranged to determine the position and the orientation of the interventional device by
evaluating the rotation of the plane of polarisation of the linearly polarised light measured in cases (i) and (ii).

2. The apparatus as claimed in claim 1, wherein the Faraday sensor is a reflection type sensor, an etalon type sensor
or a transmission type sensor.

3. The apparatus as claimed in claim 1 or 2, wherein the magnetic fields provided by the magnetic resonance imaging
apparatus are provided for both, MR imaging and determining the position and the orientation of the interventional
device.

4. The apparatus as claimed in one of claims 1 to 3, comprising a display means for superimposing an image of the
interventional device upon independently acquired medical diagnostic images at the determined position.

5. The apparatus as claimed in one of claims 1 to 4, wherein the optical measuring device comprises a light source
(7), a polarizer (3), an analyzer (4) and at least one photo detector (14).

6. The apparatus as claimed in claim 5, wherein the light source (7) is a diode laser.

7. The apparatus as claimed in one of claims 1 to 6, wherein the Faraday sensor is connected to the optical measuring
device by at least one optical fibre (5, 6).

8. The apparatus as claimed in one of claims 1 to 7, wherein the Faraday sensor comprises a crystal (1) containing
at least one of the following magneto-optically active materials: terbium-gallium-gamet or rare earth aluminum
garnets.

9. The apparatus as claimed in one of claims 1 to 8, wherein the interventional device is a guide wire, a catheter, an
endoscope, a laparoscope, a biopsy needle, surgical implement, therapy delivery implement, an intravascular cath-
eter, a radiofrequency ablation device or a cryo-cooling device.

10. The apparatus as claimed in one of claims 1 to 9, wherein the optical measuring device uses a lock-in technique
for measuring the rotation of the plane of polarisation of the linearly polarised light in the Faraday sensor, caused
by the magnetic field gradients.

Patentanspriiche

1. Ein Apparat enthaltend

einen Kernspintomographen zum Bereitstellen eines homogenen und statischen Magnetfeldes B, und magnetischer
Feldgradienten mit bekannten magnetischen Flussdichten in drei verschiedenen Raumrichtungen;

ein Interventionsinstrument, das mit einem Faraday-Sensor ausgestattet ist, der daran befestigt ist;

und ein optisches Messgerat, das mit dem Faraday-Sensor verbunden ist, wobei das Gerat so angeordnet ist, um
die Rotation der Polarisationsebene von linear polarisiertem Licht in dem Faraday-Sensor zu messen;

wobei der Kernspintomograph angeordnet ist, um das Interventionsinstrument

(i) dem homogenen und statischen Magnetfeld B in Abwesenheit der magnetischen Feldgradienten und
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(i) den magnetischen Feldgradienten zusétzlich zu dem homogenen und statischen Magnetfeld B,

auszusetzen und wobei der Apparat angeordnet ist, um die Position und die Orientierung des Interventionsinstru-
ments durch Auswerten der Rotation der Polarisationsebene des linear polarisierten Lichtes gemessen in den Fallen
(i) und (ii) zu bestimmen.

Der Apparat gemaR Anspruch 1, wobei der Faraday-Sensor ein Sensor vom Reflexionstyp, ein Sensor vom Etalon-
Typ oder ein Sensor vom Transmissionstyp ist.

Der Apparat gemal Anspruch 1 oder 2, wobei die durch den Kernspintomographen bereitgestellten Magnetfelder
sowohl flr die Kernspintomographie als auch zur Bestimmung der Position und Orientierung des Interventionsin-
struments bereitgestellt werden.

Der Apparat gemaR einem der Anspriiche 1 bis 3, umfassend ein Anzeigemittel zum Uberlagern eines Bildes des
Interventionsinstruments mit unabhangig gewonnenen medizinischen diagnostischen Bildern an der bestimmten
Position.

Der Apparat gemaR einem der Anspriiche 1 bis 4, wobei das optische Messgerat eine Lichtquelle (7), einen Pola-
risator (3), einen Analysator (4) und mindestens einen Photodetektor (14) enthalt.

Der Apparat gemal Anspruch 5, wobei die Lichtquelle (7) ein Diodenlaser ist.

Der Apparat gemaR einem der Anspriiche 1 bis 6, wobei der Faraday-Sensor an das optische Messgerat durch
mindestens eine optische Faser (5, 6) angeschlossen ist.

Der ApparatgemaR einem der Anspriiche 1 bis 7, wobei der Faraday-Sensor einen Kristall (1) enthalt, der mindestens
eines der folgenden magnetooptisch aktiven Materialien enthalt: Terbium-Crallium-Granat oder Seltenerd-Alumini-
umgranat.

Der Apparat gemaR einem der Anspruche 1 bis 8, wobei das Interventionsinstrument ein Fiihrungsdraht, ein Katheter,
ein Endoskop, ein Laparoskop, eine Biopsienadel, ein chirurgisches Hilfsmittel, ein Therapieabgabehilfsmittel, ein
intravaskularer Katheter, ein Hochfrequenz-Ablationsgerat oder ein Cryokiihlgerat ist.

Der Apparat gemaf einem der Anspriiche 1 bis 9, wobei das optische Messgerét eine Lock-In-Technik verwendet,
um die Rotation der Polarisationsebene von linear polarisiertem Licht in dem Faraday-Sensor zu messen, die durch
die magnetischen Feldgradienten verursacht wird.

Revendications

1.

Un dispositif comportant :

- un appareil d’'imagerie par résonance magnétique pour obtenir un champ magnétique By homogéne et statique
et des gradients de champ magnétique qui présentent des densités connues de flux magnétique selon trois
directions différentes de I'espace ;

- un organe d’intervention muni d’'un capteur de Faraday qui lui est fixé; et

- un organe optique de mesure connecté au capteur de Faraday, ledit organe étant agencé pour mesurer la
rotation du plan de polarisation de la lumiére polarisée linéairement dans le capteur de Faraday ;

ledit appareil d'imagerie par résonance magnétique étant agencé pour exposer I'organe d’intervention :

- audit champ magnétique By homogéne et statique, en I'absence des gradients de champ magnétique, et
- audit gradient de champ magnétique en plus du champ magnétique homogeéne et statique By,

et le dispositif étant agencé pour déterminer la position et I'orientation de I'organe d’intervention en évaluant la
rotation du plan de polarisation de la lumiére polarisée linéairement mesurée dans les cas (i) et (ii).

Le dispositif selon la revendication 1, dans lequel le capteur de Faraday est un capteur du type réflexion, un capteur
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du type étalon ou un capteur du type transmission.

Le dispositif selon la revendication 1 ou 2, dans lequel les champs magnétiques générés par I'appareil d'imagerie
par résonance magnétique sont fournis a la fois pour I'imagerie MR (par résonance magnétique) et pour déterminer
la position et I'orientation de I'organe d’intervention.

Le dispositif selon 'une des revendications 1 a 3, comprenant des moyens d’affichage pour superposer une image
de I'organe d’'intervention a des images de diagnostic médical acquises indépendamment, a la position déterminée.

Le dispositif selon 'une des revendications 1 a 4, dans lequel 'organe de mesure optique comprend une source
(7) de lumiére, un polariseur (3), un analyseur (4) et au moins un photodétecteur (14).

Le dispositif selon la revendication 5, dans lequel la source (7) de lumiére est une diode laser.

Le dispositif selon I'une des revendications 1 a 6, dans lequel le capteur de Faraday est connecté a I'organe de
mesure optique par au moins une fibre optique (5, 6).

Le dispositif selon 'une des revendications 1 a 7, dans lequel le capteur de Faraday comprend un cristal (1) contenant
au moins 'un parmi les matériaux suivants actifs sur le plan magnéto-optique : terbium-gallium-grenat ou grenats
de terres rares a I'aluminium.

Le dispositif selon 'une des revendications 1 a 8, dans lequel I'organe d’intervention est un fil-guide, un cathéter,
un endoscope, un laparoscope, une aiguille de biopsie, un instrument chirurgical, un instrument de délivrance de
thérapie, un cathéter intravasculaire, un organe d’ablation par radiofréquence ou un organe de cryo-refroidissement.

Le dispositif selon I'une des revendications 1 a 9, dans lequel I'organe de mesure optique utilise une technique de

synchronisation (lock-in) pour mesurer la rotation du plan de polarisation de la lumiére polarisée linéairement dans
le capteur de Faraday, provoquée par les gradients de champ magnétique.
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