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System for tracking position and orientation of an object in 2 magnetic resonance (MR)

apparatus

Field of the Invention

The present invention generally relates to a system and to a method for tracking position
and orientation of an object in a magnetic resonance (MR) apparatus and to uses of an

electromagnetic position and orientation measurement device.

Backaground of the Invention

Magnetic resonance (MR) imaging and spectroscopy are often used for the examination
of living structures such as body parts of humans or animals. Motion of the examination
object — be it induced by body motion or vibration of MR-scanner parts - can rarely be
fully suppressed. Moving objects (e.g. body parts) are a common issue in MR data ac-
quisition and reconstruction, leading to erroneous object excitation, image artifacts or
data misinterpretation. Accordingly, it would be desirable to track the position and/or the
orientation of an object of interest in a MR imaging or spectroscopy apparatus.

US 6,879,160 (Jakab) discloses a MR scanner comprising an assembly for generating a
static magnetic field having a homogeneous sample region. The MR scanner further
comprises a repositionable magnetic field source for generating a spatially distinctive,
i.e. inhomogeneous magnetic field. A spatial magnetic field sensor attached to the object
of interest provides a spatial sensor signal that is dependent upon the position of the
field sensor relative to the spatially distinctive magnetic field. This sensor signal can be
used for determining the position and/or orientation of the object of interest. In a pre-
ferred embodiment, the spatially distinctive magnetic field is generated by means of
magnetic field gradient generating coils of the MR scanner that are used for spatial en-
coding of the nuclear spins sampled by the MR scanner. A disadvantage of the ar-
rangement described in US 6,879,160 is constituted by the fact that the signals needed
for object tracking are taken from the field sensor attached to the object of interest, thus
requiring appropriate signal transmission means such as signal wires or an active wire-
less signal transmitter to be attached to the field sensor. Both types of signal transmis-

sion means are undesirable in many practical situations.
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US 4,642,786 (Hansen) discloses a method and apparatus for position and orientation
measurements using a magnetic field and retransmission. The basic operating principle
consists in having retransmitter means attached to the object of interest. A magnetic
field resonant at a resonance frequency of the retransmitter means is generated with
appropriate transmitter means; a corresponding signal emitted by the retransmitter
means is received by receiver means and used for calculating the position and/or orien-
tation of the retransmitter means. However, US 4,642,786 does not mention the integra-
tion of the tracking system into an MR imaging or spectroscopy arrangement and the

required means for ensuring mutual compatibility of the two systems.

US 2004/0127787 A1 (Dimmer) discloses an implantable marker with a leadless signal
transmitter compatible for use in MR devices. The marker necessarily comprises a fer-
romagnetic element the volume of which is limited such that when the marker is in an
imaging magnetic field having a field strength of 1.5 T and a gradient of 3 T/m, the force
exerted on the marker by the imaging magnetic field is not greater than gravitational
force exerted on the marker. However, this requirement does not take into account non-
mechanical unwanted effects caused by a ferromagnetic element placed in an MRI envi-

ronment.

US 2006/0079764 A1 (/Wright) discloses systems and methods for real time tracking of
targets in radiation therapy and other medical applications. The tracking concept is
based on an on/off scheme wherein makers are first energized by a pulsed excitation
source and subsequently interrogated during a period when the excitation is switched
off. The applicability in MRI environments is mentioned by referring to the above mark-
ers with ferromagnetic elements. Such a system does not allow for continuous position
tracking and, moreover, the sensitivity of the resonating markers comprising a ferro-
magnetic part is expected to be reduced if the device is located in a strong magnetic
field.

US 2003/0117270 A1 (Dimmer) discloses a system for spatially adjustable excitation of

a leadless miniature marker assembly.

US 2009/0281419 A1 (Troesken) discloses a system for determining the position of a

medical instrument.
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US 2014/0171784 A1 (Ooi) discloses a method for 3D motion tracking in an MRI scan-
ner using markers containing an MR-visible sample coupled to a resonant circuit which
in turn is inductively coupled to one or more receive coils of the MRI system. The track-
ing prinicple relies on measuring an MR signal which is spatially encoded by an appro-
priately selected gradient field.

Summary of the Invention

It is thus an object of the present invention to provide an improved system for tracking
position and orientation of an object in a magnetic resonance (MR) apparatus. In par-
ticular, such system shall overcome the limitations and disadvantages of presently

known systems.

According to one aspect of the invention, there is provided a system for tracking position
and orientation of an object in a magnetic resonance (MR) apparatus, the system com-
prising an MR apparatus and a tracking device for electromagnetic measurements of
position and orientation,

the MR apparatus comprising:

a) magnet means for generating a main magnetic field in a sample region;

b)  encoding means for generating encoding magnetic fields superimposed to the
main magnetic field,

c)  RF transmitter means for generating MR radiofrequency fields;

d)  driver means for operating said encoding means and RF transmitter means to
generate superimposed time dependent encoding fields and radiofrequency fields
according to an MR sequence for forming images or spectra; and

e) acquisition means for acquiring an MR signal from said object;

the tracking device comprising:

a) atracker structure that is firmly attachable to the object of which the position and
orientation are to be tracked;

b) retransmitter means firmly attached to said tracker structure, said retransmitter
means having at least one retransmitter resonance frequency; and

c) electrical circuitry means including:

i) transmitter means for transmitting an electromagnetic field with at least one

of said retransmitter resonance frequencies;
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ii) receiver means for receiving an electromagnetic field retransmitted by said
retransmitter means; said receiver means converting said electromagnetic
field into a proportional voltage;

wherein said transmitter means and receiver means are maintained in a known

positional and orientational relationship between each other, thereby defining a

reference frame of said tracking device; and

i) calculating means for determining, from said proportional voltages obtained
from said receiver means, a position and orientation of said retransmitter
means, and concomitantly of said tracker structure, with respect to said ref-
erence frame, from which the position and orientation of said object is track-
able;

wherein said retransmitter resonance frequencies are substantially different from the
frequencies generated in said MR sequence; and wherein said transmitter means, re-
transmitter means and receiver means are electromagnetically decoupled from said RF
means and encoding means, and wherein said transmitter means and said receiver

means are electromagnetically decoupled from each other.

Advantageous embodiments are defined in the dependent claims and in the following
description.

The above defined system according to the invention, which will also be called as "track-
ing system", generally comprises an MR apparatus and a tracking device for electro-

magnetic measurements of position and orientation.

The term "object" shall be understood here as a general reference to an object of inter-
est, which may include a human subject or an animal, a body part thereof, but also any
kind of sample that may be studied or characterized by means of an MR apparatus. In

an advantageous embodiment, the object is a human subject or a body region thereof.

The term magnetic resonance (MR) includes nuclear magnetic resonance, but also elec-
tron spin resonance or electron paramagnetic resonance. In a particularly advantageous
embodiment, however, it will refer to nuclear magnetic resonance. Accordingly, an MR

apparatus will refer, in particular, to an apparatus for carrying out magnetic resonance
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spectroscopy, and most particularly, to an apparatus for carrying out nuclear MR imag-
ing, henceforth abbreviated as "MRI".

Such an MR apparatus generally comprises magnet means for generating a main mag-
netic field in a sample region. It is generally desirable that the main magnetic field be
substantially homogeneous at least within the sample region.

The MR apparatus further comprises encoding means for generating encoding magnetic
fields superimposed to the main magnetic field. In particular, the encoding means can

be configured as gradient coil for generating time dependent gradient magnetic fields as
generally known in the field of MRI. However, the terns "encoding" shall not be limited to
gradients, i.e. "encoding means" shall also include means configured for generating time

dependent magnetic fields that are of higher order in space.

The MR apparatus also comprises RF transmitter means for generating MR radiofre-
quency fields at a predetermined magnetic resonance frequency. The latter, also denot-
ed as Larmor frequency, is determined by the strength of the main magnetic field and by
the type of MR transition observed.

Moreover, the MR apparatus comprises driver means for operating said encoding
means and RF transmitter means to generate superimposed time dependent encoding
fields and radiofrequency fields according to an MR sequence for forming images or
spectra. In general an MR pulse sequence comprises a train of identical or similar se-
quence modules that are generated with a sequence repetition period Ty between each
pair of successive sequence modules. Typically it is one of many known sequences
used for MR spectroscopy or MRI measurements depending on the specific purpose.

Finally, the MR apparatus comprises acquisition means for acquiring an MR signal from
said object. Such acquisition means may comprise various types of coils or coil array for
detection of the MR signal emitted by the object of interest following MR excitation
thereof. The acquisition means may be mounted to the object or they may be fixed in

any other reference system, e.g. to a part of the MR apparatus.
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The tracking device is configured for carrying out electromagnetic measurements of po-
sition and orientation. It comprises a tracker structure that is firmly attachable to the ob-
ject of which the position and orientation are to be tracked. Its principal purpose is to
establish a fixed spatial relation between retransmitter means and object of interest.
Accordingly, the mechanical stability or firmness of the tracker structure itself and of the
respective attachment means will have to conform with the required accuracy of the
tracking method.

In order to exhibit control over the nuclear magnetization for excitation, contrast for-
mation, spinfiltering but also spatial encoding, an MRI scanner produces magnetic fields
in different frequency bands. The magnetic fields used for inducing nutations in a spin
species are located in a narrow band (approx. 1 MHz) around the Larmor frequency of
the particular nucleus at the given field strength, i.e. 64 MHz for protons at 1.5 T. The
fields employed for spatial encoding (e.g. gradients) by inducing spatially defined phase
relations are switched at frequencies significantly below 50 kHz. Since typically switched
mode amplifiers are employed for driving these coils, fields at the employed switching
frequency (typically between 10 kHz and 150 kHz) and even at higher harmonics thereof
are present. Furthermore the Faraday cages employed to shield the MRI scanner from
interferences from the environment are typically made of copper foils. Consequently,
their shielding capability is limited below 100 kHz. Therefore the frequency window
above the switching frequency of the gradient and shim amplifiers and below the Larmor
frequency is unoccupied. On the other hand an inductive tracking device is preferably
operated at frequencies at which the influence of dielectric load introduced by the sub-
ject on the field employed for tracking is low. For these reasons the tracking device is
preferably selected to operate in a frequency window between 500 kHz and 20 MHz.

By virtue of the above described features, i.e.

- retransmitter resonance frequencies being substantially different from the frequen-
cies generated in the MR sequence;

- transmitter means, retransmitter means and receiver means being electromagneti-
cally decoupled from the RF means and encoding means, and

- transmitter means and receiver means being electromagnetically decoupled from

each other,
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it is possible to operate the tracking device in a substantially continuous manner, i.e.
without being forced to interrupt the tracking operation in order to avoid interactions from
other components of the system.

In principle, the absolute position and orientation of the object of interest could be de-
termined from the absolute position and orientation of the tracker structure that is firmly
attached to the object. However, there are many situations in which it is sufficient to
know any movements and re-orientations that have undergone in relation to an initial
position and orienation at a reference time point. This could be e.g. the start of an MR
scan. The determination of such relative changes of position and orientation will be un-
derstood to fall under the term "tracking". This in turn means that in certain practical sit-
uations it will be sufficient to determine the position and orientation of the tracker struc-
ture in order to track the concomitant relative movement and reorientation of the object
of interest. This type of information is sufficient, e.g for adjusting an MR image recon-
struction or the forthcoming modules of a running MR sequence.

According to one embodiment (claim 2), the tracker structure is configured for attach-
ment to a head region of a patient. In particular (claim 3), the tracker structure is select-
ed from the group consisting of ear muff, ear plug, helmet, headgear, tooth attachment,
jaw attachment, nose clip, wrist attachment, ankle attachment, stereotactic frame, splint
and prosthesis.

An attachment to a tooth or to an upper jaw portion provides a particularly firm position-
ing, thus substantially increasing the tracking accuracy.

The retransmitter means shall have at least one retransmitter resonance frequency. In
many situations it may be preferable to have a plurality of distinct resonance frequen-
cies. They should be sufficiently distinct to allow for selective excitation and detection,
but preferably close enough to allow using the same technology for the excitation and

detection of all the resonance frequencies of one retransmitter means.

The transmitter means and the receiver means of the tracking device shall be electro-
magnetically decoupled from each other. This is important because at the location of a
receiver the electromagnetic field originating from a transmitter will be substantially
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stronger than that originating from a retransmitter and would thus make detection of the

latter field very difficult. Such decoupling may be achieved by

i) geometric provisions, i.e. relative orientation, counter-loops and overlapping loops;

i)  decoupling networks between transmitters and receivers, preferably configured as
adjustable networks;

i)  active compensation via signal subtraction, e.g. by means of operational amplifi-

ers.

Alternatively or additionally, an efficient decoupling is achieved by configuring the re-
transmitters to emit an electromagnetic field with a frequency that differs from the basic
resonance frequency generated by the transmitters. The receivers can then be config-
ured to operate at this different frequency and to be essentially insensitive for any elec-
tromagnetic field contributions at the basic resonance frequency. For example, this may
be achieved by providing the retransmitters with a diode element acting as a frequency
doubler. Accordingly, the retransmitter will emit at the double frequency as compared to
the transmitter, and the receiver can be configured for selective detection of this double
frequency.

The tracking device further comprises electrical circuitry means including i) transmitter
means for transmitting an electromagnetic field at - at least - one of said retransmitter
resonance frequencies, and ii) receiver means for receiving an electromagnetic field
retransmitted by said retransmitter means and for converting said received electromag-

netic field into a proportional voltage.

The transmitter means and the receiver means shall be maintained in a known position-
al and orientational relationship between each other, thereby defining a reference frame
of said tracking device. In many practical situations the transmitter means and the re-
ceiver means will both be attached to a common rigid structure, whereby the positional
and orientational relationship between each other will be constant in time. However, it is
also possible to implement a time dependent but nonetheless known positional and ori-
entational relationship, e.g. by appropriately driven guiding means, such as in a fixed-

arm rotating or in a linear rail-guided sliding system or in even more complex systems.
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According to one embodiment (claim 4), the transmitter means and the receiver means
are firmly attached to a structural component of the MR apparatus. The structural com-
ponent may be a completely space-fixed part, such as a support beam of the apparatus.
However, it may also be a part that is movable in a controlled manner and may be
brought into a desired positional relationship with a part of the MR apparatus, such as a
slidable patient bed that can be moved into and out of a MRI cavity. In certain applica-
tions it might be considered as beneficial to integrate the transmitting function and/or the
receiving function of the tracking device at least partly in the same electric structures as
used for transmitting the excitation pulses for the MR and/or receiving the MR signals.

In certain embodiments, some of the receiver means are configured as single loop re-
ceivers. In other embodiments, some of the receiver means are configured as gradiome-
ter loop receivers (claim 5). Gradiometers generally yield less signal per area, but they
provide stronger relative signal variations caused by movements of the retransmitter

means. Moreover, gradiometers suffer less from signal pickup from the MR system.

Any parts of the tracking device that will be immersed in the main magnetic field at some
point of the operation of the tracking device shall be made of materials that are substan-
tially non-magnetic. Otherwise, the tracking device would experience highly undesirable
torques and forces in the very strong magnetic fields used in any MR apparatus. Particu-
larly the structures that come close to the sampled (in MR spectroscopy) or imaged (in
MR imaging) portion of the object shall be made of materials that are at mostly weakly
magnetic. Otherwise, the tracking device would lead to spectrum or image degradation
(image warping or blurring, signal de-phasing, etc.). Parts and components residing in
close vicinity to the sampled or imaged portion of the subject have to fulfill this require-
ment the most since the secondary magnetic field produced by such magnetic compo-
nents would distort the uniformity of the main magnetic field which is required for proper
MR signal acquisition.

However, in order to render the part of the device entering the bore of the MRI system
and in particular devices residing in close proximity or in the field of view of the MRI
scan to be MR compatible with respect to the static magnetic field produced by the
scanner, not only the mechanical forces have to be considered. The magnetic field pro-
duced by ferro-, ferri or strongly or superparamagnetic materials typically distorts the
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magnetic field in the scanner and hampers thereby the imaging and spectroscopic ac-
quisition. The magnetization and amount of material that is toleratable under this point of
view is typically much lower than with respect to the exhibited mechanical forces. Fur-
thermore, magnetic materials employed in electronic devices to boost the inductance of
coils, block sheath currents or shield magnetic fields become ineffective when immersed
in the main magnetic field. This because the magnetic material is partially, in the case of
ferrites typically fully saturated by the external field. This effect renders the inductance
and the Q RF coils with ferrite or iron powder cores and shields very low once entering

the main magnetic field, sometimes even irreversibly.

Moreover, the one or several retransmitter resonance frequencies used according to the
invention shall be substantially different from the frequencies generated by the driver
means operated according to the selected MR sequence. In other words, the resonance
frequencies shall be: i) higher than the low frequency ("acoustic") frequencies generated
by the gradient coils or any other encoding means, and ii) lower than the MR radiofre-
quencies used for the MR measurement.

Therefore, according to an advantageous embodiment (claim 6), the retransmitter reso-
nance frequencies are in the range of 50 kHz to 20 MHz, preferably in the range of 500
kHz to 5 MHz.

When used for human subjects, the operating frequency of the transmitters shall be low
enough to meet the requirements for the specific absorption rate (SAR) in tissue.

The electromagnetic fields at the above mentioned frequencies penetrate live tissue
innocuously. Therefore the reflectors can be positioned at locations where optical mark-
ers would be occluded to a camera, e.g by hair or when placed into an ear, on a tooth,
upper jaw or would be occluded by the applied receiver coil.

Furthermore, the transmitter means, retransmitter means and receiver means shall be
electromagnetically decoupled from the MR-RF transmitter means and encoding means.
The term "electromagnetically decoupled" shall be understood to imply the absence of
any substantial electromagnetic interaction at least in frequency bands occupied by the
operation of the tracking device and of the MR device (i.e. the tracking device shall be
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substantially decoupled from the gradient and shim coils in the acoustic frequency range
as well as from MR-RF coils at the Larmor frequency). Accordingly, any coil elements of
the transmitter, retransmitter and receiver means shall be transparent at the frequencies

of encoding means but also at the MR radiofrequency.

This can be achieved with basically known means, which generally comprise electronic
means such as frequency filters, lumped or distributed trapping circuits and compensat-
ing circuitry, but may also comprise geometric means regarding the relative arrange-
ment of components. One goal to be achieved by such decoupling relates to eddy cur-
rents that may be produced in various parts of the MR apparatus and by the tracking
device.

According to an advantageous embodiment (claim 7), the transmitter means are config-
ured as a transmitter loop with a transmitter loop size, and said receiver means are con-
figured as receiver loops having a receiver loop size that is substantially smaller than the
transmitter loop size,. Such a configuration is particularly useful when the retransmitters
are located in a region displaced from the transmitter loop plane by up to about the loop
size (i.e. the diameter in case of a circular loop) and within the perimeter of the transmit-
ter loop. Typically, a transmitter loop diameter of about 30 to about 100 mm, particularly
from about 40 to about 80 mm and more particularly from about 50 to about 60 mm is
useful. Typically, the number of receivers ranges from four to ten. Advantageously, the
receiver loops are positioned within said transmitter loop (claim 8).

In an exemplary embodiment, one transmitter with a loop diameter of about 60 mm and
seven receivers with loop diameter of about 14 mm positioned within the transmitter loop
are arranged on a planar board element. Six of the receivers are arranged hexagonally
and are configured as magnetic gradiometers to measure a magnetic field gradient in
radial direction. The seventh receiver is arranged centrally and is configured as an ordi-
nary electromagnetic field detector.

According to an advantageous embodiment (claim 9), the retransmitter means comprise
at least one resonant loop element. This simple configuration allows for a very compact
and simple construction, which is important in view of several uses at or within a human

subject. A high quality factor ("Q-factor") is generally desirable in order to have a nar-
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rowbanded resonance behavior and an efficient retransmission. Advantageously, the
tracking device comprises several loop type retransmitters having distinct resonance
frequencies and having different loop planes. Unwanted interactions between retrans-
mitters are suppressed by using a partially overlapping loop configuration. Typically, the
size of the retransmitter loops (i.e. the diameter in case of a circular loop) is in the range
of about 10 to 20 mm. Larger loops generally provide more signal but smaller spatial

resolution.

The position and orientation of the tracker structure relative to the object can be deter-
mined by MR image data that contains the object (or portions thereof such as slices or
other subvolumes) as well as signal from one or several MR active markers that are
attached to or contained in the tracker structure (claim 10). These markers must be
made and arranged in such manner that the position and orientation of the tracking
structure can be unambiguously determined. This is provided, e.g., by a number of
spherical markers suitably arranged in space, or by a marker of irregular shape. The
marker can contain a compound that is MR-active at the same frequency as the object
of interest, which would be the case when a water-based marker is used in a proton MR
scan. However, the marker can also contain other nuclei such as fluorine, carbon, phos-
phorous, sodium, deuterium, etc. that are NMR-active at a different frequency. In this
case the images from the object and the marker - obtained at the two frequencies - can
be superimposed to determine the relative position and orientation of the two entities,
i.e. the tracker structure and the object of interest. Relaxation, chemical shift and sus-
ceptibility properties of the marker compound can be adapted by the addition of suitable
compounds (such a copper sulfate in a water marker or gadolinium FOD in a hex-

afluorobenzene marker, etc.).

According to another aspect of the invention, there is provided a method of tracking po-

sition and orientation of an object in a magnetic resonance (MR) apparatus by means of

a tracking system as defined above, the method comprising the steps of:

a) firmly attaching said tracker structure to the object of which the position and orien-
tation are to be tracked;

b)  operating said transmitter means to transmit an electromagnetic field with at least

one of said retransmitter resonance frequencies;
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c) receiving an instant electromagnetic field retransmitted by said retransmitter
means; and

d) calculating an instant position and orientation of said retransmitter means, and
concomitantly of said tracker structure, with respect to said reference frame, from

which the position and orientation of said object is trackable.

It will be understood that step d) will generally be based on numeric computations re-
quiring substantial computational power, particularly in view of time requirements of a

real time tracking.

The basic theoretical framework for these calculations has been disclosed in US
4,642,786 (Hansen).

According to an advantageous embodiment (claim 11) the MR apparatus is an MR im-
aging apparatus and the tracker structure is provided with at least one MR active mark-
er, and the method further comprises the steps of acquiring MR image data of the object
and of the MR active markers and subsequently determining therefrom a relative posi-
tion and/or orientation between said object and said tracker structure.

According to a further object of the invention, there is provided a use of a tracking device

for electromagnetic measurements of position and orientation comprising:

a) atracker structure that is firmly attachable to the object of which the position and
orientation are to be tracked;

b) retransmitter means firmly attached to said tracker structure, said retransmitter
means having at least one retransmitter resonance frequency; and

c) electrical circuitry means including:

i) transmitter means for transmitting an electromagnetic field at one of said re-
transmitter resonance frequencies;

ii) receiver means for receiving an electromagnetic field retransmitted by said
retransmitter means; said receiver means converting said electromagnetic
field into a proportional voltage;

wherein said transmitter means and receiver means are maintained in a known
positional and orientational relationship between each other, thereby defin-
ing a reference frame of said tracking device; and
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i) calculating means for determining, from said proportional voltages obtained
from said receiver means, a position and orientation of said retransmitter
means, and concomitantly of said tracker structure, with respect to said ref-
erence frame, from which the position and orientation of said object is track-
able;

in an operating MR imaging or spectroscopy apparatus, with the provision that:

- said retransmitter resonance frequencies are substantially different from the fre-
quencies generated in said MR sequence; and

- said transmitter means, retransmitter means and receiver means are electromag-
netically decoupled from said RF means and gradient means, and

- said transmitter means and said receiver means being electromagnetically decou-

pled from each other.

This use has the important advantage of not requiring a free line of sight for the tracking
process, in contrast with presently used methods relying on optical devices.

It should be pointed out that any measurement of position and orientation termed here
as "tracking" shall be in relation to the above defined reference frame, but not necessari-
ly to a space-fixed ("laboratory") frame.

According to an advantageous embodiment (claim 14), the tracking device is used for at

least one of the following:

- issuing a warning that a change of position and/or orientation of the object has
occurred exceeding a predefined threshold;

- rejecting and optionally repeating the acquisition of a set of MR signals from said
object when a change of position and/or orientation of the object exceeding a pre-
defined threshold has occurred;

- using position and orientation information for MR image reconstruction;

- applying a correction for motion artifacts in MR image reconstruction;

- updating the MR sequence;

- extraction of physiological information such as on states (tremor, epileptic seizure)
and parameters (breathing, heartbeat, muscle tension, nervousness);

- combined analysis of physiological information and MR data.
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According to another advantageous embodiment (claim 15), the object is a human sub-
ject and the tracker structure is attached to a location of said subject selected from the
group of: ear/auditory canal; skull; tooth; jaw; nose; wrist; and ankle.

Further remarks concerning hardware

It has been found that the receivers must provide a signal-to-noise ratio ("SNR") of more
than 40 dB (scaled to the maximum of all signals acquired from each particular position)
for determining the position with an accuracy of less than 0.1 mm and 1°. Therefore the
employed analog-to-digital converters ("ADCs") must provide an SNR of 40 dB, prefera-
bly 60dB, on the bandwidth where the motion is tracked. This explicitly includes the con-
version gain from resampling from the higher ADC framing rate to the lower motion
framing rate. In fact it will be often preferred to use ADCs that allow to simultaneously
sample the frequency span covered by all employed frequencies of the tracker. Since
the phase relations of the signals between the transmitter and the receivers are of criti-
cal relevance, it is preferred to use a common timing, clock or reference signal for driv-
ing the signal sources in the transmitter as well as the demodulators and or the sampling
clocks of the ADCs. This would also inherently cancel out large portions of timing jitter
present in the reference clock signal from the received coupling signals.

For the signal sources oscillators or direct sampling DACs can be employed. Thereby
the dynamic range of the signal source must be such that the output noise level seen
through the direct coupling from the transmitter to the receiver does not lower the noise

floor of the measurement of the retransmitter signals.

The frequency of operation of the retransmitters is driven by following three considera-
tions: firstly, the acquisition band has to be high enough in order to be not confounded
by the action of the MRI gradient switching, it shall furthermore be clear of spurs and
interactions with the high power transmission pulses of the MRI systems. And lastly the
individual frequencies of operation have to spaced sufficiently (delta f>f/Q) such that the
couplings to the receivers by each re-transmitter in close vicinity to each other are highly
distinctive.

In a preferred embodiment the receivers and the transmission signal generator of the
motion tracking device are placed in close vicinity of the MRI coil since routing conduc-
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tive cables out of the bore involves problems with RF compliance and usability. It is
therefore preferred to transfer previously digitized data over RF or optical links.

Further the employed signal sources, ADCs, digital signal transmission and active elec-
tronics must provide very low noise and spur emissions at the employed MR frequen-
cies. In preferred embodiments the employed integer multiples or fractions of the clock
frequencies do not fall into the acquisition bands of the MRI scanner. Further MRI com-
patible RF shielding components as disclosed in EP 2708908 A1 can be employed to
lower the interference of the tracking device to the scanner.

Tracking algorithm: determining retransmitter position from the received signals

In a first step the signals acquired by the ADCs are filtered to isolate the working fre-
quencies at which at least one of the retransmitters is resonant. This can either be done
by cascaded integral comb filters (CIC), finite impulse response filters (FIR) or infinite
impulse response filters (IIR). An implementation using a sliding time windowed FFT for
isolating the individual frequencies at which the retransmitters respond can be efficient if
the number of retransmitters is large. Thereby the signals emitted by the retransmitters
can be distinguished from signals directly coupled from the transmitters to the receivers
by an additional 90 ° phase shift occurring on resonance, which correspondingly gives an
appropriate and fixed phase relation among the transmitter and receiver, to the quadra-
ture component (with respect to the transmitted signal phase at each employed frequen-
cy) of the 1/Q demodulated signals. Further, direct coupling components and their phase
relation can be calibrated when the retransmitter is not present or is positioned far away.

Once the signals of each retransmitter are isolated, the position of the re-transmitter can
be found by fitting all the obtained signals to a signal model which describes the de-
pendence of the received signal on the position. In typically proposed methods (see e.g.
US 4,642,786), this model is based on ideal dipoles for transmitting and receiving. How-
ever, it is expected that such models are not sufficient for many practical situations. Fur-
ther measuring a full calibration table for describing the signal behavior by interpolation
to a measured look up table was found to be unfeasible because of the large amount of
required measurement points, which would render the calibration procedure unfeasible.
Therefore, a hybrid approach of analytically derived models based on the actual distribu-
tion of the conducting materials which will be calibrated by measuring model inherent
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parameters is proposed. Such parameters preferably represent the effective coupling
strength among the retransmitters and the transmitter and receivers, the effective dipo-
lar, quadrupolar and higher order moments of the electric structures, eddy current esti-
mates of conductive structures nearby, effective diameters of the involved loop struc-
tures, effective positions and others.

This enhanced signal model is then evaluated in real time or can be precalculated par-
tially or in total and included in a look-up table.

The obtained signal vector containing the retransmitter signals received at each fre-
quency and from each receiver are then fitted to said signal model by use of an iterative
search algorithm such as Gauss-Newton, Gauss-Seidel, Simplex search algorithm or
similar. It was found to be especially beneficial to implement the involved matrix inverse
operation by iterative algorithms such as conjugate gradients, especially when operating
on FPGAs (field programmable gate array) and DSPs (digital signal processor). Thereby
the initial starting point of the scan series can be found by finding the point in the look-up
table with minimum norm difference to the present signal vector. Once the device is
tracking the position of the object, the starting point of the iterations can be estimated to
be in close vicinity of the true position by using the information obtained from the previ-
ously acquired kinetic state of the object and applying the known constraints on the
changes of said kinetic state such as the objects maximum linear and angular speed,
jerk and bandwidth limitation. These limitations can however not only be used to esti-
mate the position of a next measurement point, but also to regularize the obtained tra-
jectory found by the tracking device.

The tracking device will then preferably make the information on the sample motion
available to the MRI scanner’s sequence controller and/or reconstructor by a low latency
buffer or queue, preferably over IP networks working at least in the same subnet. In its
most effective implementation the scanner will update the acquisition with a very short
latency with respect to the occurring motion (<20 ms). Therefore the mentioned pro-
cessing steps have to be performed using means for real-time computing, preferably

using dedicated processor pipe-lines and cores.
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The rate at which the positions have to be calculated from the acquired signals needs to
be shorter than dictated by the expected bandwidth of the motion, but it is at the same
time also dictated by the maximum speed of the object. The object moving over the re-
ceivers changes the coupling, which is, however, only represented in the signal model to
be stationary. Therefore the averaging properties of the signals in the previously men-
tioned filters have to be such that the signals retrieved from the moving subject are still
representative for the signal model. This is no longer the case if the motion during an

averaging time of the input filters runs over significantly non-linear signal responses.

If an arrangement with several retransmitters having a fixed position relative to each
other during the data acquisition is used (for instance one in each ear channel), their
fixed relative position can be used to regularize the problem of position tracking.

The obtained position data can then be used in various ways in order to enhance the
MRI scanning and image quality. Firstly, the correct placement of the patient in the MRI
scanner can be checked if the retransmitters are mounted on a previously known ana-
tomic structure (ear channel, teeth). Standard protocols could start align scouting or also
final scans along these markers. Further the system could warn the operator that the
subject moved during a scan or a scan session. Further, the scanner can reject the im-
age acquisition or parts thereof and could optionally reacquire said portions of the im-
age. Further the scanner could incorporate the implications of the motion when recon-
structing the received data. Thereby two different classes of corrections can be taken
into consideration: First the effect of the motion on the spatial encoding and shimming.
Since the gradient, shim and most often the receive coils are fixed with respect to the
laboratory system in which the subject moves, the encoding effect of the encoding
moves with subject motion in the frame of reference of the subject. This means that the
effect of gradient encoding, shim and non-linear encoding fields, as well as coil sensitivi-
ties have to be transposed accordingly in order to reconstruct the obtained data. The
second class concerns the effect of motion on the resulting contrast formation in the
sequence which can be corrected in many cases using the known trajectory of the sam-
ple. Especially the sensitivity to velocity that is exhibited by most sequences represents
an additional source of errors beside the influence of the motion on the image encoding
itself. Thereby first order gradient moments (and higher order moments correspondingly
for acceleration, jerk etc.) encode a phase and in the case of strong moments (as used



WO 2016/193233 PCT/EP2016/062200

10

15

20

25

30

-19-

for diffusion encoding) an amplitude reduction by dephasing onto the velocity of the sub-
ject. In most cases these additional intra-shot effects of bulk motions are unwanted and

can deteriorate the resulting images or add errors to the resulting images (e.g. diffusion

weighted and velocity encoded scans, multishot echo planar imaging and spiral acquisi-
tion etc.).

A further approach of correcting the subject motion during scanning is achieved by up-
dating the acquisition parameters such as the orientation and strength of the involved
gradient pulses, the frequency and bandwidth of the applied RF pulses, currents in the
shim coils and even multi-channel transmit pulses to the new or prospective subject po-
sition gained by the tracking device in real time. For this purpose the position data is
handed over with low latency (50 ms) to the scanner performing the updates.

A further application of the present invention lies in harvesting physiological data on the
subject based on the characteristics of its motion. By this, emotional states, tremors,

seizures, sleep etc. could be detected and correlated to the obtained images.

Brief description of the drawings

The above mentioned and other features and objects of this invention and the manner of
achieving them will become more apparent and this invention itself will be better under-
stood by reference to the following description of various embodiments of this invention

taken in conjunction with the accompanying drawings, wherein:

Fig. 1 shows parts of a tracking device and an object of interest, in a sche-

matic perspective view;

Fig. 2 shows a photographic reproduction of a partially assembled tracking
device;
Fig. 3 shows an embodiment of a tracking device in a schematic perspective

view; and
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Fig. 4 shows the standard deviation of determined position (x,y,z) in mm and
orientation (a, B, y) in degrees vs. inverse SNR of the peak signal for
the specific position and orientation indicated.

Detailed description of the invention

The tracking device for electromagnetic measurements of position and orientation par-
tially shown in Fig. 1 comprises a tracker structure 2 that is firmly attachable to an object
4 of which the position and orientation are to be measured. The tracker structure com-
prises retransmitter means 6 firmly attached thereto. In the example shown, the re-
transmitter means comprise three resonance loops 8a, 8b, 8c which are arranged, for
example, substantially orthogonal to each other. Advantageously, each one of the three
resonance loops has at least one retransmitter resonance frequency, and these reso-
nance frequencies are mutually different. The tracking device further comprises electri-
cal circuitry means including transmitter means 10 for transmitting an electromagnetic
field with at least one of the retransmitter resonance frequencies. In the example shown,
the transmitter means are configured as a substantially circular outer loop of the tracking
device. Moreover, the tracking device comprises receiver means 12 for receiving an
electromagnetic field retransmitted by the resonance loops 6a, 6b, 6¢c. The receiver
means 12 convert the received electromagnetic field into a proportional voltage which is
then processed by suitable processor means not shown here. In the example shown,
some of the receiver means are configured as simple loop receivers 14a and others are
configured as gradiometer loop receivers 14b. The transmitter means 10 and receiver
means 12 are maintained in a known positional and orientational relationship between
each other by attachment to a base plate 16. As shown schematically in Fig. 1, most of
the loop receivers are arranged in a plane defined by the base plate 16, whereas one
loop receiver is oriented substantially orthogonal to the plane in the example shown
here. It will be understood that the mounted arrangement shown here serves to define a
reference frame of the tracking device.

Fig. 2 shows a partially assembled tracking device including some of the components
shown in Fig. 1, which are denoted by the same reference numerals as in Fig. 1. In the
assembly of Fig. 2 the retransmitter means comprise just two resonance loops 8a and
8b and two gradiometer loop receivers 14b. Also shown in Fig. 2 are a transmitter filter-
ing element 18 and two receiver filtering elements 20.
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Example 1: Tracking device

The tracking device schematically shown in Fig. 3 is configured for use in a MR imaging

apparatus according to the following specifications.

Operational signal:

multiple low noise and low distortion sine waveforms between 1 MHz and 10 MHz
(matched to the reflector resonance frequencies).

Transmitter:

3-Turn loop (diameter 60mm) with counter-loop to minimize direct coupling to re-
ceiver coils. Construction on a printed circuit board (PCB) with 0.3mm line width
Filter block at MRI-Frequency to prevent distortions of the MRI-Field. The filter
must be transparent at operational frequencies

Multi-Sine signal generator with high impedance AC current source output. This
prevents current flow due to induced voltages from MRI gradient fields

The output current (in the range up to 100mA) is determined by the coil inductance
and the operating frequency. At lower frequencies the current will be higher to
counteract the reduced sensitivity at lower frequencies.

The power can be automatically adjusted to reduce the required receiver dynamic
range for different reflector distances.

Receivers:

Magnetic gradiometers with 14mm diameter built with 8-turn copper wire (wire-
diameter 0.13mm with 40pum P155 isolation).

6 gradiometers are arranged in the transmitter plane circularly around the transmit-
ter center with 17mm distance from the center and 60 ° spacing. The gradiometers
are aligned to measure the operational field gradient in radial direction from the
center. A simple loop receiver coil with the same dimensions is placed in the cen-
ter.

A filter element furthermore reduces the RF-currents in the receiver coil and thus
the interaction with the MRI-frequency

A high impedance preamplifier prevents current flow from induced gradient fields
and thus the interaction with the MRI-gradients. It also reduces the currents at the
operating frequencies and the cross-coupling between receivers.
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Reflectors (retransmitters):

- Two resonant reflector coils pick up the signal from the transmission coil. The high
Q-factor (40-70) of the reflectors insures high current flows in the reflector.

- The relative positions of the reflectors are selected in such manner that the reflec-
tors are decoupled among each other.

- A capacitor/filter block produces resonance at the operating frequency and blocks
current at MRI-frequency

- The reflectors have a diameter of 16mm and are built with 8 to 16 turns of 0.2mm
copper-wire with 50um P155 isolation. The capacitors are between 220pF and
3nF and the resonance frequencies between 1.1MHz and 7.2MHz

Specifications:

Defining a reference frame with its origin at the center of the transmitter loops with the x
and y axis in the plane defined by the PCB board and the z axis perpendicular to it and
pointing towards the reflectors, the following ranges were found useful for tracking. A
sampling frequency of > 10Hz was achieved.

Object position: x, y from -30 to + 30 mm, z from +3 to + 30mm

Object orientation angle (yaw,pitch,roll): from -20 to +20°

Example 2: Expected precision

The results of a numeric evaluation of the achievable tracking accuracy are shown in
Fig. 4. They are represented as the precision (expressed in terms of its standard devia-
tion) in determining the coordinates (x,y,z) in mm units and orientation angle (a, B, y) in
degrees as a function of the SNR of the obtained signal from the retransmitter (actually
plotted as the inverse of the SNR of the peak signal) for a specific retransmitter position
(x=4.68mm, y=8.37mm, z=31.075mm) and orientation (0=-0.54° (=-0.66° y=3.06°).
These results indicate that an SNR of about 100 will be sufficient to determine the posi-
tion to better than 100 um and the orientation to better than 1°.
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Claims

1. Asystem for tracking position and orientation of an object in a magnetic resonance
(MR) apparatus, the system comprising an MR apparatus and a tracking device for

10

15

20

25

30

electromagnetic measurements of position and orientation,

the MR apparatus comprising:

a)
b)

e)

magnet means for generating a main magnetic field in a sample region;
encoding means for generating encoding magnetic fields superimposed to
the main magnetic field,

RF transmitter means for generating MR radiofrequency fields;

driver means for operating said encoding means and RF transmitter means
to generate superimposed time dependent encoding fields and radiofre-
quency fields according to an MR sequence for forming images or spectra;
and

acquisition means for acquiring an MR signal from said object;

, the tracking device comprising:

a)

b)

a tracker structure (2) that is firmly attachable to the object (4) of which the

position and orientation are to be tracked;

retransmitter means (6;8a,8b,8¢) firmly attached to said tracker structure,

said retransmitter means having at least one retransmitter resonance fre-

quency; and

electrical circuitry means including:

i) transmitter means (10) for transmitting an electromagnetic field with at
least one of said retransmitter resonance frequencies;

ii) receiver means (12;14a,14b) for receiving an electromagnetic field re-
transmitted by said retransmitter means; said receiver means convert-
ing said electromagnetic field into a proportional voltage;

wherein said transmitter means and receiver means are maintained in a

known positional and orientational relationship between each other, thereby

defining a reference frame of said tracking device; and

i) calculating means for determining, from said proportional voltages ob-
tained from said receiver means, a position and orientation of said re-

transmitter means, and concomitantly of said tracker structure, with re-
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spect to said reference frame, from which the position and orientation
of said object is trackable;
wherein said retransmitter resonance frequencies are substantially different from
the frequencies generated in said MR sequence;
and wherein said transmitter means, retransmitter means and receiver means are
electromagnetically decoupled from said RF means and encoding means,
and wherein said transmitter means and said receiver means are electromagneti-

cally decoupled from each other.

The tracking system according to claim 1, wherein said tracker structure is config-
ured for attachment to a head region of a patient, whereby a fixed position of the
retransmitter means in relation to said head region is established.

The tracking system according to claim 2, wherein said tracker structure is select-
ed from the group consisting of ear muff, ear plug, helmet, headgear, tooth at-
tachment, jaw attachment, nose clip, wrist attachment, ankle attachment, stereo-
tactic frame, splint and prosthesis.

The tracking system according to one of claims 1 to 3, wherein said transmitter
means and said receiver means are firmly attached to a structural component of

said MR apparatus.

The tracking system according to one of claims 1 to 4, wherein said receiver

means are configured as gradiometer loop receiver.

The tracking system according to one of claims 1 to 5, wherein said retransmitter
resonance frequencies are in the range of 50 kHz to 20 MHz, preferably in the
range of 500 kHz to 5 MHz.

The tracking system according to one of claims 1 to 6, wherein said transmitter
means are configured as a transmitter loop with a transmitter loop size, and
wherein said receiver means are configured as receiver loops having a receiver

loop size that is substantially smaller than the transmitter loop size.
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The tracking system according to claim 7, wherein the receiver loops are posi-
tioned within said transmitter loop.

The tracking system according to one of claims 1 to 8, wherein said retransmitter

means comprise at least one resonant loop element.

The tracking system according to one of claims 1 to 9 for use in an MR imaging
apparatus, wherein said tracker structure comprises at least one MR position
marker for establishing the relative position and orientation of the object from MR
imaging data comprising the object and the MR active marker.

A method of tracking position and orientation of an object in a magnetic resonance

(MR) apparatus by means of a tracking system according to one of claims 1 to 9,

the method comprising the steps of:

a) firmly attaching said tracker structure to the object of which the position and
orientation are to be tracked;

b)  operating said transmitter means to transmit an electromagnetic field with at
least one of said retransmitter resonance frequencies;

c) receiving an instant electromagnetic field retransmitted by said retransmitter
means; and

d) calculating an instant position and orientation of said retransmitter means,
and concomitantly of said tracker structure, with respect to said reference
frame, from which the position and orientation of said object is trackable.

The method according to claim 11 wherein the MR apparatus is an MR imaging
apparatus according to claim 10, further comprising the steps of acquiring MR im-
age data of the object and of the MR active markers and subsequently determining
therefrom a relative position and/or orientation between said object and said track-

er structure.

Use of a tracking device for electromagnetic measurements of position and orien-

tation comprising:

a) atracker structure that is firmly attachable to the object of which the position
and orientation are to be tracked;
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b)  retransmitter means firmly attached to said tracker structure, said retransmit-
ter means having at least one retransmitter resonance frequency; and
c) electrical circuitry means including:

i) transmitter means for transmitting an electromagnetic field at one of
said retransmitter resonance frequencies;

ii) receiver means for receiving an electromagnetic field retransmitted by
said retransmitter means; said receiver means converting said elec-
tromagnetic field into a proportional voltage;

wherein said transmitter means and receiver means are maintained in a

known positional and orientational relationship between each other, thereby

defining a reference frame of said tracking device; and

i) calculating means for determining, from said proportional voltages ob-
tained from said receiver means, a position and orientation of said re-
transmitter means, and concomitantly of said tracker structure, with re-
spect to said reference frame, from which the position and orientation
of said object is trackable;

in an operating MR imaging or spectroscopy apparatus, with the provision that:

- said retransmitter resonance frequencies are substantially different from the
frequencies generated in said MR sequence; and

- said transmitter means, retransmitter means and receiver means are elec-
tromagnetically decoupled from said RF means and encoding means; and
said transmitter means and said receiver means are electromagnetically de-

coupled from each other.

The use according to claim 13 for one selected from the group consisting of:

- issuing a warning that a change of position and/or orientation of the object
has occurred exceeding a predefined threshold;

- rejecting and optionally repeating the acquisition of a set of MR signals from
said object when a change of position and/or orientation of the object ex-
ceeding a predefined threshold has occurred;

- using position and orientation information for MR image reconstruction;

- applying a correction for motion artifacts in MR image reconstruction;

- updating the MR sequence;
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- extraction of physiological information such as on states (tremor, epileptic
seizure) and parameters (breathing, heartbeat, muscle tension, nervous-
ness;

- combined analysis of physiological information and MR data.

15.  The use according to claim 13 or 14, wherein said object is a human subject and
wherein said tracker structure is attached to a location of said subject selected

from the group of: inner ear, skull, tooth, jaw, nose, wrist, and ankle.

10



WO 2016/193233 PCT/EP2016/062200

1/2




WO 2016/193233 PCT/EP2016/062200

2/2

Std position [mm/°]

10
18
4 '. O "——-—
/ N
‘ .—
’Z:I’ ff \( 14b
| _ 20
Fig. 3
. pos=(4.68, 8.37,31.075, —0.54, —0.66, —3.06) mm/°
10 : —_— — - .
wwwwww -y
10°
— B
107}
]0_4 4 . — l - 3 i i - 2 1
10° 10 10” 10°

1/SNR linear

Fig. 4



INTERNATIONAL SEARCH REPORT

International application No

PCT/EP2016/062200

A. CLASSIFICATION OF SUBJECT MATTER

INV. GO1R33/28
ADD. GO1R33/565

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

GO1R A61B

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

EPO-Internal, BIOSIS, COMPENDEX, EMBASE, INSPEC, WPI Data

C. DOCUMENTS CONSIDERED TO BE RELEVANT

1-3,8,13-19

paragraphs [0121] - [0129]; figures

Category™ | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

Y US 2004/127787 Al (DIMMER STEVEN C [US] ET 1-4,6,7,
AL) 1 July 2004 (2004-07-01) 9-15

A paragraph [0001] - paragraph [0023]; 5,8
figures 1-6

Y US 2006/079764 Al (WRIGHT J N [US] ET AL) 1-4,6,7,
13 April 2006 (2006-04-13) 9-15

A paragraphs [0002], [0005] - [0007], 5,8
[0043] - [0047], [0049], [0051] -
[0057], [0065] - [0067], [0077] -
[0083], [0089], [0096] - [0099], [0104]
- [0117]

_/__

Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or other
means

"P" document published prior to the international filing date but later than
the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

"X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

"Y" document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

"&" document member of the same patent family

Date of the actual completion of the international search

28 October 2016

Date of mailing of the international search report

08/11/2016

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

Skalla, Jorg

Form PCT/ISA/210 (second sheet) (April 2005)

page 1 of 2




INTERNATIONAL SEARCH REPORT

International application No

PCT/EP2016/062200

C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

Category™

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

Y

US 2003/117270 Al (DIMMER STEVEN C [US] ET
AL) 26 June 2003 (2003-06-26)

paragraphs [0002], [0003], [0035] -
[0036], [0126] - [0137]; figures
1-3,10-16

US 2009/281419 Al (TROESKEN VOLKER [DE] ET
AL) 12 November 2009 (2009-11-12)
paragraphs [0001], [0002], [0009],
[0023], [0025]; claim 1

US 5 041 791 A (ACKERMAN JOSEPH J H [US]
ET AL) 20 August 1991 (1991-08-20)

column 1, line 34 - Tine 63

US 4 642 786 A (HANSEN PER K [US])

10 February 1987 (1987-02-10)

cited in the application

column 1, line 7 - column 3, Tine 68
column 21, line 5 - column 26, line 16;
figures 3,4,6

1,10-14

1,10-14

1-15

Form PCT/ISA/210 (continuation of second sheet) (April 2005)

page 2 of 2




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/EP2016/062200
Patent document Publication Patent family Publication
cited in search report date member(s) date
US 2004127787 Al 01-07-2004 AU 2003300378 Al 29-07-2004
CA 2512208 Al 22-07-2004
EP 1579224 A2 28-09-2005
JP 4616010 B2 19-01-2011
JP 2006512163 A 13-04-2006
US 2004127787 Al 01-07-2004
US 2004138554 Al 15-07-2004
US 2008021308 Al 24-01-2008
WO 2004061460 A2 22-07-2004
US 2006079764 Al 13-04-2006  EP 1778086 A2 02-05-2007
JP 2008507329 A 13-03-2008
US 2006079764 Al 13-04-2006
US 2010317968 Al 16-12-2010
WO 2006023055 A2 02-03-2006
US 2003117270 Al 26-06-2003 AU 2003258144 Al 25-02-2004
EP 1547037 Al 29-06-2005
US 2003117270 Al 26-06-2003
US 2005195084 Al 08-09-2005
US 2008001756 Al 03-01-2008
WO 2004015642 Al 19-02-2004
US 2009281419 Al 12-11-2009 CA 2655805 Al 27-12-2007
CN 101578064 A 11-11-2009
DE 102006029122 Al 27-12-2007
DK 2034879 T3 09-11-2015
EP 2034879 A2 18-03-2009
JP 5582781 B2 03-09-2014
JP 2009540895 A 26-11-2009
RU 2009101949 A 27-07-2010
US 2009281419 Al 12-11-2009
WO 2007147614 A2 27-12-2007
US 5041791 A 20-08-1991 AU 6288290 A 11-03-1991
us 5041791 A 20-08-1991
WO 0102262 Al 21-02-1991
US 4642786 A 10-02-1987  NONE

Form PCT/ISA/210 (patent family annex) (April 2005)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - claims
	Page 25 - claims
	Page 26 - claims
	Page 27 - claims
	Page 28 - claims
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - wo-search-report
	Page 32 - wo-search-report
	Page 33 - wo-search-report

