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Description

BACKGROUND OF THE INVENTION

[0001] The presentapplication relates to an orientation
tracking device particularly for use with a Magnetic Res-
onance Imaging (MRI) scanner.

[0002] MRI scanners are most frequently used in med-
ical environments to scan patients. However, any move-
ment of the patient during the scanning process results
in inaccuracies in the resulting scan.

[0003] It will be appreciated that patient movement is
difficult to avoid, either simply because of the patient
breathing or in longer scans it may become difficult for
the patient to keep still. In addition, the patient may have
a disease like Parkinsons which makes it physically im-
possible for them to keep still.

[0004] With modern MRIscanners now capable of sub-
milimetre resolution imaging, involuntary motion is be-
coming alimiting factor in obtainable image clarity. A mo-
tion monitoring device including an accelerometer, a gy-
roscope an a Hall-effect element for monitoring the mo-
tion of a patient in an MRI system is disclosed in US
2014/0077811 A1.

[0005] A method is required for detecting these move-
ments so they can be compensated for in the scanning
process.

[0006] The present invention provides a device and
method to address this.

SUMMARY OF THE INVENTION

[0007] Theinventionisdefinedinthe appended claims.
[0008] According to one example embodimentthere is
provided an orientation tracking device, the device in-
cluding:

amemory for storing data therein including magnetic
reference data relating to the direction of a static
magnetic field of a magnetic imaging scanner in a
selected principle co-ordinate frame and earth grav-
itational reference data relating to the direction of the
gravitational field of the earth in the principle co-or-
dinate frame;

an accelerometer;

a magnetometer;
a communication module; and

a processor connected to the accelerometer, the
magnetometer and communication module, the
processor adapted for:

receiving from the magnetometer a measure-
ment of a magnetic field vector in a co-ordinate
frame of the orientation tracking device, within
the magnetic imaging scanner in which the ori-
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entation tracking device is placed in use;

receiving from the accelerometer a measure-
ment of an acceleration vector in the orientation
tracking device’s co-ordinate frame, within the
magnetic imaging scanner in which the orienta-
tion tracking device is placed in use; and

determining the orientation of the device with
respect to the principle co-ordinate frame by
comparing the measured vectors from the ac-
celerometer and magnetometer with the stored
gravitational reference data and magnetic refer-
ence data respectively.

[0009] The processor typically receives further meas-
urements from the accelerometer and magnetometer
and uses these to determine the orientation of the device
and wherein the processor compares the determined ori-
entation of the device with a previously determined ori-
entation of the device to quantify a change in orientation
of a rigid object within the MRI scanner to which the de-
vice is attached, in use.

[0010] In a preferred example embodiment, the proc-
essor further applies filtering techniques to mitigate the
effects of spurious readings.

[0011] The device may include at least one gyroscope
also connected to the processor, so that the processor
additionally uses measurements received from the gyro-
scope to determine orientation of the device.

[0012] The communication module additionally further
feeds back acceleration and/or gyroscope measure-
ments to the scanner for use to estimate future states of
the device.

[0013] The device typically includes a battery to power
the other components of the device wherein the battery
is connected to the processor via a voltage regulator.
[0014] According to another example embodiment
there is provided a method of using an orientation track-
ing device to track orientation, the method including:

storing data including magnetic reference data relat-
ing to the direction of a static magnetic field of a mag-
netic imaging scanner in a selected principle co-or-
dinate frame and earth gravitational reference data
relating to the direction of the gravitational field of
the earth in the principle co-ordinate frame;

receiving from a magnetometer a measurement of
a magnetic field vector in a co-ordinate frame of the
orientation tracking device, within the magnetic im-
aging scanner in which the orientation tracking de-
vice is placed in use;

receiving from an accelerometer a measurement of
an acceleration vector in the orientation tracking de-
vice’s co-ordinate frame within the magneticimaging
scanner in which the orientation tracking device is
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placed in use; and

determining the orientation of the device with respect
to the principle co-ordinate frame by comparing the
measured vectors from the accelerometer and mag-
netometer with the stored gravitational reference da-
ta and magnetic reference data respectively.

[0015] Typically, measurements are received periodi-
cally and used to determine the orientation of the device
wherein the determined orientation of the device is com-
pared with a previously determined orientation of the de-
vice to quantify a change in orientation of a rigid object
within the MRI scanner to which the device is attached,
in use.

[0016] Filtering techniques are preferably applied to
mitigate the effects of spurious readings.

[0017] The method may further include receiving
measurements from at least one gyroscope and addi-
tionally using the measurements received from the gy-
roscope to determine orientation of the device.

[0018] In addition, acceleration and/or gyroscope
measurements may be fed back to the scanner for use
to estimate future states of the device.

[0019] In a preferred embodiment, the principle co-or-
dinate frame is the co-ordinate frame of the MRI scanner.
[0020] Additionally, the reference data may be synthe-
sised based on knowledge of the MRI scanner construc-
tion.

[0021] Furthermore, a change in orientation of a rigid
object to which the device is connected in use may be
used to predict the translation of that object.

BRIEF DESCRIPTION OF THE DRAWINGS

[0022]

Figure 1  describes a conventional MRI scanner lay-
out in which gravity (~g) lies normal to the
patientbed, and a static magneticfield (~BO)
runs axially along the scanner bore;

Figure 2 is a block diagram illustrating an example
device according to the present invention;

Figure 3 is a block diagram illustrating method steps
carried out by the device of Figure 2;

Figure 4 shows an example non-linear complemen-
tary filter;

Figure 5 is an example user wearable device incor-
porating the orientation tracking device of
the present invention;

Figure 6 shows graphs comparing cardiac and respi-

ration data derived from the sensor with di-
rect ECG and respiration measurements;
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Figure 7 shows graphs comparing translation data
from a linear navigator compared to trans-
lation data using the orientation obtained
from the orientation tracking device; and

Figure 8 shows a graphical representation of the roll-

ing model used to predict the motion plotted
in Figure 7.

DESCRIPTION OF EMBODIMENTS

[0023] An orientation tracking device particularly for
use with a Magnetic Resonance Imaging (MRI) scanner
is described below.

[0024] An MRI scanner is comprised of a super con-
ducting magnet, radio frequency coils and gradient coils.
The gradient coils are comprised of three separate coils
that can spatially encode the physical space within the
scanner bore in 3 orthogonal directions. At the iso-center
of the MRI scanner the gradients coils have no effect on
the magnitude of the magnetic field. This point cannot be
modified or changed and is fixed for the specific MRI
scanner. It is therefore physically impossible for one to
rotate the encoded magnitude of the magnetic field about
any point in physical space other than the gradient iso-
center. Translational shifts are achieved by modifying the
interpretation of the MR signal, and not through physical
shifts in the constant magnitude of the static field.
[0025] It is because of this that real time feedback of
orientation is vitally important as its effects on the MR
signal are more complex than translational shifts. Orien-
tation corrections need to be fed back immediately whilst
translational motion can be corrected for retrospectively
as long as it is accurately quantified.

[0026] Referring to the accompanying Figures, an ori-
entation tracking device 10 includes a memory 12 for
storing data therein including magnetic reference data
relating to a static magnetic field of a magnetic imaging
scanner and earth gravitational reference data relating
to the gravitational field of the earth. These reference
data define an intial principle co-ordinate frame.

[0027] Inthisregard, Magnetic Resonance Imaging re-
lies on a highly homogeneous magnetic field for image
acquisition. Even small fluctuations in this field will offset
the precession frequency of the hydrogen atoms causing
artefacts in the image. The gradient fields used forimage
space encoding are in the region of 40mT/m fora 3 Tesla
scanner. To encode anatomical features of around 1mm
size, the magnetic fields within the scanner need to be
stable to well within 0.04mT (typically specified in parts
per million). This is many orders of magnitude smaller
than the static field, showing how stable this field is re-
quired to be for image reconstruction.

[0028] As far as vector observations go, the static field
within an MRI scanner (~B field) is close to perfect for
orientation estimates. It is highly independent of motion
and is a fully defined in image space.

[0029] Even the relatively small magnitude gradient
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fields which encode image space have magnetic field
vectors that pointin the same direction (theoretically have
no effect on the direction of the ~Bj field). In the MRI
scanner’s construction it is beneficial to align the gradient
coils to the static magnetic field to maximise their encod-
ing effect. These properties allow the synthesis of the
reference direction of the static magnetic field in the scan-
ner’'s imaging reference frame to a relatively high degree
of accuracy (less than 1 degree in an example MRI scan-
ner). This is useful in the application of prosepctive mo-
tion correction; where orientation estimates are required
with respect to the MRI scanner’s co-ordinate frame.
[0030] In order to fully define an orientation within the
MRI scanner bore, another vector observation is re-
quired. The second vector can’t be parallel or antiparallel
to the first vector. Rather, the closer to orthogonal the
second vector is to the first vector, the less vulnerable to
noise an orientation estimate will be.

[0031] Dueto structural and comfort reasons most MRI
scanners image patients in the supine position. The MRI
scanner’s bore axis therefore lies parallel to the floor to
accommodate the patient lying down. It is of interest to
ensure the patient bed and imaging frame are aligned
such that the images appear as expected to the radiog-
rapher. One can also appreciate that gravity levels are
used as a reference in scanner construction. We can
therefore synthesise a reference direction of gravity such
that it runs parallel with the vertical axis of the imaging
frame.

[0032] Inthislayoutthe earth’s gravitational field vector
is close to perfectly orthogonal to the static magnetic field
of the scanner (within 0.1 degrees in one measured ex-
ample MRI scanner).

[0033] Figure 1 describes a conventional MRI scanner
layout in which gravity (~g), which lies normal to the pa-
tient bed, and the static magnetic field (~B0), which runs
axially along the scanner bore, are almost perfectly or-
thogonal to each other.

[0034] As partof the main magnet installation, as spec-
ified for the 3T Skyra used in this work, pendulums are
used for aligning the scanner YZ plane to gravity.
[0035] A device (sensor) co-ordinate frame (X' y’ Z') is
shown relative to the scanner co-ordinate frame (XYZ)
and the large dotted circles represent the MRI scanner
bore.

[0036] The ground lies parallel to the scanner XZ
plane.

[0037] The vectors drawn represent the fields observ-
able by the device at point P.

[0038] It will be appreciated that the use of two vector
observations in the device frame allows forinstantaneous
measurements of orientation with respect to any refer-
ence frame in which the vector directions are known and
is a intuitive method for showing the importance of or-
thogonality in reference vectors.

[0039] Thetwo vectors also over-constrainthe solution
for a given transformation, this allows more freedom in
synthesising the reference dataset as mentioned above.

10

15

20

25

30

35

40

45

50

55

For instance, in most cases the magnetometer estimate
will be more precise than the accelerometer measure-
ment as it is independent of the dynamics of the system.
In this case one can constrain the vector observation of
gravity obtained from the accelerometer to only effect the
output orientation about the axis of the static magnetic
field. In another example, data with regards to the direc-
tion of gravity may be more easily obtained and the mag-
netometer output can be constrained appropriately.
[0040] It will be appreciated that the above mentioned
synthesised reference dataset is beneficial in terms of
ease of use of the device in that no scanner specific cal-
ibration is required if the synthesised estimates give suf-
ficient accuracy for the application (which was found to
be true for a prototype device in a standard clinical scan-
ner 3T Skyra, Siemens). If the scanner’s construction
does however deviate considerably from these assump-
tions or higher accuracy (than the tolerances specified
in the scanner’s construction) are required one can per-
form a once-off calibration to measure the direction of
the reference vectors (gravity and the static magnetic
field) in the scanners imaging co-ordinate frame. Notice
that it is not necessary to measure the direction of these
vectors with the device itself, the scanner specific refer-
ence dataset would therefore be valid for any vector
based orientation tracking device. Both the gravitational
field and MRI scanner’s static magnetic field vector di-
rections are unlikely to deviate over the life of the scanner
therefore this dataset is expected to be valid over an
equally long period.

[0041] Thusthedevice 10 uses as a starting point mag-
netic reference data relating to the direction of the static
magnetic field of the MRI scanner in a selected principle
co-ordinate frame.

[0042] The direction of the earth’s gravitational field in
the principle co-ordinate frame is used as the second
vector axis and so stored in the memory 12 is the earth
gravitational reference data relating to the direction of
the gravitational field of the earth in the selected principle
co-ordinate frame.

[0043] The device 10 also includes a three axis accel-
erometer 14, a three axis magnetometer 16 and a three
axis angular rate gyro 18. The function of these will be
described in more detail below.

[0044] A communication module 20 communicates
with the MRI scanner.

[0045] Although the primary application of the commu-
nication module 20 is to transfer data to the MRI scanner
relating to the object’s motion. It also serves as a means
for the MRI scanner’s control computer to synchronise
events with the device or transmit, which portion of the
pulse sequence is currently playing out, to the device.
The ability to synchronise with the pulse sequence allows
the digital controller to optimise filter parameters and re-
duce noise in measurements.

[0046] The communications module 20 also feeds
back measurements from the accelerometer and/or gy-
roscope to the scanner for use to estimate future states
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of the device.

[0047] Integrating of the acceleration signals can yield
a velocity/position estimates. The high temporal resolu-
tion state estimates may be combined with lower tempo-
ral resolution translation estimates computed by the
scanner or reconstruction software by means of a filter
to allow for more robust translation estimates.

[0048] A processor 22 is connected to the accelerom-
eter 14, the magnetometer 16, the gyro 18 and commu-
nication module 20.

[0049] The processor 22 controls the operation of the
device 10 by receiving and processing measurements
from the accelerometer 14, the magnetometer 16 and
the gyro 18 to calculate the orientation of the device 10
within the bore of the MRI scanner. This will be described
in more detail below.

[0050] It will be appreciated that in the illustrated em-
bodiment, the processor 22 and the other components
are contained in a single housing which is connected to
the body of the patient that is being scanned. In this pre-
ferred embodiment, the measurements from the various
measurement modules are received and locally proc-
essed by the processor 22 before the results are trans-
mitted from the device 10.

[0051] Thus, the orientation of the device 10 is calcu-
lated locally in the device.

[0052] However, in an alternative embodiment, it is
possible to calculate the orientation of the device 10 re-
motely by transmitting the signals from the accelerometer
14, the magnetometer 16 and the gyro 18 to a processor
located remotely, outside of the scanner bore using the
communication module.

[0053] Inthis embodiment, the functionality of the illus-
trated processor 22 regarding calculating the orientation
of the device will be shifted to the other processor which
in combination will implement filtering of signals as well
as the higher level calculations as described below.
[0054] In any event, in the preferred embodiment, the
processor 22 uses the MRI scanner’s static magnetic
field reference data and earth gravitational field reference
data to define a first set of reference axes as described
above, thus enabling the device to output data in the se-
lected reference co-ordinate frame.

[0055] It canbe appreciated thatthe vectorfields, grav-
ity and ~B0, are both observable from any position within
the imaging region of the scanner. There is also no limit
on measurement range as all possible orientations are
defined by the vector observations. In use, the device 10
is strapped or stuck (similarly to an ECG pad) to the pa-
tient, in any orientation or position, preferably selected
such that the point of contact is not easily moved relative
to the anatomy of interest during the scanning process.
A common cause of spurious readings is skin movement
where subcutaneous muscles can induce relative mo-
tion, in the case of brain imaging the mastoid process
behind the ear would be an attractive site for sensor at-
tachment.

[0056] This is not possible with optical based motion
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tracking where line of sight is required.

[0057] Upon receiving from the magnetometer 16 a
measurement of a magnetic field vector in the de-
vice(sensor) co-ordinate frame within the magnetic im-
aging scanner in which the orientation tracking device is
placed in use, and receiving from the accelerometer 14
a measurement of an acceleration vector indicating the
direction of the earth’s gravitational field vector in the
device(sensor) co-ordinate frame, the processor 22 uses
the received magnetic field measurement and acceler-
ometer measurement to calculate the orientation of the
device with respect to a pre-determined principle co-or-
dinate frame.

[0058] The processor 22 does this by comparing the
measured magnetic field vector with the stored static
magnetic field of the magnetic imaging scanner and com-
paring the measured acceleration vector with the stored
earth’s gravitational field where the stored measure-
ments are represented in the principle co-ordinate frame
selected. In one example, these vectors can be synthe-
sised as mentioned previously such that the selected
principle frame is the MRI scanner’s co-ordinate frame.
[0059] Itwillbe appreciated that a measurementatany
instant in time from the device 10 can be stored as an
initial orientation measurement as the system will know
it's orientation with respect to the selected reference co-
ordinate frame at each sensor update. Any changes in
orientation when strapped to the patient would represent
an equal change in orientation of the object being tracked
by the device.

[0060] Thus the processor 22 receives measurements
periodically and uses these to determine the orientation
of the device, additionally comparing the determined ori-
entation of the device with a previously determined ori-
entation of the device (in the case of an imaging scan
the orientation of the device at the start of the scan) to
determine if the orientation has changed and quantify the
change in orientation with respect to the selected princi-
ple co-ordinate frame (which may be selected as the MRI
scanner’s imaging co-ordinate frame which is useful in
the application of prospective motion correction).
[0061] At periodic intervals, the processor 22 receives
further measurements from the magnetometer and ac-
celerometer to determine the instantaneous orientation
of the device. In one example embodiment the periodic
intervals are milliseconds.

[0062] Thus it will be appreciated that the processor
22 receives further measurements from the accelerom-
eter 14 and magnetometer 16 and uses these to deter-
mine the orientation of the device and wherein the proc-
essor 22 compares the determined orientation of the de-
vice with a previously determined and stored orientation
of the device to quantify a change in orientation of a rigid
object within the MRI scanner to which the device is at-
tached, in use.

[0063] The processor 22 uses the time evolution of the
sensor data to apply filtering techniques to mitigate the
effects of spurious readings on the orientation estimate
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feedback to the scanner control unit.

[0064] Itwill be appreciated that a measurement of just
acceleration is not equivalent to an observation of the
earth’s gravitational field vector as this can be unreliable
and could resultin spurious results (even though patients
are not expected to undergo large continuous accelera-
tions).

[0065] To address this, the above measurements can
be complemented with an angular rate-gyro to accurately
determine orientation during periods of linear accelera-
tion. The resulting sensor array is known as a MARG
sensing scheme (Magnetometer Accelerometer and
Rate Gyro). This array of sensors is commonly used for
orientation estimation in robotics and aviation. The pro-
posed device differs in that it is used in a controlled en-
vironment with the exceptionally strong static magnetic
field of the MRI scanner which is independent of motion.
The result is the ability to precisely track gyro bias during
acceleration and achieve precision well beyond conven-
tional applications of similarly constructed orientation
measurement devices.

[0066] The gyroscope thus allows for more robust fil-
tering techniques in which the evolution of the device’s
orientation state is better defined.

[0067] Thedevice 10 preferably also includes a battery
24 to power the other components of the device. The
battery may be connected to the active components via
a voltage regulator (not shown).

[0068] All of the components described above are in-
corporated into a printed circuit board.

[0069] In this regard, the high power gradient coils of
a Magnetic Resonance Imaging (MRI) scanner can in-
duce currents in conductive materials. These currents
caninturn interact with the fields within the scanner caus-
ing undesirable effects. Long conductors within the scan-
nerbore can also tune into the radio frequency (RF) fields
and cause severe image artefacts. Most of these effects
can be mitigated through careful printed circuit board lay-
out minimizing conductive area and preventing reso-
nance. For example all critical signal traces are kept as
short as possible.

[0070] Onecanalso shield the signal traces by keeping
the outer layers of the PCB as ground planes and running
sensitive signal traces only within the inner layers. This
not only protects the signal traces from the high power
transient magnetic fields but prevents the device itself
from emitting RF energy that could show up as artefacts
on the MRI image.

[0071] To further reduce any electromagnetic emis-
sions, the processor 22 is implemented as a low power
micro-controller clocked at a frequency suitably far from
the Larmor frequency of the specific scanner.

[0072] The high strength static magnetic field is vul-
nerable to inhomogeneity caused by abrupt changes in
magnetic susceptibility. In order to ensure that these ef-
fects are minimized, all components are specifically
sourced to be MRI compatible. The device is kept as
compact as possible and supports its own power supply.
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The use of a battery frees up the device from long con-
ductors that require shielding or extra protection.
[0073] The orientation estimates obtained by the de-
vice are transmitted by the communication module out
of the scanner using either optical or wireless communi-
cation technologies (in the form of electro-magnetic
waves that are suitably far from the precession frequency
of the MRI scanner), ensuring that no long conductors
are required.

[0074] Using moderndigital sensors makes the sensor
analogue signals less susceptible to radio frequency flux
due to the minute size of the internal structures of the
Integrated Circuits (ICs). These signals are immediately
digitised after being low pass filtered within the silica
structure of the integrated circuit reducing the chances
of signal coupling to the transient magnetic fields.
[0075] Analogue and digital power supplies are sepa-
rated and a low pass filter is used at close proximity to
the sensor IC supply pins to reduce the effects of induced
currents caused by the high power gradient coils.
[0076] Two separate algorithms have been proposed
to obtain the desired filter outputs.

[0077] Firstly, a popular filter implemented in orienta-
tion estimates for body tracking and small aircraft can be
adapted for use on the device. This filter is a light weight
quaternion based version of a complementary filter ini-
tially described by Mahony. This filter has comparable
performance to Kalman filters at a much smaller compu-
tational cost. An example implementation of the explicit
complementary filter proposed by Mahony is described
in Figure 4. The compensation block, top right, is a mod-
ified version of a technique initially introduced by Madg-
wick for magnetic field compensation. In this case the
compensation block is used to mitigate the effects of spu-
rious accelerations in the same direction as the static
magnetic field. This also allows a less restrictive con-
straintif an a priori estimate of the direction of the earth’s
gravitational field is used as a vector reference because
the acceleration vector is now constrained to only effect
orientation about the axis of the static magnetic field of
the MRI scanner.

[0078] Inthe example implementation shown in Figure
4 an a priori reference vector set is used where the static
magnetic field vector is assumed to be perfectly parallel
with the scanner co-ordinate frame Z-axis (normal to the
transverse plane) and the gravitational vector field is as-
sumed to lie on the YZ-plane (the sagittal plane) of the
scanner frame (descriptions are for a patientin the head-
first supine position, in the standard MRI scanner layout
mentioned above). The proposed filter therefore outputs
orientation in the MRI scanner’s co-ordiante frame.
[0079] The second filter solution, which can be applied
in an embodiment absent of angular rate gyro measure-
ments, proposes the use of an algorithm designed for
spacecraft attitude estimation and is a streamlined least
squares solution to Wahba'’s problem:
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Where:

ai = A vector weighting coefficient, which can be re-
lated to variance for a maximum likelihood estimate.
bi = ith vector observation in the patient frame.

ri = ith vector observation in the reference frame.

R = optimal rotation.

[0080] The algorithm implemented to solve the above
equation is known as the EStimator of the Optimal
Quaternion (ESOQ2) and was proposed by Markley. The
above-mentioned technique is useful when there is ref-
erence data available for both the direction of gravity and
the static magnetic field in the imaging frame. Put simply,
when the orientation solution is over-constrained. In this
case the filter would optimally combine the two sensor
estimates. It is expected that the magnetometer obser-
vations would be more highly weighted in this case due
to the small variance and the motion independence of
this vector observation. This filter wouldn’t improve the
performance of the linearly independent components of
each vector as the magnetometer measurement gives
no information about the orientation with respect to the
axis of the static magnetic field and the accelerometer
measurement gives no information about the orientation
with respect to the axis of the earth’s gravitational field.
Patient acceleration would therefore be directly visible
on the orientation output about the axis of the scanners
static magnetic field.

[0081] The firstimplementation is largely independent
of linear accelerations and relies on the integration of the
angular rate gyros for the orientation estimate. The first
method is therefore better suited to dealing with effects
of the MRI scanners magnetic fields on the acceleration
sensor. The second relies solely on the acceleration and
magnetic field vectors as inputs and is therefore inher-
ently more vulnerable.

[0082] Both algorithms outputted data that was stable
to within 0.01 degrees about the axis of the ~B0 field and
to within 0.006 degrees about the pair of orthogonal axes
lying on the plane perpendicular to the ~BO field. As is
expected the implementations including angular rate da-
ta achieve better performance during gradient intensive
scanning (such as diffusion tensor imaging) where scan-
ner bed vibrations introduce noise into the accelerometer
output.

[0083] In any event, it will be appreciated that combin-
ing vector observations with an angular rate measure-
ment efficiently is advantageous for reliability of the ori-
entation estimates computed by the device. The process
of computing orientation in either of the methods is rela-
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tively lightweight allowing for low latency transmission of
motion parameters (<1ms in the current prototype on a
low power micro-controller clocked at 32MHz). The close
relationship between the vectors and orientation means
when using the device presented the orientation data
more accurately represents the motion of the patient in
real-time than most (all to the inventors knowledge) ex-
isting technologies for external motion correction in MRI.
[0084] Figure 5 shows one example embodiment of a
user wearable device including the orientation tracking
device described above.

[0085] Thedeviceincludesasensor mountattachment
26 to which the accelerometer 14, magnetometer 16 and
gyro 18 can be attached.

[0086] This attachment 26 can be made very smalland
is the part that is rigidly constrained to the anatomy of
interest.

[0087] A veryflexible cable 28 is used for carrying pow-
er and provides a digital communication link.

[0088] The processor 22, communication module 20
and battery 24 are then located away from the sensor
mount attachment 26.

[0089] The advantage of this layout is the small size
of the layout and additionally that the non-sensing com-
ponents have been physically distanced from the sensors
and thereby do not interfere with the sensors. It is also
desirable in that it reduces the risk of patient discomfort.
[0090] Inany event, it will be appreciated that the tech-
nology proposed is an MRI compatible device capable
of measuring vectors within the scanner bore.

[0091] The device is also capable of transmitting and
receiving data through the communication module with
the MRI scanner. The proposed vector observations are
ideally suited, but not limited to, orientation estimates.
[0092] In trials, the prototyped technology has so far
overcome many of the disadvantages of current orienta-
tion observation techniques.

[0093] The current prototype is capable of precisely
estimating the orientation of an object within the MRI
scanner bore at a high temporal resolution (every ms)
and accuracy (within a tenth of a degree), independently
of the MRI pulse sequence. The technology is not re-
stricted or unique to any specific pulse sequence and is
therefore very versatile.

[0094] It was also found that with a prototype device
sufficient resolution of the subject’s orientation was
achieved to view involuntary motion such as the cardiac
and respiration cycles.

[0095] Referring to Figure 6 the raw data in all 3 axes
showed a strong relationship to a 4 channel electro-car-
diogram (ECG) signal obtained while a subject lay mo-
tionless within the MRI scanner.

[0096] The orientation measurement is made relative
to the scanner’s static magnetic field and the earth’s grav-
itational field. These fields lie almost perfectly orthogonal
in conventional MRI scanner layouts reducing the noise
in orientation estimates, making the MRI environment
ideal for this measurement technique. Due to the way in



13 EP 3 328 275 B1 14

which a MRl scanner is constructed the current prototype
has shown sufficient precision for prospective motion cor-
rection in MRI without any scanner specific calibration in
the example scanner used.

[0097] The technology gives one the ability to detect
and quantify rigid body rotations and feed them back to
the MRI scanner in real time to reduce the effects of mo-
tion on image quality. The measurements can be used
to optimise current navigator techniques or even be im-
plemented in conjunction with current external 3D trans-
lation tracking techniques for complete rigid body motion
correction.

[0098] Inthe application of neuro/brainimaging the ori-
entation outputs of the device can be used to predict
translation as these quantities are closely correlated to
change in orientation. Figure 7 shows an example data-
set of the application of using the device to predict trans-
lation compared to navigator based data for the same
motion. The effects of translational motion (in the case
of Figure 7 severe motion) onimage quality can be greatly
reduced by applying the results of this model.

[0099] Figure 8 shows the vectors used to relate trans-
lation to orientation in the simplified model presented.
The predicted translation shown is simply the result of
the vector cross product of the axis-angle vector and an
estimate of the initial position vector between the gradient
iso-center and the point at which the patient's head
makes contact with the scanner bed.

P= 9(5 x Z)
Where:

Pis the predicted translation of the imaging frame.
@is the magnitude of the angle rotated.

e is the unit magnitude axis of rotation.

L is the initial offset vector pointing from the patient’s
initial point of contact with the scanner bed and the
origin of the field of view.

[0100] The above equation is as a result of a highly
simplified model relating to the assumption of rolling mo-
tion and small angles. It is therefore most accurate if no
slipping happens between the patients head and scanner
bed. The vector L (initial displacement) will generally
have a constant vertical component and is expected to
be invariant with respect to different patients.

[0101] In any case, it can be appreciated that the de-
vice can be used to perform full rigid body motion cor-
rection at a high temporal resolution using a model to
predict translation that isn’t dependent on skull geometry
or patient specific characteristics over small angles.
[0102] In another application the translation measure-
ment from the model presented above can be compared
to a measurement of translation from another source
(navigator, active marker etc.) to predict if sensor detach-
ment has occurred. Sensor detachment is when the
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mounting of the device to the anatomy of interest is dis-
turbed, which can cause substantial image artefacts). If
the model output and translation measurement have a
strong discontinuity one can expect that the device
moved relative to the anatomy of interest. At detection
of an event the device can store a new reference and
continue tracking motion relative to the new reference.
The change in orientation relative to the new reference
is then applied relative to the last valid orientation meas-
ured with the old reference. Even though sensor detach-
ment is less likely to occur with the versatility in mounting
of the described device this is an effective way of mini-
mizing the effects of a known challenge in external motion
tracking methods.

[0103] The technology could be seen as a gateway to
optimal real time motion correction in MRI scanners, re-
ducing the complexity of motion detection due to the
knowledge of a reliable orientation estimate. Other uses
include respiration gating, cardiac gating and eddy cur-
rent detection.

[0104] The device can be used to alert the patient or
doctor to movement, prompting patient adjustment or a
re-scan. However, the main application is that the orien-
tation information generated by this device can be fed
into MRI scanners to correct in real time for scanning
error caused by movement of the patient. This will ulti-
mately improve the image quality produced, whilst min-
imising or preventing wasted time needed for rescanning
[0105] The final implementation of the technology can
thus reduce scan times, improving efficiency of clinical
MRI scanners, saving hospitals and patients money. The
technology can be used to reduce artefacts in 'hard to
scan’ subjects and reduce scan times for the ill, elderly
and very young. Motion correction is especially important
for special contrast modularities such as functional MRI
and diffusion imaging and can improve the statistical sig-
nificance of research results.

[0106] In contrast to other known external motion cor-
rection techniques in magnetic resonance imaging,
which require three position estimates for orientation de-
tection, the disclosed invention uses vector observations
from a single point in space. The result is that miniaturi-
zation of the device is only restricted by miniaturization
of current semi-conductor technology. This is advanta-
geous for patient comfort, reduction in interactions with
the highly sensitive static magnetic field and lastly mini-
mization of induced torques on the conductive materials
used in circuit design.

[0107] The results obtained from the current prototype
have proven the compatibility of some existing semi-con-
ductor technologies with the harsh MRI environment. The
results are not only precise, but also robust. The device
simplifies the problem of motion correction within MRI
scanners by addressing many of the problems associat-
ed with current techniques such as cost, size, accuracy
and most importantly ease of use.
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Claims

1.

An orientation tracking device, the device including:

a 3-axis accelerometer;

a 3-axis magnetometer; and

a communication module;

a memory with data stored therein including
magnetic reference data relating to the direction
of a static magnetic field of a magnetic imaging
scanner in a selected principle co-ordinate
frame and earth gravitational reference data re-
lating to the direction of the gravitational field of
the earth in the principle co-ordinate frame;
aprocessor connected to the accelerometer, the
magnetometer and communication module, the
processor adapted for:

receiving from the magnetometer a meas-
urement of a magnetic field vector in a co-
ordinate frame of the orientation tracking
device, within the magnetic imaging scan-
ner in which the orientation tracking device
is placed in use;

receiving from the accelerometer a meas-
urement of a gravitational acceleration vec-
tor in the orientation tracking device’s co-
ordinate frame, within the magneticimaging
scanner inwhich the orientation tracking de-
vice is placed in use; and

determining the orientation of the device
with respect to the principle co-ordinate
frame by comparing the measured vectors
from the accelerometer and magnetometer
with the stored gravitational reference data
and magnetic reference data respectively.

A device according to claim 1 wherein the processor
receives further measurements from the accelerom-
eter and magnetometer and uses these to determine
the orientation of the device.

A device according to claim 2 wherein the processor
compares the determined orientation of the device
with a previously determined orientation of the de-
vice to quantify a change in orientation of a rigid ob-
ject within the MRI scanner to which the device is
attached, in use.

A device according to any preceding claim wherein
the processor further applies filtering techniques to
mitigate the effects of spurious readings.

A device according to any preceding claim wherein
the device includes at least one gyroscope also con-
nected to the processor, so that the processor addi-
tionally uses measurements received from the gyro-
scope to determine orientation of the device.
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6.

8.

10.

1.

12.

A device according to claim 5 wherein the commu-
nication module further feeds back acceleration
and/or gyroscope measurements to the scanner for
use to estimate future states of the device.

A method of using an orientation tracking device to
track orientation, the method including:

storing data in a memory of the orientation track-
ing device including magnetic reference data re-
lating to the direction of a static magnetic field
of a magnetic imaging scanner in a selected
principle co-ordinate frame and earth gravita-
tional reference data relating to the direction of
the gravitational field of the earth in the principle
co-ordinate frame;

receiving from a magnetometer of the orienta-
tion tracking device a measurement of a mag-
netic field vector in a co-ordinate frame of the
orientation tracking device, within the magnetic
imaging scanner in which the orientation track-
ing device is placed in use;

receiving from an accelerometer of the orienta-
tion tracking device a measurement of an accel-
eration vector in the orientation tracking device’s
co-ordinate frame within the magnetic imaging
scanner in which the orientation tracking device
is placed in use; and

determining, with a processor of the orientation
tracking device, the orientation of the device with
respect to the principle co-ordinate frame by
comparing the measured vectors from the ac-
celerometer and magnetometer with the stored
gravitational reference data and magnetic refer-
ence data respectively.

A method according to claim 7 wherein measure-
ments are received periodically and used to deter-
mine the orientation of the device.

A method according to claim 8 wherein the deter-
mined orientation of the device is compared with a
previously determined orientation of the device to
quantify achange in orientation of arigid objectwithin
the MRI scanner to which the device is attached, in
use.

A method according to any one of claims 7 to 9
wherein filtering techniques are applied to mitigate
the effects of spurious readings.

A method according to claim 8 or claim 9 further in-
cluding receiving measurements from at least one
gyroscope and additionally using the measurements
received from the gyroscope to determine orienta-
tion of the device.

A method according to claim 11 further including
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feeding back acceleration and/or gyroscope meas-
urements to the scanner for use to estimate future
states of the device.

A method according to claim 7 in which the principle
co-ordinate frame is the co-ordinate frame of the MRI
scanner.

A method according to claim 13 in which the refer-
ence data is synthesised based on knowledge of the
MRI scanner construction.

A method according to any one of claims 7 to 14 in
which a change in orientation of a rigid object to
which the device is connected in use is used to pre-
dict the translation of that object.

Patentanspriiche

1.

Orientierungsverfolgungsvorrichtung, wobei die

Vorrichtung aufweist:

einen 3-Achsen-Beschleunigungsmesser,

ein 3-Achsen-Magnetometer, und

ein Kommunikationsmodul,

einen Speicher mit darin gespeicherten Daten,
die magnetische Referenzdaten, die sich aufdie
Richtung eines statischen Magnetfelds eines
magnetischen Bildgebungsscanners in einem
ausgewahlten Hauptkoordinatenrahmen bezie-
hen, und Erdgravitationsreferenzdaten beinhal-
ten, die sich auf die Richtung des Gravitations-
felds der Erde in dem Hauptkoordinatenrahmen
beziehen,

einen Prozessor, der mitdem Beschleunigungs-
messer, dem Magnetometer und dem Kommu-
nikationsmodul verbunden ist, wobei der Pro-
zessor angepasst ist fir:

ein Empfangen einer Messung eines Mag-
netfeldvektors in einem Koordinatenrah-
men der Orientierungsverfolgungsvorrich-
tung von dem Magnetometer innerhalb des
magnetischen Bildgebungsscanners, in
dem die Orientierungsverfolgungsvorrich-
tung in Gebrauch ist,

ein Empfangen einer Messung eines Gra-
vitationsbeschleunigungsvektors in dem
Koordinatenrahmen der Orientierungsver-
folgungsvorrichtung von dem Beschleuni-
gungsmesser innerhalb des magnetischen
Bildgebungsscanners, in dem die Orientie-
rungsverfolgungsvorrichtung in Gebrauch
ist, und

ein Bestimmen der Ausrichtung der Vorrich-
tung beziiglich des Hauptkoordinatenrah-
mens durch ein Vergleichen der gemesse-
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10

nen Vektoren von dem Beschleunigungs-
messer und dem Magnetometer mitden ge-
speicherten Gravitationsreferenzdaten
bzw. den gespeicherten magnetischen Re-
ferenzdaten.

Vorrichtung nach Anspruch 1, wobei der Prozessor
weitere Messungen von dem Beschleunigungsmes-
ser und dem Magnetometer empfangtund diese ver-
wendet, um die Ausrichtung der Vorrichtung zu be-
stimmen.

Vorrichtung nach Anspruch 2, wobei der Prozessor
die ermittelte Ausrichtung der Vorrichtung mit einer
zuvor ermittelten Ausrichtung der Vorrichtung ver-
gleicht, um eine Anderung der Ausrichtung eines
starren Objekts innerhalb des MRI-Scanners, an
dem die Vorrichtung angebracht worden ist, im Ge-
brauch zu quantifizieren.

Vorrichtung nach einem der vorhergehenden An-
spriiche, beiderder Prozessorferner Filtertechniken
anwendet, um die Auswirkungen von falschen Ab-
lesungen abzuschwachen.

Vorrichtung nach einem der vorhergehenden An-
spriiche, wobei die Vorrichtung mindestens ein Gy-
roskop enthalt, das ebenfalls mit dem Prozessor ver-
bunden ist, so dass der Prozessor zusatzlich von
dem Gyroskop empfangene Messungen verwendet,
um die Ausrichtung der Vorrichtung zu bestimmen.

Vorrichtung nach Anspruch 5, wobei das Kommuni-
kationsmodul weiterhin Beschleunigungs- und / oder
Gyroskopmessungen an den Scanner zurtickmel-
det, um zukinftige Zustande der Vorrichtung abzu-
schatzen.

Verfahren zur Verwendung einer Orientierungsver-
folgungsvorrichtung zum Verfolgen der Orientie-
rung, wobei das Verfahren umfasst:

ein Speichern von Daten in einem Speicher der
Orientierungsverfolgungsvorrichtung, die mag-
netische Referenzdaten, die sich auf die Rich-
tung eines statischen Magnetfelds eines mag-
netischen Bildgebungsscanners in einem aus-
gewahlten Hauptkoordinatenrahmen beziehen,
und Erdgravitationsreferenzdaten beinhalten,
die sich auf die Richtung des Gravitationsfelds
der Erde in dem Hauptkoordinatenrahmen be-
ziehen,

ein Empfangen einer Messung eines Magnet-
feldvektors in einem Koordinatenrahmen der
Orientierungsverfolgungsvorrichtung von ei-
nem Magnetometer der Orientierungsverfol-
gungsvorrichtung innerhalb des magnetischen
Bildgebungsscanners, in dem die Orientie-
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rungsverfolgungsvorrichtung in Gebrauch ist,
ein Empfangen einer Messung eines Beschleu-
nigungsvektors in dem Koordinatenrahmen der
Orientierungsverfolgungsvorrichtung innerhalb
des magnetischen Bildgebungsscanners, in
dem die Orientierungsverfolgungsvorrichtung in
Gebrauch ist, von einem Beschleunigungsmes-
ser der Orientierungsverfolgungsvorrichtung,
und

ein Bestimmen der Ausrichtung der Vorrichtung
in Bezug auf den Hauptkoordinatenrahmen mit
einem Prozessor der Orientierungsverfolgungs-
vorrichtung durch ein Vergleichen der gemes-
senen Vektoren von dem Beschleunigungs-
messer und dem Magnetometer mit den gespei-
cherten Gravitationsreferenzdaten bzw. gespei-
cherten magnetischen Referenzdaten.

Verfahren nach Anspruch 7, wobei die Messungen
periodisch empfangen und verwendet werden, um
die Ausrichtung der Vorrichtung zu bestimmen.

Verfahren nach Anspruch 8, wobei die ermittelte
Ausrichtung der Vorrichtung im Gebrauch mit einer
zuvor ermittelten Ausrichtung der Vorrichtung ver-
glichen wird, um eine Anderung der Ausrichtung ei-
nes starren Objekts innerhalb des MRI-Scanners,
an dem die Vorrichtung angebracht worden ist, zu
quantifizieren.

Verfahren nach einem der Anspriiche 7 bis 9, bei
dem Filtertechniken angewendet werden, um die
Auswirkungen von falschen Ablesungen abzu-
schwachen.

Verfahren nach Anspruch 8 oder 9, welches ferner
ein Empfangen von Messungen von mindestens ei-
nem Gyroskop und zuséatzlich ein Verwenden der
von dem Gyroskop empfangenen Messungen um-
fasst, um die Ausrichtung der Vorrichtung zu bestim-
men.

Verfahren nach Anspruch 11, welches ferner ein
Ruckkoppeln von Beschleunigungs- und / oder Gy-
roskopmessungen an den Scanner zur Verwendung
beim Abschéatzen zukiinftiger Zustande der Vorrich-
tung umfasst.

Verfahren nach Anspruch 7, bei dem der Hauptko-
ordinatenrahmen der Koordinatenrahmen des MRI-
Scanners ist.

Verfahren nach Anspruch 13, bei dem die Referenz-
daten auf der Grundlage der Kenntnis des Aufbaus
des MRI-Scanners synthetisiert werden.

Verfahren nach einem der Anspriiche 7 bis 14, bei
dem eine Anderung der Ausrichtung eines starren
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Objekts, mit dem die Vorrichtung im Gebrauch ver-
bunden ist, verwendet wird, um die Verschiebung
dieses Objekts vorherzusagen.

Revendications

1.

Dispositif de suivid’orientation, le dispositifincluant :

un accélérométre 3 axes ;

un magnétometre 3 axes ; et

un module de communication ;

une mémoire dans laquelle sont stockées des
données y compris des données de référence
magnétique relatives a la direction d’'un champ
magnétique statique d’un scanner d’imagerie
magnétique dans un cadre de coordonnées
principales sélectionné et des données de réfé-
rence gravitationnelles terrestres relatives a la
direction du champ gravitationnel de la Terre
dans le cadre de coordonnées principales ;

un processeur connecté a I'accélérométre, au
magnétometre et au module de communication,
le processeur étant adapté pour :

recevoirdu magnétometre une mesured’un
vecteur de champ magnétique dans un ca-
dre de coordonnées du dispositif de suivi
d’orientation, a l'intérieur du scanner d’ima-
gerie magnétique dans lequel le dispositif
de suivi dorientation est placé en
utilisation ;

recevoir de l'accélérométre une mesure
d’un vecteur d’accélération gravitationnelle
dans le cadre de coordonnées du dispositif
de suivi d’orientation, a l'intérieur du scan-
ner d'imagerie magnétique dans lequel le
dispositif de suivi d’orientation est placé en
utilisation ; et

déterminer l'orientation du dispositif par
rapport au cadre de coordonnées principa-
les en comparant les vecteurs mesurés de
I'accéléromeétre et du magnétometre avec
les données de référence gravitationnelles
et les données de référence magnétique
respectivement.

Dispositif selon la revendication 1 dans lequel le pro-
cesseur regoit d’autres mesures de I'accélérométre
et du magnétometre et les utilise pour déterminer
I'orientation du dispositif.

Dispositif selon la revendication 2 dans lequel le pro-
cesseur compare l'orientation déterminée du dispo-
sitif avec une orientation précédemment déterminée
du dispositif pour quantifier un changement d’orien-
tation d’'un objet rigide a l'intérieur du scanner MRI
auquel le dispositif est attaché, en utilisation.
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Dispositif selon I'une quelconque des revendications
précédentes dans lequel le processeur applique en
outre des techniques de filtrage pour atténuer les
effets de lectures parasites.

Dispositif selon I'une quelconque des revendications
précédentes dans lequel le dispositif inclut au moins
un gyroscope également connecté au processeur
de sorte que le processeur utilise en plus des me-
sures regues du gyroscope pour déterminer I'orien-
tation du dispositif.

Dispositif selon la revendication 5 dans lequel le mo-
dule de communication renvoie en outre les mesures
d’accélération et/ou gyroscopiques au scanner pour
les utiliser afin d’estimer les futurs états du dispositif.

Procédeé d'utilisation d’'un dispositif de suivi d’orien-
tation pour suivre l'orientation, le procédé incluant
les étapes consistant a :

stocker des données dans une mémoire du dis-
positif de suivi d’orientation incluant des don-
nées de référence magnétique relatives a la di-
rection d’'un champ magnétique statique d’un
scanner d'imagerie magnétique dans un cadre
de coordonnées principales sélectionné et des
données de référence gravitationnelles terres-
tres relatives a la direction du champ gravita-
tionnel de la Terre dans le cadre de coordon-
nées principales;

recevoir d’'un magnétometre du dispositif de sui-
vi d’orientation une mesure d’'un vecteur de
champ magnétique dans un cadre de coordon-
nées du dispositif de suivi d’orientation, a I'inté-
rieur du scanner d’'imagerie magnétique dans
lequel le dispositif de suivi d’orientation est placé
en utilisation ;

recevoir d’'un accélérométre du dispositif de sui-
vi d’orientation une mesure d’'un vecteur d’ac-
célération dans le cadre de coordonnées du dis-
positif de suivi d’orientation dans le scanner
d’'imagerie magnétique dans lequel le dispositif
de suivi d’orientation est placé en utilisation ; et
déterminer, avec un processeur du dispositif de
suivi d’orientation, I'orientation du dispositif par
rapport au cadre de coordonnées principales en
comparant les vecteurs mesurés de 'accéléro-
métre et du magnétometre avec les données de
référence gravitationnelles stockées et les don-
nées de référence magnétique, respectivement.

Procédé selon la revendication 7 dans lequel les me-
sures sont regues périodiquement et utilisées pour
déterminer I'orientation du dispositif.

Procédé selon la revendication 8 dans lequel I'orien-
tation déterminée du dispositif est comparée a une
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orientation déterminée précédemment du dispositif
afin de quantifier un changement d’orientation d’un
objet rigide a l'intérieur du scanner MRI auquel le
dispositif est attaché, en utilisation.

Procédé selon 'une quelconque des revendications
7 a 9 dans lequel des techniques de filtrage sont
appliquées pour atténuer les effets de lectures pa-
rasites.

Procédé selon la revendication 8 ou la revendication
9 incluant en outre la réception de mesures d’au
moins un gyroscope et en outre I'utilisation de me-
sures regues du gyroscope pour déterminer l'orien-
tation du dispositif.

Procédé selon la revendication 11 incluant en outre
la réinjection de mesures d’accélération et/ou de gy-
roscope dans le scanner pour les utiliser afin d’esti-
mer les états futurs du dispositif.

Procédé selon la revendication 7 dans lequel le ca-
dre de coordonnées principales est le cadre de coor-
données du scanner MRI.

Procédé selon la revendication 13 dans lequel les
données de référence sont synthétisées sur la base
des connaissances de la construction du scanner
MRI.

Procédé selon 'une quelconque des revendications
7 a 14 dans lequel un changement de l'orientation
d’un objet rigide auquel le dispositif est connecté en
utilisation est utilisé pour prédire la translation de cet
objet.
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storing data including magnetic reference data
relating to the direction of a static magnetic field of a
magnetic imaging scanner in a selected principle co-
ordinate frame and earth gravitational reference data
relating to the direction of the gravitational field of the
earth in the principle co-ordinate frame

receiving from a magnetometer a measurement
of a magnetic field vector in a co-ordinate frame
of the orientation tracking device, within the
magnetic imaging scanner in which the

orientation tracking device is placed in use

l

receiving from an accelerometer a
measurement of an acceleration vector in the
orientation tracking device’s co-ordinate
frame within the magnetic imaging scanner in
which the orientation tracking device is
placed in use

l

determining the orientation of the device

with respect to the principle co-ordinate
frame by comparing the measured vectors
from the accelerometer and magnetometer
with the stored gravitational reference data
and magnetic reference data respectively

Fig. 3
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