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Abstract— Recently, a workflow for magnetic resonance (MR)
image plane alignment based on tracking in real-time MR
images was introduced. The workflow is based on a tracking
device composed of 2 resonant micro-coils and a passive marker,
and allows for tracking of the passive marker in clinical real-
time images and automatic (re-)initialization using the micro-
coils. As the Kalman filter has proven its benefit as an estimator
and predictor, it is well suited for use in tracking applications.
In this paper, a Kalman filter is integrated in the previously
developed workflow in order to predict position and orientation
of the tracking device. Measurement noise covariances of the
Kalman filter are dynamically changed in order to take into
account that, according to the image plane orientation, only a
subset of the 3D pose components is available. The improved
tracking performance of the Kalman extended workflow could
be quantified in simulation results. Also, a first experiment
in the MRI scanner was performed but without quantitative
results yet.

I. INTRODUCTION

MINIMALLY invasive percutaneous procedures can be
performed under MR-guidance. In order to monitor the
real-time advancement of the needle during interventional
MRI procedures, image planes are typically aligned on the
instrument axis or to surrounding anatomical structures of
interest. This real-time image plane orientation and posi-
tioning is currently performed manually, by a technologist
at the MRI console, and its time efficiency strongly relies
on his/her experience, as well as on his/her communication
means with the physician standing inside the MRI room. As
communication is rendered difficult by both the strong noise
and visual occlusion of the MRI scanner, several systems
have been presented for instrument detection and real-time
scan plane control from inside the MRI room. These systems
rely either on active or passive tracking devices.

Active tracking systems are either based on wired micro-
coils measuring tracking gradients [1] or on optical tracking
systems using cameras and markers [2] [3]. Main drawbacks
of these approaches are dedicated tracking time and coil
heating risk for the first type and need for an unobstructed
line-of-sight between camera and marker for the second.

Passive approaches rely on image-based detection of pas-
sive tracking devices such as ferromagnetic objects [4],
contrast agent filled stereotactic frames [5] or cylindrical
markers [6] [7]. The limitations of these approaches are
high susceptibility artifacts, the bulkiness of the tracking
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device and the use of dedicated tracking planes, respectively.
Another technique is based on the use of resonant micro-coils
that are tuned to the Larmor frequency of the scanner. In low
flip angle acquisitions their signal is very well detectable, in
contrast to the small signal of anatomical structures, so they
can be used for tracking of surgical devices [8]. However,
this is also their main disadvantage as their detection has to
be performed in dedicated low flip angle images that cannot
be used for image-guided procedures.

Main advantages of image-based tracking techniques are
that they need neither expensive instrumentation nor any
calibration, as markers and patients are depicted in the
same images. Nevertheless, the quality of tracking in images
depends on spatial resolution and robustness of detection
algorithms. The use of the Kalman filter has been proposed to
increase the tracking robustness of interventional devices in
image-guided interventions. In [9], the benefits of introduc-
ing the Kalman filter in the tracking of an MRI compatible
robot have been demonstrated. In the field of ultrasound
guided percutaneous interventions, the Kalman filter has
been proposed for position prediction of a manually inserted
needle and has proven to stabilize the tracking results [10].

In [11], we presented a workflow using resonant micro-
coils for the initialization of the detection and a passive
marker for real-time automatic scan plane alignment. Main
advantages of that approach are 1) automatic detection ini-
tialization, 2) reduced dedicated acquisition time (only one
acquisition for initialization) and 3) the 3D depiction of the
anatomy through 2 orthogonal image planes. The current
paper aims to improve the proposed tracking by taking
advantage of the predictive and noise filtering characteristics
of a Kalman filter to estimate the passive marker position
and orientation. Simulations have been carried out in order
to evaluate the performance of the Kalman filter. Tracking
experiments were also performed using that approach.

II. MATERIALS

A. Tracking device

As described in [11], the tracking device (Fig. 1c) is
composed of 2 resonant micro-coils (Fig. 1a) rigidly fixed
at the endings of a passive marker (Fig. 1b). Micro-coils,
wound around small plastic tubes, are tuned to the Larmor
frequency of the 1.5 T MRI scanner and contain a contrast
agent / water solution (Gd-DTPA 5 mM) as signal source.
The passive marker is a cylinder (length: 9 cm, diameter: 3.5
cm) filled with the same contrast agent dilution.
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B. MRI scanner and scanner settings

All experiments were performed using the body coil in
an open bore 1.5 T MRI scanner (MAGNETOM Aera,
Siemens AG, Erlangen, Germany). An interactive, real-time,
multi-slice TrueFISP sequence (Beat IRTTT [12], Siemens
Corporate Research & Technology, USA) was used for image
acquisition. The passive marker is used for detection in
clinical real-time images. Imaging parameters of the clinical
real-time sequence include: matrix 202×224, FOV 450×450
mm2, slice thickness 4 mm, TE 2.2 ms, TR 4.1 ms, flip angle
50◦, bandwidth 260 Hz/Px. The 2 micro-coils are used for
detection in dedicated low flip angle acquisitions with the
same imaging parameters except: slice thickness 100 mm
and flip angle 1◦. Note that these projection images are not
clinically usable by the physician. Image acquisition time is
819 ms but the image update time is lengthened to 1.2 s to
allow for data transfer (image and scan plane control) and
image processing.

III. METHODS

A. Workflow

The principle of the workflow, previously described in
[11], is to control 2 orthogonal scan planes (simple oblique
sagittal and double oblique transversal) and to align them
automatically along the main axis of the tracking device.
The workflow described hereafter is the same, with the
only difference that both orthogonal scan planes are simple
oblique.

1) Initialization: A dedicated low flip angle transversal
projection at the MRI scanner isocenter is acquired. The
micro-coils are detected, the 3D pose (position and orienta-
tion) of a simple oblique sagittal plane aligned on the main
axis of the tracking device is calculated and sent to the MRI
scanner.

2) Image Plane alignment: The first real-time simple
oblique sagittal image (I1) is acquired at the pose cal-
culated during initialization. The passive marker is then
detected in this image, its 3D pose (P1) is computed and
the corresponding pose of a new simple oblique transversal
image (I2) aligned with the marker is calculated. After
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Fig. 1: (a) Micro-coil wound around a plastic tube filled
with contrast agent solution. (b) Passive marker consisting
of a syringe filled with the same contrast agent solution. (c)
Assembled test device with 2 micro-coils at endings of the
passive marker.

a b c 

Fig. 2: Principle of Workflow: 2 orthogonal image planes,
transversal (a) and sagittal (b), update their positions and ori-
entations mutually, according to the detected passive marker.
A 3D view is presented in (c).

acquisition of I2, the current pose (P2) of the passive marker
is again detected in the image in order to update position and
orientation of a new sagittal image (I3). From then on, the
2 orthogonal image planes (sagittal/transversal) alternate and
update their positions and orientations mutually according to
the detected pose of the passive marker (Fig. 2). In case of
a detection failure of the passive marker, the workflow will
be reinitialized.

In the described workflow, it is assumed that the 3D
pose of the tracking device stays nearly constant between
2 images. This means that after acquisition of the current
image (Ik) and detection of the 3D pose (Pk) of the tracking
device, the following image plane (Ik+1) will be aligned to
Pk. The 3D pose of the marker is here defined by Pk =
(x, y, z, α, β)T with (x, y, z)T the position of the marker and
(α, β)T the orientation angles of the marker main axis. Angle
α allows to rotate a pure sagittal plane (y-0-z) to the marker-
aligned simple oblique sagittal plane (rotation around z-axis
of the MRI scanner). Angle β is the corresponding angle
between a pure transversal plane (x-0-y) and the marker-
aligned simple oblique transversal plane (rotation around x-
axis).

However, changes of position normal to the current image
plane (Ik) and the pose component defining the orientation of
Ik (α or β) cannot be detected. In this context, only a partial
update of the detected 3D pose between 2 consecutive image
planes is possible.

In order to improve the alignment of the following image
plane (Ik+1), the current alignment algorithm is extended by
a Kalman filter that predicts the next 3D pose (Pk+1) of the
tracking device by considering its past values.

B. Kalman filtering

The Kalman filter predicts the future pose of the tracking
device based on previous detections, in order to orient and
position the following image plane. The process state is
represented by the pose and its derivative:

Xk =

(
Pk

Ṗk

)
(1)

The process model is given by the linear equation

Xk = AXk−1 + nk−1, (2)
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with a measurement Zk which is

Zk = HXk +mk, (3)

where nk and mk represent process noise and measurement
noise, respectively. Their gaussian probability distributions
are

p(mk) ∼ N(0, R) (4)
p(nk) ∼ N(0, Q), (5)

where R and Q represent the measurement noise covariance
and the process noise covariance, respectively. As constant
velocity is assumed for the marker motion, the transition
matrix can be written as

A =

[
I5×5 δt · I5×5

0 I5×5

]
, (6)

where δt is the time step between 2 image acquisitions and
I5×5 is a 5×5 identity matrix. As the whole pose of the
marker is assumed to be detected directly in the images, the
observation matrix is given by

H =
[
I5×5 0

]
. (7)

The filter has to be updated with the 3D pose of the marker
at each image acquisition. However, as described in section
III-A.2, only a subset of the 3D pose is available on each
acquired image. When a component is totally unavailable
(normal to a pure sagittal or transversal image plane), its
value from the previously acquired image is kept, as the
Kalman filter expects a full measurement vector. Therefore,
the predictive performance of the Kalman filter decreases,
if all measured components are taken into account with the
same weight. This effect could be compensated by adapting
dynamically the measurement noise covariance matrix R in
order to weight the confidence of a measured pose compo-
nent as a function of the current image plane orientation.
Thus, the measurement noise covariance values for position
components normal to the image plane vary on an interval
[10−5;1] and are a function of α and β for sagittal and
transversal image planes, respectively. As an orientation
component can either be detected or not on an image plane,
its measurement noise covariance is not gradually adapted
but set to the interval boundaries in a binary manner. Thus,
R is obtained as

R =




10−a 0 0 0 0
0 10−b 0 0 0
0 0 10−c 0 0
0 0 0 10−d 0
0 0 0 0 10−e




(8)

with a = 5, b = 5cos(β), c = 5 |sin(β)|, d = 5, e = 0 for
transversal image planes and a = 5 |sin(α)|, b = 5cos(α),
c = 5, d = 0, e = 5 for sagittal image planes.

C. System Architecture

An ethernet connection between an external PC and the
MRI console PC is established. A custom program al-
lows for communication between the PCs via a proprietary
Siemens protocol (ReModProt, Siemens Corporate Research
& Technology, USA) and implementation of the presented
workflow including image reception on the external PC,
image processing, command calculation and sending of the
command to the MRI console PC.

D. Simulations and feasibility experiments

Performance of the Kalman prediction has been evaluated
through simulations and a feasibility experiment. Therefore,
a program has been implemented that simulates the motion of
the tracking device in space and the function of the MRI con-
sole PC, by creating and sending simulated images to the pro-
gram implementing the presented workflow with and without
the Kalman filter. This program performs marker detection
in the received image, calculates the next orthogonal scan
plane accordingly and sends the corresponding command to
the simulator, which returns the image corresponding to the
requested scan plane. A feasibility experiment was performed
in the MRI scanner, where an operator moved the tracking
device on random trajectories inside the MRI bore.

IV. RESULTS

A trajectory of the tracking device was simulated (trans-
lational velocity: 9 mm/s, rotational velocity: 2◦/s) and the
predictive performance of the Kalman filter was evaluated
by comparing the detected 3D poses of the initial workflow
and of the Kalman extended workflow. Fig. 3 represents the
real trajectory and the detected ones for every component of
the 3D pose as well as the corresponding root-mean-square
errors (RMSE). As expected, the Kalman filter improves
the device tracking during continuous movements, as its
algorithm considers past pose measurements and a constant
velocity model. However, the initial workflow does not
apply any process model and as some components of the
3D pose are not available on every acquired image, their
previous values are kept. As a consequence, one can observe
a ”step-pattern” deviating from the real trajectory for those
components. The benefit of the Kalman filter is observable as
it adjusts this ”step-pattern” for x, z, α, β pose components.
The y component is well detectable on all image planes
due to the small image plane orientations α and β and thus
the difference of the detection between the initial workflow
and the Kalman extended workflow is less obvious. An
experiment was carried out in the MRI scanner, but could
not be quantified yet.

V. CONCLUSIONS

In this work a fully automatic scan plan alignment
workflow for interventional MRI has been extended by a
Kalman filter with dynamically adapted measurement noise
covariances. First simulation results have shown that tracking
performance is improved. Currently, a translation test bench
is being developed for use inside the MRI scanner in order
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The process model is given by the linear equation

Xk = AXk−1 + nk−1, (2)

with a measurement Zk which is

Zk = HXk + mk. (3)

The variables nk and mk represent process noise and
measurement noise, respectively. Their gaussian probability
distributions are

p(mk) ∼ N(0, R) (4)
p(nk) ∼ N(0, Q), (5)

where R and Q represent the measurement noise covariance
and the process noise covariance, respectively. As constant
velocity is assumed for the marker motion, the transition
matrix can be written as

A =

�
I5×5 δt · I5×5

0 I5×5

�
, (6)

where δt is the time step between two image acquisitions
and I5×5 is a 5×5 identity matrix. As the whole pose of the
marker is assumed to be detected directly in the images, the
observation matrix is given by

H =
�

I5×5 0
�
. (7)

The filter has to be updated with the 3D pose of the marker
at each image acquisition. However, as described in section
III-A.2, not all components of the measured 3D pose are
available with the same accuracy on each acquired image.
In some cases, certain components are even unavailable and
their values will be the same compared to the previous image.
Therefore, the predictive performance of the Kalman filter
decreases, if all measured components are acknowledged
with the same weight. This effect could be compensated
by adapting dynamically the measurement noise covariance
matrix R in order to weight the quality of a measured
pose component as a function of the current image plane
orientation. Thus, the measurement noise covariance values
for less updated position components vary on an interval
[10−5;1] and are a function of α and β for sagittal and
transversal image planes, respectively. As an orientation
component can either be detected or not on an image plane,
its measurement noise covariance is not gradually adapted
but set to the interval boundaries in a binary manner. Thus,
R is obtained as

R =




10−a 0 0 0 0
0 10−b 0 0 0
0 0 10−c 0 0
0 0 0 10−d 0
0 0 0 0 10−e




(8)

with a = 5, b = 5cos(β), c = 5 |sin(β)|, d = 5, e = 0 for
transversal image planes and a = 5 |sin(α)|, b = 5cos(α),
c = 5, d = 0, e = 5 for sagittal image planes.

C. System Architecture

An ethernet connection between an external PC and the
MRI console PC is established. A custom program al-
lows for communication between the PCs via a proprietary
Siemens protocol (ReModProt, Siemens Corporate Research
& Technology, USA) and implementation of the presented
workflow including image reception on the external PC,
image processing, command calculation and sending of the
command to the MRI console PC.

D. Simulations and feasibility experiments

Performance of the Kalman prediction has been evaluated
through simulations and feasibility experiments. Therefore, a
program has been implemented that simulates the motion of
the tracking device in space and the function of the MRI con-
sole PC, by creating and sending simulated images to the pro-
gram implementing the presented workflow with and without
the Kalman filter. This program performs marker detection
in the received image, calculates the next orthogonal scan
plane accordingly and sends the corresponding command to
the simulator, which returns the image corresponding to the
requested scan plane. A feasibility experiment was performed
in the MRI scanner, where an user moved the tracking device
on random trajectories inside the MRI bore.

IV. RESULTS

A trajectory of the tracking device was simulated (trans-
lation velocities: 9 mm/s, rotational velocities: 2◦/s) and the
predictory performance of the Kalman filter was evaluated
by comparing the detected 3D poses of the initial workflow
and of the Kalman extended workflow. Fig.3 represents the
real trajectory and the detected ones for every component of
the 3D pose as well as the root-mean-square errors (RMSE).
As expected, the Kalman filter improves the device tracking
during continuous movements, as its algorithm considers
all past values. Experiments were carried out in the MRI
scanner, but could not be quantified.

3D pose
component

RMSE of tracking
w/o Kalman with Kalman

x 0.8920 mm 0.4101 mm
y 0.3584 mm 0.2747 mm
z 0.6402 mm 0.4015 mm
α 0.0037◦ 0.0026◦
β 0.0037◦ 0.0017◦

TABLE I: default

V. CONCLUSIONS
In this work a fully automatic scan plan alignment work-

flow for interventional MRI has been extended by a Kalman
filter with dynamically adapted measurement noise covari-
ances in order to adapt it to the measurement situation and to
improve tracking performance. First simulation results have
shown that tracking performance is improved. Currently, a
translation test bench is being developed for use inside the
MRI scanner in order to move the marker along a well-known
trajectory to make experimental evaluation possible.

(f)

Fig. 3: Results of passive marker tracking for the initial workflow and for the Kalman extended workflow are represented
for every component of the 3D pose (a-e), as well as the corresponding RMSE (f).
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imental evaluation possible.
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