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Abstract

Purpose X-ray fluoroscopy guidance is frequently used in
medical interventions. Image-guided interventional proce-
dures that employ localization for registration require accu-
rate information about the C-arm’s rotation angle that pro-
vides the data externally in real time. Optical, electromag-
netic, and image-based pose tracking systems have limited
convenience and accuracy. An alternative method to recover
C-arm orientation was developed using an accelerometer as
tilt sensor.

Methods The fluoroscopic C-arm’s orientation was esti-
mated using a tri-axial acceleration sensor mounted on the
X-ray detector as a tilt sensor. When the C-arm is station-
ary, the measured acceleration direction corresponds to the
gravitational force direction. The accelerometer was cali-
brated with respect to the C-arm’s rotation along its two
axes, using a high-accuracy optical tracker as a reference.
The scaling and offset error of the sensor was compensated
using polynomial fitting. The system was evaluated on a GE
OEC 9800 C-arm. Results obtained by accelerometer, built-
in sensor, and image-based tracking were compared, using
optical tracking as ground truth data.

Results The accelerometer-based orientation measurement
error for primary angle rotation was —0.1 & 0.0° and for
secondary angle rotation it was 0.1 &£ 0.0°. The built-in sen-
sor orientation measurement error for primary angle rotation
was —0.1 £ 0.2°, and for secondary angle rotation it was
0.1 £ 0.2°. The image-based orientation measurement error
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for primary angle rotation was —0.141.3°, and for secondary
angle rotation it was —1.3 &£ 0.3°.

Conclusion The accelerometer provided better results than
the built-in sensor and image-based tracking. The accelerom-
eter sensor is small, inexpensive, covers the full rotation
range of the C-arm, does not require line of sight, and can
be easily installed to any mobile X-ray machine. Therefore,
accelerometer tilt sensing is a very promising applicant for
orientation angle tracking of C-arm fluoroscopes.

Keywords Accelerometer - C-arm - Tilt sensor - Angle
measurement - Accuracy study - Brachytherapy

Introduction

X-ray fluoroscopy is arguably the most used surgical guid-
ance modality today. For three-dimensional computation
using fluoroscopic X-ray images, a method is needed that
delivers a precise spatial description of the C-arm during its
operation. There are several techniques that are able to mea-
sure such a spatial description. This measurement is often
described as tracking, whereupon the spatial description of
an object is always tracked relatively to another object. In
C-arm fluoroscopy, the rotating arm’s position is relatively
described to a stationary object, e.g., the base of the mobile X-
ray device, which is not moving during the operation. The C-
arm’s orientation can be tracked by optical, electromagnetic
or image-based measurement systems. Built-in encoders,
integrated into the C-arm, are another possible option for ori-
entation measurement. All methods are well known in engi-
neering to be used for position or orientation estimation, but
there are several limitations that come along with their usage
or when installing them in an operating room.

Highly regarded due to its reliable and precise position
tracking are optical measurement systems [1]. Optical active
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or passive infrared systems operate by emitting and captur-
ing electromagnetic radiation by light emitting diodes and
charge-coupled device cameras. Active systems send out
infrared light, whereas passive systems use reflective objects
that send back infrared light, which is usually also emitted by
the camera. These systems are generally laborious to install
with an extra calibration step and expensive. Nevertheless,
the most detaining drawback is that they require line of sight
in between the tracking camera and the light emitting object,
which is meant to be tracked [1]. This emerges to be difficult
in a busy operating room where several devices are oper-
ated simultaneously and staff is required to move freely for
operation.

Electromagnetic tracking systems are based on two major
components. One is an electromagnetic field generator,
which creates a pulsed magnetic field of know geometry.
The second component is an electromagnetic field sensor that
can be placed in surgical instruments for example [1]. Ferro-
magnetic materials like most metals can distort the electro-
magnetic field and therefore reduce tracking accuracy. The
device that is most disruptive for the electromagnetic field
within the operating room is the C-arm. If the X-ray source
or the image intensifier is too close to the electromagnetic
emitter, it can cause severe distortions [2]. Another difficulty
arises from the maximum size for the magnetic field that can
be generated by the system. The C-arm’s rotation diameter
is too large for available electromagnetic tracking systems.

Image-based orientation measurement uses a radio-opa-
que object, commonly referred to as fiducial, that is inserted
into the imaging field [3]. After a C-arm image is acquired,
the projection geometry of the fiducial is used to recon-
struct the C-arm orientation. After image acquisition, differ-
ent types of features within the fiducials must be segmented
and a computation of the projection has to be calculated.
This requires a post-processing step which eliminates the
possibility of having real-time orientation data [3]. Further-
more, the fiducial requires valuable space in the imaging field
that is needed during the intervention. It might even interfere
with the intervention as it overlays with imaged anatomy and
therefore might cause misinterpretation of the images.

Modern C-arms incorporate joint encoders. The joint
encoding feature is usually realized by mechanical, optical, or
electrical sensors. Built-in encoders are not considered stan-
dard equipment for C-arms. They are sometimes included
when the system is motorized. These systems are more
expensive than C-arms without motorization. Care facilities
with lower budgets tend not to invest in motorized C-arms.

The immediate clinical driver for this work was prostate
brachytherapy, which is one of the definitive treatment
options for early stage localized prostate cancer. Brachyther-
apy aims to eliminate cancer with radiation by permanently
implanting radioactive capsules, so called seeds, into the
prostate [4]. Brachytherapy is predominantly performed with
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transrectal ultrasound (TRUS) guidance that provides ade-
quate real-time visualization of the prostate but not of the
implanted seeds. Despite significant efforts, localization of
seeds directly from TRUS has not been clinically practi-
cal or robust. C-arm fluoroscopy is widely used for gross
visual assessment of the implant, but it cannot show the
prostate. Recently, reconstruction of implanted seeds from
fluoroscopy has become possible in standard clinical set-
tings, with average C-arm fluoroscopes [5,6]. For three-
dimensional seed localization, multiple images are acquired
atknown relative orientation. In order to make brachytherapy
seed reconstruction feasible with any mobile X-ray imaging
device, an inexpensive and robust orientation measurement
system is needed that is widely applicable, hence a retrofit
system that is convenient to install and operate. The orienta-
tion measurement system must not interfere with brachyther-
apy workflow and must deliver the orientation information in
real time, with an accuracy comparable to built-in encoders.
In brachytherapy, due to collision with the patient, table and
implant equipment, the C-arm rotates about the AP axis
within a 30° rotational cone. It has been established that
about 2 degree accuracy in rotational pose measurement of a
C-arm is satisfactory for brachytherapy implant reconstruc-
tion [5,6].

C-arm angle measurement allows several other clinical
applications, such as automatic alignment of the viewing
angle of pre-procedural volumetric images with the current
fluoroscopic view, or fused 3D display of left atrium over
the live fluoroscopy image to serve as a roadmap during epi-
cardial ablation procedures. These applications can tolerate
up to a few degrees of error in C-arm angle measurement
accuracy.

Preliminary experiments showed useful results sensing the
rotation of a miniature C-arm model with an accelerometer
used as a tilt sensor [7]. In this paper, we extend the work
to a full-scale clinical C-arm with an improved calibration
process and we evaluate the approach to recover C-arm ori-
entation using an accelerometer in the context of prostate
brachytherapy.

Materials and methods
Angle measurement with accelerometer

Innovative part of the system is the tri-axial accelerometer
sensor. Basic idea is to use the accelerometer as a tilt sensor at
static positions, which has not been done on a C-arm before.
Grzeda et al. mounted an accelerometer on a miniature model
of a C-arm that is able to simulate the rotational movement
of such a mobile X-ray machine [7]. They collected tri-axial
acceleration data for different static positions within a 30°
rotational cone. In order to validate the angle readings of the
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accelerometer, they obtained ground truth poses with a digital
webcam that tracked a checkerboard plate. The checkerboard
projection images were used to calculate the ground truth
pose of the C-arm model. Based on the promising results of
these initial experiments, we improved the system using an
accelerometer with higher resolution and we transferred the
system to a real C-arm.

By means of the acceleration measurements, the orien-
tation of the accelerometer and therefore the C-arm’s ori-
entation can be computed. Each axis of the accelerometer
measures the influence of gravity (Fig. 1).

In a static position, only acceleration induced by gravity
is applied to the tri-axial sensor. The manufacturer of the
accelerometer specifies that the measurements a,, ay and a;
of all three axes are normalized to 1G. Calculating a desired
angle in between an axis or a pair of axes with respect to
the direction of gravitational force, which is always to the
ground, is a matter of reformulating Eq 1.

2 +a? (1)

A tri-axial micro-electro-mechanical system (MEMS)
accelerometer was used in this work (1056-PhidgetSpatial
3/3/3, Phidgets Inc. Calgary, AB, Canada). The device mea-
sures acceleration in 3 axes up to 5G. The measured value
naturally incorporates the gravity vector, which is a force that
induces acceleration to any object on earth toward ground.
The three accelerometer axes are orthogonal, and each one
returns the acceleration of one axis. At a standstill, each axis
will measure in between +1.0 G depending on orientation.
This reflects the effect of gravity. The output correspond-
ing to each axis is a value proportional to the projection of
the total acceleration along its direction. The accelerometer
has a resolution of 230 g which corresponds to a theoreti-
cal angular resolution of 0.2° considering the C-arm’s radius
and applying trigonometry. The PhidgetSpatial was directly
connected to a computer via USB, and the data were acquired
using the PLUS toolkit [8].

Three-way angle measurement

We used an optical tracking system to verify the measured
C-arm angles. In addition, we calibrated the C-arm as in
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Fig. 2 Error computation of C-arm measurement methods. The error
is the difference between tracked orientation and ground truth

[3,9] and compared the C-arm angle measurement results
with built-in encoder and image-based angle measurement.
The integration of other tracking methods facilitates the
comparison of accelerometer-based tracking with compet-
ing systems. Figure 2 illustrates the evaluation process of
the accelerometer-based, the encoder-based, and the image-
based orientation estimation. The optical measurement sys-
tem is used as ground truth information. The difference
between one orientation estimation modality and ground
truth is the orientation angle error of the tracking method.
Errors in the three orientations were computed and collected
in an error statistics overview. This overview allows an accu-
racy analysis for all systems and a direct comparison in
between the different tracking modalities.

C-arm

The mobile C-arm X-ray machine used in this work is an
OEC 9800 manufactured by GE OEC Medical Systems, Salt
Lake City, Utah, USA. The C-arm has motorized primary
and secondary rotational motion axes. The definition of pri-
mary and secondary rotation axes are illustrated in Fig. 3.
The primary and secondary position angles of the C-arm are
measured by built-in sensors and displayed on the C-arm’s
screen. The image intensifier has a diameter of 12 in. featur-
ing a central resolution at 1.5 line pairs per millimeter. In
addition to its roller wheels, there are rotational and trans-
lational degrees of freedom allowing for proper positioning
of the device around the patient. The center position of the
C-arm is at 0° of the primary and secondary axis with the
image intensifier in the upper position. The maximum rota-
tion ranges of the primary and secondary rotation axis are
125° and 360°, respectively.

@ Springer



Int ] CARS

Fig. 3 Primary angle (a) and
secondary angle (b) rotations of
the C-arm

Fluoroscope tracking fiducial

Single-image-based fluoroscope tracking (FTRAC) is a
method to measure the pose of the X-ray image with a fiducial
[3,9,10]. We applied Jain’s FTRAC device, which consists
of a set of ellipses, lines, and points that can be identified
in an X-ray image. The fiducial projection creates a unique
2D image from any direction. The unique projection image
can be used to determine the pose of the fiducial pose dur-
ing image acquisition, respectively, the C-arm’s pose. The
FTRAC system that was used in the experiments was a proto-
type provided from The Johns Hopkins University. The fidu-
cial was mounted onto a stand with a holder that placed it sta-
tionary in the imaging field of the C-arm which rotated around
it, by means of a software comprised in the system, the C-
arm’s pose can be calculated by determining transformations
between the coordinate frames of the C-arm and the fiducial.

Ground truth pose

The most suitable measurement device for ground truth mea-
surement is optical tracking. The system that was used as an
optical sensor is an OptotrakCertus manufactured by North-
ern Digital Inc., Waterloo, ON, Canada. The OptotrakCertus
system is an optical measurement device used to track the
position of infrared light emitting diodes. The active infrared
stylus tracking was used to detect landmarks on the C-arm.
Landmarks are geometric bodies that are easily detectable
by the stylus. Multiple landmarks distributed on the C-arm
enable tracking of the C-arm’s rotation. More specifically,
the system enables active infrared stylus tip position tracking
with a measurement accuracy of 0.1 mm. This resolution can
be reformulated to a rotational angle accuracy of about 0.02°,
considering the approximately 1,000-mm tracked landmark
distance from the arm’s rotation axis.

Calibration
In order to improve angle measurement results, a one-time

calibration procedure is performed. The calibration work-
flow is illustrated in Fig. 4. First, the sensor is installed on
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Fig. 4 Sensor calibration workflow

the C-arm. As it is not feasible to fix the FTRAC tracking
fiducial in the field of view of the C-arm, a one-time calibra-
tion procedure is not possible for the image-based method.
The C-arm is rotated into an initial position. In this posi-
tion, two measurements are recorded: the orientation data
provided by the sensor (accelerometer or built-in encoder)
and the ground truth orientation data. Afterward, the C-arm
is rotated along one of the axes with a pre-defined angle inter-
val. In this second position, sensor data and ground truth ori-
entation data are recorded again. The records are taken for all
orientations along the maximum rotation range of the C-arm
at pre-defined intervals. After one axis is completed, the sec-
ond rotation axis of the C-arm is measured in the same way.
A calibration function is constructed by polynomial fitting of
the raw accelerometer angle measurements verses the ground
truth angles. The calibrated angle values are computed by
transforming the sensor-provided values by the calibration
function. The calibration process is only needed once after
the installation of the sensor. It does not have to be repeated
as long as the sensor is not removed from the C-arm.

Data acquisition

C-arm orientation was measured in a repetitive multi-
modality data acquisition experiment that is illustrated in
Fig. 5. The C-arm orientation was tracked for both rotation
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Fig. 5 C-arm rotation angles measured by optical tracker, accelerom-
eter, imaging the FTRAC fiducial, and by reading the values provided
by the built-in encoder

modes that are referred to as primary and secondary rotation
angles. The rotation range was chosen to cover the oper-
ating distance of the C-arm during prostate brachytherapy
procedure. Therefore, rotation motion range for both rota-
tional axes was set to 30°, which complies with a rotation of
415° around the center position of the C-arm. The measure-
ment started in the negative rotation range and the interval
in between two measurements was set to 1°. The FTRAC
fiducial was placed stationary in the center of the imaging
field by a holder, and then, the C-arm was moved into an ini-
tial position. The C-arm orientation was first measured with
the optical measurement system by touching fixed landmarks
on the C-arm with the tracked stylus. A landmark on the sta-
tionary base of the C-arm served as reference. All other land-
marks were located on the rotating parts of the C-arm. The
orientation ground truth measurement for each position of the
C-arm started with the measurement of the fixed base land-
mark. All landmarks that changed orientation due to rotation
were described relatively to the stationary reference. Subse-
quent to the recording of ground truth orientation a fluoro-
scopic image of the FTRAC fiducial was acquired. The X-
ray images were post-processed after all data acquisition was
completed to obtain orientation information. After the X-ray
image acquisition, the accelerometer reading was recorded.
The mean of the accelerometer reading with a sampling rate
of 8 ms over 1 s was calculated. The built-in encoder orienta-
tion value displayed on the C-arm screen was also recorded.
Subsequently to the data acquisition of the initial position,
the C-arm was rotated to the next measurement position. All
four orientation estimation modalities were carried out for 31
positions in the rotation range of a brachytherapy interven-
tion. This was done for both primary and secondary rotation
modes of the C-arm.

Results

The results in this section represent orientation angle esti-
mation data recorded by four tracking methods—optical
tracking (ground truth), accelerometer orientation angle esti-
mation, built-in encoder orientation angle estimation, and
image-based orientation angle estimation with the FTRAC
device. The values represent the orientation angle informa-
tion of the C-arm for 31 positions (—15° to +15°) on the
primary and secondary angle rotation axis. 0° corresponds
to the C-arm’s vertical position.

The initial orientation angle estimations without calibra-
tion for all tracking methods are plotted for primary and
secondary angle rotations in Fig. 6. The graphs show the
tracking methods estimated orientation angle values plotted
against ground truth. The built-in encoder orientation estima-
tion is very close to ground truth. The accelerometer orien-
tation estimation follows ground truth with a constant offset
for primary and secondary angle rotation. The image-based
orientation estimation has a different slope for both rotation
modes.

Figure 7 shows the orientation angle results after calibra-
tion against ground truth.

The calibration brings the tracked orientation angle data
closer to ground truth values. Calibration is not applicable
to image-based tracking; therefore, uncalibrated results are
shown for comparison. The orientation angle errors for each
position of the 31 C-arm positions of each tracking method
were calculated. The orientation angle errors of accelerom-
eter, built-in encoder, and image-based tracking estimation
for both the primary and secondary angle rotations are shown
in Fig. 8.

The mean and standard deviation of the angle error were
calculated for all tracking methods. This was done for pri-
mary angle rotation as well as for secondary angle rotation.
The initial angle errors before calibration were compared
with the angle errors after calibration. The results for pri-
mary and secondary angle rotations are shown in Tables 1
and 2.

The angle measurement error histograms shown in Figs. 9
and 10 further illustrate the outcome of the calibration pro-
cedure applied to the tracking methods.

In summary, accuracy of orientation angle estimation with
the accelerometer and the built-in encoders were both very
good. Precision of the accelerometer-based angle estimation
was much better compared to the built-in encoders, as demon-
strated by the narrower histogram shape and lower standard
deviation value. The FTRAC-based estimation method pro-
vided similar results as obtained by uncalibrated accelerom-
eter and built-in encoder. However, compared to FTRAC, the
other methods had considerable better accuracy and precision
after calibration.
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Fig. 6 Initial orientation angle
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Table 1 Mean angle errors for primary angle rotation of accelerometer,
mechanical encoder, and image-based orientation angle estimation

Table 2 Mean angle errors for secondary angle rotation of accelerom-
eter, mechanical encoder, and image-based orientation angle estimation

Primary angle Orientation angle Orientation angle error

Secondary angle Orientation angle Orientation angle error

rotation error (initial) (after calibration) rotation error (initial) (after calibration)
Accelerometer 1.3£0.1° —0.1£0.0° Accelerometer —2.6+£0.2° 0.1 £0.0°
Built-in encoder —-0.2+0.3° —0.1£0.2° Built-in encoder —14+£0.3° 0.1+0.2°
FTRAC —0.1 £1.3° N/A FTRAC —1.3+£0.3° N/A
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Fig. 10 Angle error distribution for secondary angle rotation before calibration (left) and after (right)

Discussion

The accelerometer proved to be able to provide sufficiently
accurate C-arm orientation angle estimation for both the pri-
mary and secondary rotations. The initial orientation esti-
mation of the accelerometer without calibration delivered
useful results. This was probably the outcome of a delib-
erate setup that paid attention to optimal alignment of the
tri-axial acceleration sensor when mounted onto the C-arm.
The accelerometer axes are supposed to be aligned with both
C-arm rotation axes and the direction of gravity. Since such
an alignment is laborious and subjective, we propose and
conducted a software-based calibration process that prevents
user errors during setup. The calibration procedure makes
up for any misalignments of the acceleration sensor. The

accelerometer can be fixed in any position and orientation on
the moving part of the C-arm. After calibration, it will deliver
accurate readings. Mounting the sensor becomes an easy
installation step when using a calibration method afterward.
The built-in encoder angle estimation showed also accu-
rate results regarding the C-arm’s orientation recovery. The
calibration process was able to further improve the results.
However, in the experiments, a position of the C-arm was
always approached from the same direction. This reduced
the mechanical effect of backlash of the C-arm. During com-
mon operation of the machine, the mechanical tolerance was
occasionally noticeable. This might affect the accuracy of the
built-in encoder orientation estimation and increase the ori-
entation estimation mean error of the system. FTRAC-based
fluoroscope tracking did not deliver reproducible results in
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the orientation angle acquisition evaluation. The problem was
that the calibration process for the FTRAC-based tracking
method requires the same relative position in between the
FTRAC fiducial and the C-arm for each application. In order
to accomplish this task, the FTRAC fiducial had to be posi-
tioned near the center position of the imaging field of the
C-arm, with a specified orientation. The positioning was a
laborious trial and error method, especially when trying to
cover the edges of the motion range for the brachytherapy
application motion range of 30°. Although the positioning
was carried out very carefully, sometimes the acquired X-
ray images did not contain all radio-opaque features of the
fiducial. Hence, the image segmentation necessary for ori-
entation estimation could not be achieved. It was impossi-
ble to set the system up in the same way at different times.
Therefore, the FTRAC-based angle estimation showed big
differences in the results for this experimental setup, which
made repeatable results unfeasible.

The accelerometer performance orientation estimation
was evaluated in static positions only, as during C-arm
motion, the sensor measurement includes the acceleration
caused by the rotational motion. For a preliminary evaluation
of this error, we recorded angle data computed by accelerom-
eter and optical tracker during C-arm rotation. We used the
optical tracker measurement as ground truth and found that
in 95 % of the time the accelerometer-based data (after a sim-
ple moving average filtering) had well below 1° error. This
error is already acceptable for several use cases. To fulfill
the requirements of more demanding applications—such as
cone-beam reconstruction—the angle estimation error can
be further reduced by introducing additional sensors, such as
gyroscopes and applying sensor fusion algorithm to suppress
the effect of the motion-induced acceleration.

Conclusion and future work

An accelerometer-based method to recover C-arm orientation
was compared with other tracking modalities and evaluated in
an experimental setup that simulated prostate brachytherapy
seed reconstruction. It was shown that accelerometer orienta-
tion estimation is an eligible candidate for C-arm orientation
angle tracking whenever built-in encoders are not available
or not accurate enough. The accelerometer orientation angle
readings presented similar or better accuracy and better preci-
sion than the built-in encoder of the C-arm. The accelerome-
ter also provided better angle accuracy and precision than the
FTRAC-based fluoroscope tracking system. The low invest-
ment costs and the ability to equip any C-arm model qualify
the accelerometer as a low-cost retrofit alternative for C-arm
orientation measurement. The accelerometer sensor is widely
applicable as it does not interfere with any other systems in
the operating room. The accelerometer is convenient to use
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owing to its simple installation and operation. The reading
of the accelerometer sensor is available in real time.

Accelerometer-based C-arm angle measurement was
found to be convenient and accurate enough method for
prostate brachytherapy seed reconstruction and for basic
image viewing angle synchronization and roadmapping
applications. Future research will focus on orientation mea-
surement during C-arm motion by using angular rate sensors
in addition to accelerometers.
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