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Abstract—Real-time 3D transesophageal echocardiography
(RT-3D TEE) allows 3D visualization of patient heart and
catheters without exposing patient and operators to ionizing
radiations. Nonetheless, during such procedures esophageal
injuries occur due to improper probe manipulation and probe
overheating. To tackle these problems, we propose a multisen-
sorization approach to provide information on probe pose and
temperature throughout the procedure. Electromagnetic (EM)
tracking is fused with inertial sensing thanks to a finite state
machine integrating Extended and Incremental Kalman filters.
This approach allows for a statistically significant improvement
in static tracking with respect to standard EM, as reported by
the Mann-Withney test. A novel sensor fault detection based
on angular velocities discrepancy allows for robust tracking
under different electromagnetic interferences, such as the one
provided by ferro-, dia- and paramagnetic materials occupying
the interventional room. Fiber optic technology is exploited for
temperature estimation, taking advantage of its immunity to EM
fields and the possibility of distributed sensing. Performances are
compared with a commercial thermistor to guarantee feasibility
and a root mean square error of 1.59 ◦C is finally reported. We
believe that these results demonstrate how sensing technologies
can be integrated in TEE-guided surgical procedures to improve
overall outcome and safety.

Index Terms—Sensor fusion, electromagnetic tracking, iner-
tial sensors, transesophageal echocardiography, temperature
estimation.

I. INTRODUCTION

M INIMALLY invasive transcatheter cardiovascular inter-
vention has been adopted in the late 90s to replace,

whenever possible, open-heart procedures. It enables faster
recovery and reduces pain compared with complete or par-
tial sternotomy [1]. The recent development of real-time
3D transesophageal echocardiography (RT-3D TEE) enabled
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the execution of several trans-catheter interventions under
real-time image guidance [2], [3]. However, recent studies
highlighted the occurrence of esophageal injuries after cardiac
surgery under TEE guidance. Blind probe insertion, advance-
ment of improperly placed probe and continuous adjustment
for optimal instrument guidance, together with heating of the
device and of the tissue from prolonged use, seem to be the
main causes of problems [4], [5].

Improper manipulation can cause mechanical trauma to the
esophagus due to excessive forces exerted on the tissue or
improper positioning of the tip with respect to the patient
specific anatomy. The esophageal injuries deriving from these
factors can range from minor lesions, like petechiae and
ecchymosis, to more serious lesions, like intramural hematoma
or mucosal laceration [5]. Information on tip position can help
in improving procedure safety under several aspects. It enables
registration with pre-operative data and volume compounding.
The former is used to provide a guidance thanks to pre-
operative diagnostic images, while the latter allows an increase
in the field-of-view (FoV). Additionally, after proper calibra-
tion, the knowledge on the ultrasound (US) probe tip position
allows to associate spatial information to image pixels and
thus infer the spatial pose of the imaged intracardiac catheter.
These steps can increase procedure safety by providing precise
instructions to either the human operator or a robotic arm on
how to manipulate the TEE probe and the intracardiac catheter
in order to optimally follow the specific patient anatomy. When
dealing with endoscopic devices, as the TEE, the unavailability
of free line-of-sight hampers the use of gold-standard optical
tracking, setting the need for alternative strategies such as
electromagnetic (EM) tracking [6]. Anyway, EM tracking of
surgical instruments can be compromised by magnetic field
distortions generated by nearby medical diagnostic devices
(as fluoroscopy arm), other ferromagnetic objects (as other
surgical instruments) or even by the instrument itself. To
address the effects of such disturbances in a standardized
way, several platforms and protocols have been proposed [7],
[8], [9]. While this is helpful in understanding EM tracking
potentialities for a given application, studies reported a strong
deterioration of sensor performances when moving from bench
to bedside [10]. This suggests that EM sensors alone might
be insufficient for intra-operative tracking, and more complex
strategies should be considered, pushing forward the adoption
of sensor fusion. In [11] an Extended Kalman Filter (EKF) was
considered to fuse EM information with Inertial Measurement
Unit (IMU) data to track an endoscopic device. A similar
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Fig. 1. Sensor fusion and integration schematic. Two different sensor holders are considered for position and temperature estimation. The former is a rigid
3D printed structure so to maintain the relative position of EM and IMU fixed throughout the procedure. The latter is a silicon cuff embedding a FBGs fiber
on its back. Data are acquired with sensor specific software but all streamed and analyzed in a single ROS network (to ease future robotization) achieving
high update rates.

approach was investigated in [12] to track the tip of a catheter
which should anchor to an organ for its motion estimation.
Kalman filters were also used to estimate the position of a
needle tip fusing multiple EM sensors data with kinematic
needle deflection model [13]. Multiple EM data were merged
with magnetic distortion maps through a combination of
EKF and Simultaneous Localization and Mapping (SLAM)
techniques for transrectal US probe and transbronchial needle
tracking [14], [15]. Despite this interest toward sensor fusion
to improve endoscopic and endoluminal device detection, TEE
tracking was most of the time addressed with standard EM
sensors [16], [17], [18], [19], [20]. Probe tip position data
were considered to register with other imaging techniques [16],
to increase FoV [17], to improve instrument navigation [20]
or for robotic manipulation [21], [22], [23]. In this specific
scenario, also a custom sensing approach based on permanent
magnets was investigated [24].

The endoluminal nature of the TEE probe also brings
out a peculiar issue, not evident in other US devices, as
overheating due to Joule effect, dissipating heat to surrounding
tissues. In vitro and in vivo studies observed that cell death
is triggered by a thermal dose, which can be defined as
exposure to a given temperature for a certain time. It has
been reported that cells can withstand exposure to 41◦C for
more than 10 hours but just for 1 minute to 43◦C [25].
Standard TEE-guided operations, as edge-to-edge mitral valve
procedures, can last for more than 2 hours thus exposing
the patient to thermal risk if TEE probe temperature is not
correctly handled [4]. Currently, probe overheating is not
fully addressed by commercial devices. Only few models are
provided with internal sensors and automatically shut down
when temperature exceeds a given threshold. For example,

TEE Philips user manual reports the integration of one internal
thermistor to get an alert message at 41◦C with an automatic
shutdown at 42.5◦C [26]. Similar indications can be found
also for GE Healthcare [27]. Anyhow, during an image-
guided procedure, automatically shutting down the TEE probe
means losing any US-related information on patient anatomy
and intracardiac catheter position. To continue the procedure,
surgeons need to rely solely on the use of fluoroscopy, which
is commonly used only occasionally to help checking for
proper positioning. The shutdown, that is risky per se, exposes
patient, surgeons and sonographers to an increased uptake of
ionizing radiations and thus an increased oncological risk [28].
In this scenario, a continuous temperature monitoring could
improve procedure safety by enhancing operator awareness on
the probe temperature, in order to plan in advance possible
correction actions, or by enabling automatic cooling devices.

Within this context, and following the schema reported in
Fig. 1, in this paper we address TEE probe multi-sensorization
with two objectives: (i) to stably detect TEE probe position
regardless of external disturbances and (ii) to continuously
monitor probe temperature. To achieve the former point,
sensor fusion strategies are considered to take advantage of
two independent information sources, such as EM and IMU
sensors. Major focus is placed on static probe tracking as
this is the condition when the TEE probe is placed in the
esophagus acquiring images of the heart and manipulation
of other devices in the surrounding environment occurs (e.g.,
insertion of the intracardiac catheter). In this scenario, TEE
probe position detection is fundamental to carry out volume
compounding with small tip motion or infer intracardiac
catheter position with respect to surrounding anatomy thanks
to real-time US imaging. During TEE probe insertion in the
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esophagus very little sensor interferences are expected as the
sonographer still needs to properly position the probe and thus
no other devices are manipulated nearby. The second objective
is addressed by considering optical fiber temperature sensing.
Optical fibers have been investigated for several purposes as
shape [29], force [30] and temperature sensing [31] in view
of multiple advantages of fibers, as miniaturization, chemical
inertness and immunity to electromagnetic fields. The latter
property is fundamental to avoid mutual disturbances of fiber-
based temperature estimation with position tracking.

The major contributions to advancements in TEE probe
sensorization presented in this paper are the following: 1) stan-
dardized assessment of EM sensor performances for TEE
probe through the Hummel’s protocol [8]; 2) presentation
of a novel global-local registration routine between EM and
IMU based on angular velocities as a generalization of
Chardonnens’ algorithm [32]; 3) a novel finite state machine
for sensor fusion based on the integration of EKF with
Incremental Kalman Filter (IKF) with angular velocities-based
sensor fault detection; 4) comparison of Fiber Bragg Grating
sensor (FBGs) with a thermistor for biomedical applications.
Additionally, all these sensing strategies were developed in or
bridged to the Robot Operating System (ROS) to ease future
integration in robotic platforms. Last, pose and temperature
estimation were considered separately for setup simplification,
as optical fibers immunity to electromagnetic fields does not
alter electromagnetic sensors performances and viceversa.

The remainder of this article is organized as follows:
Section II describes the hardware components and the software
framework. Section III is dedicated to the EM-IMU regis-
tration and sensor fusion, whereas Section IV presents the
comparison between thermistor and FBGs. Section V reports
and discusses experimental results and Section VI remarks on
the conclusions and the future perspectives stemming from this
article.

II. HARDWARE AND SOFTWARE COMPONENTS

In this section the details on the experimental setup, in terms
of hardware and software components, are reported including:
(i) the selected TEE probe, sensors, design and fabrication
of sensor holders and platforms for validation; (iii) software
integration.

A. Hardware: TEE Probe, Sensors and Holders

In this study, the RT-3D TEE probe manufactured by GE
is considered as the device to be sensorised (6VT-D, GE
Healthcare, Chicago, Illinois, USA). An Aurora Micro 6DOF
Sensor (Northern Digital, Inc., Waterloo, Ontario, Canada)
with a Planar Field Generator (PFG) is selected as EM sensor
to track TEE tip position and orientation. To assess sensor
performances in a standardized way, the Hummel’s protocol
is considered [8]. The validation platform consists of a main
Plexiglass plate with a 4x4 grid of holes spaced 50 mm
apart and dedicated to position measurements. The grid has
been obtained by laser cutting machining (VLS4.75, Universal
laser systems). In the center, a circular pattern of 32 holes in
radius of 50 mm and spaced 11.25◦ apart from each other is

Fig. 2. Design of the experimental platform for the assessment of EM perfor-
mances through Hummel’s protocol. In panel a) plate for grid measurements
(Hummel board), adapter for rotation measurements and multilevel structure
are shown. Panel b) depicts the probe configuration for rotations along the
tree different axes (i.e., roll, pitch and yaw).

exploited for accurate measurements of rotations. In addition,
a Plexiglass structure has been designed to place the main plate
at 4 different levels (L1-4) spaced by 50 mm (see Fig. 2a). To
firmly attach the EM sensor to the probe tip allowing also the
connection to the assessment board, a custom-made holder is
3D printed (Prusa i3 MK3S+). It is characterized by a site
aligned with shaft long axis for EM sensor placement on the
back surface of the probe tip and cubic pillars along three
orthogonal axes to investigate tracking performances during
roll, pitch and yaw rotations (see Fig. 2b). The holder also
allows the integration of an inertial sensor for measuring the
device pose (MTi-7-DK, Xsens Technologies, Enschede, The
Netherlands) on the backside of the probe. The two sensors are
placed close together on the small back surface of the probe
tip, which is 41 mm in height and 16 mm in length.

Last, an FBG sensor (FBGS International NV, PR2022
14 62 06S03) is tested along with a thermistor (Amphenol,
Thermistor NTC. MC65F502BN) with the purpose to compare
their performances on temperature estimation. The FBG was
connected to the interrogator (FBGS-scan 904), a specialized
hardware that generates the optical source and provides the
optical fiber feedback accessible via ILLumiSense (v3.1.23)
program. To secure the fiber in place on the back of the
probe, a silicone cuff of 2 mm thickness was created (Smooth-
on, Smooth-Sil 936). This allows also to evaluate different
sensors-probe integration approaches.

B. Software Integration

Recent studies highlighted the potential of robotic US to
improve and standardize image acquisition for both extra-
corporeal and TEE probes [33]. To ease future integration
of the presented sensing strategies with robotic control (e.g.,
automatic and motorized insertion and navigation of catheters),
a ROS network managing data acquisition and elaboration is
developed. The IMU of Xsens already provides inertial data at
100 Hz to a ROS topic when connected to its own electronic
board. EM sensors data are streamed at 40 Hz to a ROS
topic thanks to the use of OROCOS middleware. On the other
hand, FBGs data can only be acquired with the ILLumiSense
program that is not available for Ubuntu operating systems.
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This constraint makes necessary the use of two different
computers with custom communication and ROS integration.
Thus, FBGs data are streamed locally on a Windows computer
thanks to ILLumiSense. A Python (v2.7.18) script is used
to republish them over the Internet on a Mosquitto message
broker (v1.6.9) using the MQTTv3.1.1 protocol. A bridge node
on the Ubuntu computer subscribes to the broker topic and
converts MQTT messages into ROS messages publishing them
at 100 Hz to the ROS network.

The ROS network is able to collect data from the three
different sensors and process them through dedicated nodes.
Temperature estimates are retrieved by simply averaging mea-
surements of the last two gratings. Pose information is instead
computed considering EM data upsampling via sample and
hold strategy (to let them reach 100 Hz as IMU data), EM-
IMU registration and fusion, which are detailed in the next
sections.

III. FINITE STATE MACHINE KALMAN-BASED SENSOR

FUSION FOR EM AND IMU SENSORS

The Kalman filter is an iterative algorithm exploiting a
statistical approach to provide estimates of unknown variables.
It is based on a prediction step, in which new variables
values are foreseen based on a physical model describing
the observed system, and on an update step, where sensor
measurements are used to refine variable values [34].

Throughout this article, the following nomenclature is con-
sidered. Scalars are denoted by lowercase fonts (e.g., ωx),
vectors by bold lowercase fonts (e.g., ω) and matrices by
bold uppercase fonts (e.g., K). The rotation matrix from
reference frame A to B is indicated as RA

B, the nxn identity
matrix is specified by In, * indicates the complex conjugate
and × indicates the quaternion product. Last, when dealing
with the Kalman filter, xk+1k indicates the prediction of x at
step k + 1 based on its value at step k, while xk+1|k+1 indicates
the update of x at step k+1 based on its prediction at step
k + 1.

In the next subsections, details on the novel approaches for
sensor data registration and fusion are provided.

A. Sensors Registration

One of the main applications of Kalman filters is to combine
data from different sources to improve the final estimate.
Anyway, since every sensor is providing data in its own local
or global reference frame, a fundamental step before sensor
fusion is registration. It allows to align sensor reference frames
and thus makes information coherent between them. There
are several methods tackling registration based on the well-
known hand-eye calibration problem. Anyway, most of them
consider Paired-Point Alignment (PPA) requiring as input a set
of 3D points acquired by the two different measuring systems.
Instead, when dealing with inertial sensors we need to consider
Paired-Orientation Alignment (POA), which just requires 3D
orientations (the only common information between IMU and
EM) and output rotation rather than transformation matri-
ces [35]. An example of POA is the Chardonnens’ method,
which allows to compute the rotation matrix between local

Fig. 3. Rotation matrices between local and global reference frames. The
EM sensor is providing the rotation matrix RAurora

Coil , while RENU
IMU is given by

IMU data. The goal of the registration routine is to compute the local rotation
matrix RIMU

Coil and the global one RAurora
ENU .

reference frames of two relatively fixed sensors from local
angular velocities ω [32]. Since the two sensors are relatively
fixed and attached to the moving target, the measured angular
velocities should just differ by the initial misalignment of the
two reference frames. This assumption is correct also in the
global systems, as IMU global reference frame is the East-
North-Up (ENU) world reference frame and the EM global
reference frame is fixed to the PFG. Thus, given the real-
time availability of the rotation matrices RAurora

Coil (from PFG
to EM sensor, as in Fig. 3) and RENU

IMU (from ENU to IMU) in
forms of quaternion, we would like to estimate the constant
rotation matrices RIMU

Coil and RAurora
ENU , between local and global

frames respectively. These can be computed by extending the
Chardonnens’ method also to global frame registration, as the
underlying assumptions still hold, if global angular velocities
� are available. Both local and global angular velocities can be
easily retrieved exploiting quaternions q, as reported in eq. 1-2

ω = limdt→02Im

(
q∗(t) × q(t + dt)

dt

)
(1)

� = limdt→02Im

(
q(t + dt) × q∗(t)

dt

)
(2)

where Im denotes the imaginary part of the complex
quaternion product, which is not commutative.

B. Sensor Fusion

To exploit the general Kalman filter theory described in
eq. (1)–(8) it is necessary to define a state vector x, a
measurement vector z and the measurement and model equa-
tions f and h. In our case study, the state vector is xk =
[q,ω, p, v, a] representing TEE probe tip orientation, angular
velocity, position, velocity and acceleration, respectively. The
measurement vector zk is instead defined as [qEM, pEM,
qIMU, ωIMU, aIMU], where subscripts indicate the information
source. The formulation of the state transition function f is
reported in (3)–(8).

qk+1|k =
⎛
⎝cos

(∥∥ωk|k
∥∥dt

2

)
I4 +

sin
(‖ωk|k‖dt

2

)
∥∥ωk|k

∥∥ L
(
ωk|k

)⎞⎠qk|k

(3)
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where L is given by [36]

L(ω) =

⎡
⎢⎢⎣

0 ωz −ωy ωx

−ωz 0 ωx ωy

ωy −ωx 0 ωz

−ωx −ωy −ωz 0

⎤
⎥⎥⎦ (4)

ωk+1|k = I3ωk|k (5)

pk+1|k = pk|k + dtI3vk|k + dt2

2
I3ak|k (6)

vk+1|k = vk|k + dtI3ak|k (7)

ak+1|k = I3ak|k (8)

Equations (5) and (8) might be interpreted as assumptions
of constant rotation velocity and linear acceleration for the
body to be tracked. This is done to exploit the Kalman filter
for low-pass filtering raw sensor data and thus removing high-
frequency noise. From eq. (3) it is also clear how the developed
filter is not linear in the state evolution, thus motivating the
adoption of the EKF formulation. On the other hand, the
formulation of the measurement model h is linear in the state
and provided in eq. (9).

zk+1|k =

⎡
⎢⎢⎢⎢⎣

I4 0 0 0 0
0 0 I3 0 0
I4 0 0 0 0
0 I3 0 0 0
0 0 0 0 I3

⎤
⎥⎥⎥⎥⎦xk+1|k (9)

The model covariance matrix P is initialized as a diagonal
matrix with values equal to 0.0001 reflecting the assumption
of knowing the initial state with a small variance. The model
error covariance matrix Q is defined as a diagonal matrix
with values equal to 0.00003, taking inspiration from [12].
This basically states that we are describing the physics of the
phenomena under observation in a precise and confident way.
Finally, the measurement error covariance matrix R is initial-
ized by sensor performances reported in the datasheets and
updated at each iteration thanks to the variance propagation
rule, since in the measurement vector we are considering also
indirect sensor measurements as qIMU. Last, it is possible to
exploit both Extended and Incremental Kalman Filter (IKF)
formulations with a finite state machine. This approach is
grounded on the experimental observation that the EM sensor
data are reliable in absolute value only when working in a
controlled environment. When a magnetic perturbation occurs,
we can distinguish between two different phases, a transient
and steady-state phase. In the transient phase, sensor data
are characterized by unpredictable oscillations and thus are
completely unreliable. On the other hand, during the steady-
state phase sensor data can be considered reliable only if
computing the relative increment, since they are affected
by a constant bias, and so IKF allows an improvement in
performances [37]. For these reasons, we develop a finite state
machine that manages to integrate EM and IMU sensor data
differently based on the three possible scenarios:

• State 1. A magnetic perturbation never occurred. EM
data can be considered as reliable and directly integrated
with registered IMU data via an EKF.

• State 2. A sensor fault has been detected and we are in
the transient perturbation phase. EM data are unreliable;

Fig. 4. Schematic representation of the proposed finite state machine. State
1 (S.1) corresponds to the unperturbed case, while State 2 (S.2) and State 3
(S.3) correspond to the transient and steady state of interference, respectively.

thus, the output pose is solely based on IMU data
integration.

• State 3. A sensor fault has been detected but we are in
the steady-state perturbation phase. EM data are reliable
if taken as incremental measurements, thus an IKF can
be exploited.

In State 3 the implemented filter cannot be exactly defined
as a standard IKF since measurement increments zk+1|k+1 −
zk|k are not directly used as inputs of filter update step. Indeed,
measurement increments are exploited to adapt the last reliable
measurement in order not to change the following integration
equations.

Transition among states is determined by the value of a
control variable defining goodness of EM data. Commonly,
magnetometer data are exploited to detect EM sensor
faults [12]. Anyway, this strategy is not sensitive to pertur-
bations from diamagnetic or paramagnetic materials, such as
copper or aluminum, respectively, but just to perturbations
from ferromagnetic materials such as iron. A new control
variable defined as the norm of angular velocities devia-
tion between the one computed with IMU and EM data
is proposed. Any perturbation will disturb EM sensor data
causing deviations in sensor position and orientation estimates.
The deviations on orientation will reflect in high instantaneous
angular velocities, with no match on the IMU gyroscope data
and generating easily detectable peaks in the control variable.
An overview of the proposed finite state machine is reported
in Fig. 4, which illustrates that it is not possible to go back to
State 1: once EM sensors are perturbed, their measurements
should be considered as incremental.

IV. FBGS FOR TEMPERATURE ESTIMATION

Continuous and precise temperature estimation can be bene-
ficial to improve TEE-guided procedures safety, by improving
the way in which TEE overheating is currently handled (e.g.,
enabling the development of cooling systems). With respect
to standard thermistors currently integrated in commercial
devices, optical fiber-based sensing provides several advan-
tages such as distributed sensing and higher update rates. To
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investigate the reliability of FBGs (FBGS International NV,
PR2022 14 62 06S03) temperature estimation, a comparison
with a commercial thermistor (Amphenol, Thermistor NTC.
MC65F502BN) is carried out. The two sensors are immersed
in a water reservoir with different temperature excursions,
controlled with a hot plate (IKA C-MAG HS7) equipped with
its own thermocouple (IKA ETS-D5). In particular, a condition
mimicking probe overheating is simulated. At first, a sudden
change in temperature is produced from room temperature
(around 22-25◦C) to 37-38◦C (resembling internal human
body temperature). Secondly slow heating up to 50◦C is
produced to emulate probe overheating. Last, sudden change
from 50◦C to room temperature is used to simulate probe
extraction. These conditions are deemed relevant for the
specific application. These experiments are also carried out
with FBGs free and integrated in the silicon shield to evaluate
whether the silicon cuff will hamper precise temperature
estimation.

V. EXPERIMENTAL RESULTS

This section illustrates the evaluation of the sensorization
strategies performances in terms of: (1) EM accuracy and
precision in position and orientation estimation based on
Hummel’s protocol; (2) sensor registration performances; (3)
stability and improvements of the sensor fusion estimate with
respect to standard EM; (4) estimated temperature deviations
between FBGs and thermistor.

A. Hummel’s Board

Precision and accuracy are two standard metrics for sensor
evaluation as they provide information on data dispersion
and deviation from ground truth, respectively. When dealing
with the Hummel’s board, position accuracy, Accp, is com-
puted as the absolute deviation between ground truth grid
points distance (known by design), dgt, and the measured
Euclidean distance, di, between two locations, pi, where di =
‖pi − pi+1‖; pi = [(

∑Ns
j=1 pij)/(Ns)]; pi ∈ R

3; i = 1, . . . , NL

represents the number of locations and j = 1, . . . , Ns the
number of samples. Three different ground truth distances can
be computed, depending on the considered grid points, namely
50, 100 or 150 mm. The orientation accuracy, Acco, is sim-
ilarly calculated considering the absolute difference between
the ground truth rotation angle (known by design), αgt, and
the measured angle, αi, between two pairs of rotations, qi.
Since rotation measurements are collected in quaternion form,
the peculiar math for this kind of information representation
should be considered. Thus, the angle between two quaternions
can be computed as: αi = 2 cos−1(qiq

∗
i+1); where i =

1, . . . , No represents the number of tested rotations. Let qiq
∗
i+1

be the true difference between two quaternions. The average
quaternion q can be found by maximizing q = arg max qTMq,
where M �

∑Ns
j=1 qjqT

j and j = 1, . . . , Ns represents the
number of samples. Thus, the average quaternion is retrieved
as the eigenvector of M corresponding to the maximum
eigenvalue [38].

Position precision, Prep, for each location is simply
defined as the standard deviation of measurements,

Fig. 5. Experimental results on the Hummel’s board. (a) Experimental setup.
(b) Position and orientation accuracies for different grid distances and rotation
axes, respectively, in form of boxplots. Red stars represent outliers.

Prep =
√

(1/Ns)
∑Ns

j=1

∥∥pij − pi

∥∥2. The same strat-
egy is adopted for orientation precision, Preo =√

(1/Ns)
∑Ns

j=1

(
2 cos−1

(
qijq∗

i

))2.
Assessment platform and numerical results on EM sensor

errors using the Hummel’s board are reported in form of
boxplots (Fig. 5). The median position accuracies for 50,
100, 150 mm distance errors with the GE probe are 2.07,
2.99 and 3.88 mm respectively, thus the relative percentage
error is always lower than 5%. The median position precision
was 0.08 mm. The median orientation accuracy and precision
are 0.41◦(pitch), 1.11◦(roll), 0.36◦(yaw) and, 1.48◦ (pitch),
1.94◦ (roll), 1.43◦ (yaw), respectively.

B. Local-Global Registration

RIMU
Coil and RAurora

ENU are estimated thanks to the extension
of Chardonnen’s method as reported in Section V-A. The
registration error to evaluate the reliability of this strategy can
be defined as the discrepancies between EM sensor orientation
provided by Aurora, represented by RAurora

Coil , and the IMU-
based estimation, given by the following rotation matrices
concatenation RAurora

ENU RENU
IMU RIMU

Coil .
The median registration errors on x, y and z Euler angles

are: −5.15◦, −1.14◦ and 2.86◦, respectively.

C. EKF-IKF Sensor Fusion

To evaluate the robustness of the sensor fusion finite
state machine and angular velocity-based EM fault detection
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Fig. 6. Static results of the EKF-IKF-based finite state machine. In panel a)
the experimental setup is shown, accounting of the TEE sensorized probe, US
station, PFG and interfering cubes. Panels from b) to d) reports the tracking
error boxplots on x, y and z of EM tracking VS sensor fusion for ferromagnetic
(Fe cube), diamagnetic (Cu) and paramagnetic (Al) interferences, respectively.
An indication on PFG reference frame is provided in Fig. 5.

approaches, three different cubes (30x30x30 mm3 of iron, Fe,
copper, Cu, and aluminum, Al) were positioned nearby the
probe to mimic transient and steady state perturbations by

different metallic objects. The three cubes were placed, one by
one, between the sensorized probe, at known position (ground
truth, GT) retrieved with an Aurora 6DOF probe, and PFG.
This process was repeated three times for each cube in order to
evaluate system repeatability. For these experiments, as there is
no need to assess sensor fusion performances on all Hummel’s
board grid points and no standard protocol were found in
literature, a 3D printed rail was considered. Raw EM data and
sensor fusion output were compared with the GT to evaluate
for system robustness and noise rejection. The experimental
setup and results are reported in Fig. 6.

The proposed approach allows to significantly reduce the
tracking error, especially on the z direction which is the most
affected one by perturbances since is the only one along
which interfering objects can be placed in between sensors
and PFG (refer to Fig. 5 for an indication on the reference
frame). Numerical results in the form of tracking error mean,
median, standard deviation (σ ) and interquartile range (IQ) are
reported for x, y and z directions in Table I-III for the different
interferences.

Last, statistical tests have been considered to objectively
evaluate the finite state machine performances. A One-
Sample Kolmogorov-Smirnov normality test was performed
on the tracking errors after z-score normalization. It was
observed that error distributions do not follow a normal
distribution (p-value < 0.05). Additionally, a Mann-Whitney
U-test demonstrated that the improvement of the sensor fusion
strategy in position tracking with respect to standard EM
sensors is statistically significant (p-value < 0.05) in all
directions (x, y, z) and materials (aluminum, copper and iron
cubes), with the exception of z direction with iron cube
(p-value = 0.8).

D. FBGs for Temperature Estimation

The root-mean-square error (RMSE) between FBGs and the
thermistor is calculated for each test run (FBGs free vs in the
silicon). The first set of tests (FBGs free) shows an average
RMSE of 1.59 ◦C, while the second set of tests (FBGs in
silicone) shows an average RMSE of 4.35 ◦C. This increase
in RMSE is due to the fact that the silicone shield affected
the measurements when sudden temperature changes occurred.
However, this feature does not affect the measurement of
interest of gradual temperature fluctuations (see Fig. 7), which
are the ones occurring during probe overheating for prolonged
use in the esophagus.

VI. CONCLUSION & FUTURE OUTLOOK

This paper presents a novel multi-sensorization approach to
improve safety during TEE-guided intracardiac interventions.
These procedures are characterized by esophageal injuries for
improperly placed and moved TEE probe and overheating.

To monitor TEE probe status over the procedure, we
propose the use of sensors for position and temperature
estimation. Specifically, sensor fusion between EM and IMU
is developed for robust tracking, regardless of surrounding
interferences, while FBGs is proposed for temperature sensing.
A standardized assessment of EM performances for static
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TABLE I
SENSOR FUSION RESULTS. NUMERIC VALUES FOR IRON PERTURBATION

Axis Mean [mm] Median [mm] σ [mm] IQ [mm]

EM KF EM KF EM KF EM KF
x 0.35 0.17 0.23 0.14 0.31 0.12 1.70 0.58
y 0.61 0.38 0.19 0.18 0.67 0.51 2.08 2.67
z 1.42 0.49 0.23 0.38 1.93 0.47 5.54 2.52

TABLE II
SENSOR FUSION RESULTS. NUMERIC VALUES FOR COPPER PERTURBATION

Axis Mean [mm] Median [mm] σ [mm] IQ [mm]

EM KF EM KF EM KF EM KF
x 0.27 0.19 0.19 0.12 0.24 0.20 1.61 1.11
y 0.53 0.13 0.17 0.10 0.56 0.13 1.80 0.96
z 1.19 0.38 0.23 0.35 1.45 0.28 5.61 1.17

TABLE III
SENSOR FUSION RESULTS. NUMERIC VALUES FOR ALUMINUM PERTURBATION

Axis Mean [mm] Median [mm] σ [mm] IQ [mm]

EM KF EM KF EM KF EM KF
x 0.33 0.20 0.28 0.18 0.25 0.14 1.60 0.89
y 0.55 0.29 0.45 0.18 0.45 0.57 1.72 5.62
z 1.84 0.45 0.57 0.26 1.79 0.62 5.78 4.40

Fig. 7. Comparison of sensors performances for temperature estimation. In
panel a) temperature profiles detected by thermistor, free FBGs and FBGs
embedded in the silicone cuff are reported with different colors. The arrow
highlights the increase in response time between the different configurations.
Despite this, FBGs data closely match thermistor measurements during
the slow heating phase, which is the most representative for TEE probe
overheating. This is further highlighted in panel b) where the absolute error
profiles between the two conditions against thermistor are reported. During
the slow heating phase, the temperature estimation error tends to zero for both
the considered scenarios.

TEE probe tracking is performed on the GE probe through
Hummel’s protocol. To the best of our knowledge, despite
the extended use of these sensors for TEE probe tracking,

a similar evaluation is still missing even though examining
EM potentialities for the specific application is fundamental.
Results on the 6VT-D TEE probe (GE Healthcare, Chicago,
Illinois, USA) highlights position and orientation accuracies
around 2 mm and 1◦, respectively, which are comparable to
values reported in literature on other ultrasound devices, as 2D
and 4D hand-held probes [39], [40]. As these performances
are expected to worsen when moving to the operating room,
a finite state machine based on the combination of EKF
and IKF is proposed to perform sensor fusion between EM
and IMU, achieving a statistically significant improvement as
confirmed by the Mann-Whitney U-test. Local Chardonnens’
registration method is extended to global reference frames,
with mean registration error of 3◦. The limited performances,
comparable with other state-of-the-art POA solutions [35], can
be explained considering that IMU orientation is estimated
with accelerometer and magnetometer data, which can be
altered during acquisition by the magnetic field generated by
the Aurora PFG (even after proper calibration). This issue was
already reported in [35] where authors proposed to place IMU
and EM sensors at least 3 cm apart one from the other to
limit such distortions and improve registration performances.
Anyway, in our application this is unfeasible since sensors
should be placed on a small TEE probe tip. A novel EM
sensor fault detection based on angular velocities is presented.
This is advantageous with respect to magnetometer-based
fault detection as it allows to be robust and sensitive to
different interference sources, such as ferro- and paramagnetic
materials. This approach is used to switch between EKF
and IKF in a finite state machine-based fusion algorithm.
Statistical tests, as the Mann-Whitney nonparametric U-test,
demonstrated a consistent improvement of our method with
respect to raw electromagnetic data in tracking performances.
Only on the z direction for the iron cube disturbances the
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proposed sensor fusion approach did not outperformed stan-
dard EM tracking. This is likely due to the fact that the z
direction is the only one along which disturbances can be
placed in between EM sensor and PFG (see Fig. 5a for a
schematic on the Aurora reference frame) and that iron, being
ferromagnetic, represents the greatest source of disturbances
among the ones tested for the EM sensors. Anyway, the
positive action of sensor fusion in reducing tracking error
magnitude is evident from boxplots in Fig. 6b. Independently
on the applied disturbance, the maximum tracking error is
lower than 3.47 mm, as reported in [12], with the exception
of few data points with the Al cube right before EM fault
detection and IKF activation. The maximum tracking error
with iron or copper disturbances is 2.67 mm (23% lower than
the one reported in [12]). The outliers present with the Al
cube occurs during the transition phases (i.e., when the cube is
approaching or leaving the EM sensor). This is due to the fact
the being Al paramagnetic it has lower interfering properties
than Fe and Cu (ferro- and diamagnetic respectively) and
thus the interference detection is less prompt allowing few of
the first corrupted EM tracking points to be still considered
valid. Last, FBGs-based temperature estimation is evaluated
by comparing fiber performances with a commercial ther-
mistor for biomedical applications. Tests based on sensors
immersion in hot water reservoir with controlled temperature
dynamics report a RMSE of 1.59 ◦C. This value increases
up to 4.35 ◦C when embedding FBGs in the silicon cuff.
However, this increment is mainly related to fast temperature
changes and a lowered response time of the sensor. These
rapid changes cannot be associated to probe overheating
throughout the procedure, which is expected to be a slow
phenomenon.

While these preliminary results provide insights on a multi-
sensorization approach for TEE probe, several improvements
are foreseen in the near future. We intend to extend the novel
sensor fault detection and finite state machine EKF-IKF based
sensor fusion also to dynamic scenarios, so to tackle all the
procedural steps. Temperature estimation with FBGs should
be exploited to develop automatic cooling system in order to
avoid probe shutdown or retraction during delicate intracardiac
catheter control. Last, the availability of sensor results in ROS
will be exploited for integration in a robotic platform, enabling
teleoperation or automatic control for probe manipulation.

CODE AVAILABILITY

The C++ and MATLAB codes used in this paper for
the proposed generalized Chardonnens’ registration and the
finite state machine based on the integration of EKF
and IKF are available at the following GitHub repository:
https://github.com/giovanni-faoro/TEE-probe-sensorization.
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