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Local One-Dimensional Motion Estimation Using
FBG-Based Shape Sensing for Cardiac Applications

Omar Al-Ahmad , Mouloud Ourak , Johan Vlekken, and Emmanuel Vander Poorten

Abstract—The human heart is a fragile and dynamic organ
that requires careful approach during catheter intervention. It
is essential for physicians to have a high degree of awareness of
the anatomy and the relative pose of the catheter when operating
inside the heart. One of the key aspects that can aid physicians dur-
ing such interventions is knowledge of the heart’s motion profile.
Accordingly, this work addresses the objective of estimating local
predominantly one-dimensional heart motions by making use of
FBG-inscribed multi-core fibers and shape sensing. An FBG-fiber
embedded in a cardiac catheter is propagated towards a designated
region in the heart, where a force sensor at the tip of the catheter
is used to identify contact with the heart tissue. The catheter’s tip
position is continuously monitored during contact with the moving
tissue. The proposed method is able to determine the direction of
the local surface motion and estimates the evolution of the motion
profile through time. An Unscented Kalman Filter (UKF) is thus
employed to provide continuous quasi-periodic estimation of this
motion. Experiments on a bench-top laboratory heart mock-up
were carried out to validate the proposed approach. Results show
that the proposed method can provide accurate estimations of
the heart motion profile with an absolute mean error of 1.1 ±
0.4 mm (9.2%) for motions with average peak-to-peak amplitudes
of 12 mm.

Index Terms—Catheters, medical instruments, motion
estimation, shape, pose estimation.

I. INTRODUCTION

A. Medical Overview

Cardiovascular diseases (CVDs) have become a global epi-
demic due to their high prevalence worldwide [1]. The num-
ber of hospitalizations due to CVDs increases yearly [2]. As
a consequence, the number of CVD related procedures, both
for diagnostic and treatment purposes, is undergoing a steep
increasing trend. For example, there are over one million cardiac
catheterization procedures performed annually in the United
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States alone [3]. The success rate for a given procedure depends
on several factors such as the used instruments and tools, the
skills of the physician, and the procedural technique [4]. Another
factor that determines the success of a procedure is the aware-
ness level of the physician [5]. Nowadays, physicians heavily
rely on fluoroscopic guidance for vasculature navigation and
localization [6]. However, fluoroscopic guidance only provides
two-dimensional sparse images of the scene. Delivering extra
information about the vasculature and the cardiac environment
could increase the physician’s level of awareness, resulting in
increased safety, confidence, and subsequently success rates.
Heart tissue is soft, compliant, and dynamic requiring care and
precision during interaction. Physicians could be aided in their
interventional tasks by providing them with extra information
about the heart’s motions. For example, in radio-frequency abla-
tion (RFA) procedures, the contact force between the catheter’s
ablation tip and the heart wall should preferably remain within
predefined limits, 0.1−0.4 N [7]. If the heart motion profile
in the local ablation site is known, it could be fed to a catheter
controller to track the heart motion or the contact force. Alterna-
tively, knowledge of the local heart motion could be conveyed to
the physician for other purposes such as planning or statistical
analysis. This information could also aid in the evaluation of
proper cardiac function and used in bio-mechanic studies to
understand cardiac physiology [8].

B. Prior Work

The topic of heart motion estimation has already been tackled
in several prior works. In general, the majority of techniques
employed for this task rely on one the following imaging
modalities: a) fluoroscopy [9], [10], b) ultrasound [11], [12],
c) computed tomography (CT) [13], [14], d) camera vision [15],
[16], or e) ECG-gated magnetic resonance (MR) [17]–[19].
While the underlying techniques and algorithms may differ
between the aforementioned imaging modalities, the general
work-flow is similar. The methods initially start by acquiring
an image, or several images, of the scene. These can be two or
three-dimensional, based on the imaging technique used. The
desired part of the image, otherwise known as the region of
interest (ROI), is cropped out from the full image. The heart
motion profile can be consequently extracted in several ways,
e.g. through feature or marker detection and tracking. Image
processing and machine learning techniques, or a combination
of both, are often employed to carry out the aforementioned
tasks. The limitations of imaging techniques for the purpose of
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Fig. 1. Illustration of a catheter enclosed by a protective sheath that is
navigated towards the left atrium inside the heart, through the septum. The
catheter makes contact with heart tissue and moves alongside with it.

heart motion estimation include: a) health risks to the physician
or patient (e.g. fluorscopy, CT), b) limited image resolution (e.g.
ultrasound, cameras), c) difficulties in image segmentation [20],
[21], d) difficulties in marker or landmark detection [20], e) effort
needed to calibrate or register the sensors, and f) difficulty to
map this information to a coordinate frame of an interventional
catheter. A common aspect in most aforementioned imaging
modalities is that an external, potentially bulky or invasive,
imaging device is required. Nonetheless, imaging techniques
in their various forms, have so far dominated the medical scene.

C. Objectives & Contributions

In this work, an original method based on catheter tip tracking
is developed to estimate local heart motion that is assumed to be
quasi-periodic and predominantly act along a single dimension.
The mitral and tricuspid valve annuli have been found to display
such motion profiles [22], [23], and are therefore considered to
be the main application areas for this work (see Fig. 1). Catheter
tip and shape tracking can be achieved in several ways, e.g.
electromagnetic (EM) tracking [24], [25], medical imaging [26],
[27], and fiber optic shape sensing [28], [29]. The latter is chosen
for this purpose as it offers real-time shape and pose tracking
capabilities, is immune to electromagnetic interference, and can
be conveniently integrated within cardiac catheters. A multi-core
fiber (MCF) with inscribed fiber Bragg gratings (FBGs) is thus
embedded within one of the internal channels of a cardiac
catheter. The catheter is also equipped with a uni- or multi-axial
force sensor at the tip to verify contact between the catheter tip
and the cardiac tissue. Several types of catheter tip force sensors
developed commercially or described in the literature [30]–[32]
could be used for this purpose. Note that utilizing a multi-axial
force sensor alone may give instantaneous information about
the direction of the heart motion but does not provide complete
information regarding its time-varying amplitude. Catheter tip
tracking in conjunction with contact sensing is therefore neces-
sary for estimating the full motion profile.

This work is concerned with applications where the catheter
tip has already established a safe, repeatable, and stable contact

Fig. 2. Illustration of a catheter in contact with heart tissue during a cardiac
cycle: (a) three-dimensional view, (b) simplified two dimensional view. 1©
sheath, 2© catheter tip trajectory for the complete cycle, 3© local heart surface,
4© catheter. �Vh represents the vector pointing along the heart motion direction,

and �Vs represents the vector pointing in the catheter tip slipping direction.

with the dynamic heart tissue. It introduces a potential work-
flow and dedicated catheter tip tracking algorithms necessary
to obtain temporal one-dimensional motion profiles of localized
regions within the heart. An Unscented Kalman Filter (UKF)
is employed to estimate these motion profiles in real-time. To
the best of the authors’ knowledge, catheter tip/shape tracking
has not been exploited before to estimate cardiac motion. The
contributions of this work are thus as follows:

1) providing a novel method for one-dimensional local heart
motion estimation using MCF-based shape sensing and
catheter tip contact sensing;

2) experimental validation of this method on a bench-top
laboratory heart mock-up.

II. PROBLEM DESCRIPTION

A. General Overview

Following a description within a clinical context, when the
catheter reaches the targeted region within the heart, it is made to
establish initial contact with the moving heart wall. The catheter
is advanced until the contact force between the catheter tip and
the heart wall reaches a value just below a predefined clinically
determined threshold. Note that in this work, it is assumed that
the peak contact force increases when the catheter is moved
towards the cardiac tissue, and decreases when the catheter is
moved away from the cardiac tissue. Considering that the contact
force between the catheter tip and the heart wall is always below
the predetermined force threshold, a distinction is made between
two potential scenarios: the catheter makes contact with the heart
wall during (1) the complete cardiac cycle; and (2) part of the
cardiac cycle, but loses contact for the other part. In the former
scenario, the catheter tip will continuously follow the heart’s
motion. In the latter scenario, the catheter tip will follow the
heart’s motion only during a portion of the cardiac cycle. Both
scenarios are considered and tackled in the following sections.

B. Shape of the Catheter Tip Trajectory

Tissue within the heart chambers is generally smooth and
slippery. This is due to the inherent nature of the heart tissue
and the presence of lubricants, e.g. blood. Hence, if a catheter
is to make a low-force contact with the moving heart tissue, it
would tend to slip along its surface during the beating cycle. This
behaviour is illustrated schematically in Fig. 2. The catheter tip
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motion is thus decomposed into two main directions, �Vh and �Vs.
Here, �Vh is defined as the vector that points in the direction of
the local heart motion, while �Vs is the vector that points in the
direction of catheter slip over the heart surface or deformation of
the heart surface in the direction that is not aligned with the heart
motion. The magnitude of these two vectors varies throughout
the motion cycle. The following assumptions are made about the
motion of the heart wall:

1) the magnitude and direction of motion within a small local
surface area of the heart is identical over that area. The
extremities of this area are identified based on the furthest
points of the catheter tip trajectory during the cardiac
cycle. For example, if the peak-to-peak (PTP) amplitude of
the heart motion is 10 mm, then the area can be maximally
100 mm2, assuming full catheter slip.

2) motion within this local surface area is assumed to be
predominantly one-dimensional throughout the cardiac
cycle. This assumption holds for local regions within
the heart where the motion direction acts predominantly
along a single axis, e.g. in the mitral and tricuspid valve
annuli [22], [23], and may not be valid for other regions
exhibiting complex three-dimensional motions.

C. Coupled Motion Directions in Catheter Tip Trajectory

The pose of the catheter tip can be obtained in real-time using
FBG-based shape sensing. For brevity, details of catheter shape
reconstruction methods using shape sensing are omitted here.
The reader is referred to prior works (e.g. [29], [33]) for a
detailed overview of shape reconstruction methods. Note that
the catheter tip trajectory is non-linear and three-dimensional
due to the time-dependent vectorial contributions of �Vh and �Vs.
As stated previously, the direction of �Vh is assumed to remain
constant throughout the cardiac cycle, while the direction of �Vs
may change. Therefore, the three-dimensional catheter tip tra-
jectory must be projected onto �Vh to obtain the one-dimensional
trajectory along the local heart motion direction. The problem
however, is that �Vh is not known. Since the catheter tip trajectory
contains the varying time-dependent component �Vs, it is not
straightforward to decouple the trajectory into its individual
components. Estimation of the local heart motion direction �Vh
is discussed next.

III. LOCAL HEART MOTION DIRECTION ESTIMATION

A. Consistent Directionality of �Vh

Regardless of the slipping direction, the catheter tip trajectory
is assumed to always have a motion component equal to the
heart’s motion in the direction of �Vh. To better understand this
phenomenon, the following two scenarios are considered:

1) the catheter tip makes contact with the heart wall and slips
in a predominant slipping direction �Vs1;

2) for the same catheter pose, the amount of bending on
the distal part of the catheter is varied, or alternatively,
the catheter is rotated about it’s longitudinal axis by a
certain amount. The consequence of this change is that
the catheter tip will now slip in a different predominant
slipping direction �Vs2.

When comparing the motions of the catheter tip in both
scenarios, the overall motion would obviously be different.
However, the projected motion along �Vh would be similar. Since
the local surface is sufficiently small, �Vh is constant for both
scenarios, whereas �Vs1 and �Vs2 differ.

B. Identification of �Vh

In the following, a practical method is elaborated to identify
�Vh in an iterative fashion. The method makes use of measure-
ments coming from at least two datasets in which the catheter
tip configuration is different. As mentioned previously, such
datasets can be generated by either changing the bending angle
of the catheter’s distal segment, or by rotating the catheter about
its longitudinal axis. Note that no predefined amount is assumed
for how different the catheter configurations need to be. The
objective is to merely change the predominant slipping direction
�Vs of the catheter tip between configurations. The different steps
for the identification of �Vh are explained next.

1) Measurements and Data Gathering: The first step in the
procedure consists of simultaneously measuring the catheter tip
position and contact force data over several cardiac cycles and
for two or more catheter configurations. Fig. 3 shows illustrative
measured data for approximately 15 cardiac cycles and 4 catheter
configurations. Details about the measurements and experimen-
tal setup are provided later in Section V.

2) General Direction Vector �Vg: Next, a general direction
vector �Vg is computed for each configuration. The vector re-
sembles the general direction of the catheter tip motion be-
tween the extremities, i.e. between the motion’s troughs and
peaks, for a single configuration (see Fig. 3(b)). Peak contact
forces occur at the locations where peak heart motions occur.
The locations of the peak contact forces are used to mark the
motion extremities. A peak detection algorithm processes the
contact force data for each configuration to detect these locations
(see Fig. 3(a)). Furthermore, the location of the first measured
force peak for the different catheter configurations is used to
temporally synchronize the data with respect to each other. The
computed motion peaks, which correspond to three-dimensional
catheter tip positions, are then averaged for each configuration.
The averaged position corresponds to the head of �Vg as illustrated
in Fig. 3(b). Consequently, the catheter tip position with the
maximum distance to the head of �Vg is considered to be its
tail. The vector �Vg is now considered as the general direction
vector for each of the employed catheter configurations. Note
that �Vg does not coincide with the heart motion direction �Vh but
rather provides a general direction for it. Next, the azimuthψ and
elevation θ angles of the corresponding general direction vector
�Vg are computed. These are then assembled into vectors ψ and
θ. Angular ranges ψrange and θrange are then computed as:

ψrange = [min (ψ)− ψ0,max (ψ) + ψ0] , (1)

θrange = [min (θ)− θ0,max (θ) + θ0] , (2)

where ψ0 and θ0 are constants that determine the overall
boundaries. The ranges ψrange and θrange are then used to
define an iterative vector �Vi, as discussed next.

Authorized licensed use limited to: KU Leuven Libraries. Downloaded on July 12,2022 at 08:37:30 UTC from IEEE Xplore.  Restrictions apply. 



AL-AHMAD et al.: LOCAL ONE-DIMENSIONAL MOTION ESTIMATION USING FBG-BASED SHAPE SENSING FOR CARDIAC APPLICATIONS 8125

Fig. 3. Data for heart motion direction estimation: (a) catheter tip force measurements during several cardiac cycles with force peaks detection for different
datasets (i.e. at different catheter distal bending configurations); (b) three-dimensional catheter tip trajectories for different datasets where, 1© are the averaged
locations where force peaks occur, 2© are the locations furthest away from where force peaks occur (i.e. furthest away from 1©) for a given dataset, 3© is the
iterative vector �Vi pointing from the average of locations 2© to the average of locations 1©, and 4© is an example of �Vi rotated by certain azimuth and elevation
angles.

Fig. 4. Catheter tip trajectories projected onto an example iteration vector �Vi: (a) projected motion trajectories across time with a threshold based on the motion
profile with the smallest amplitude; (b) same motion profiles with data below the threshold removed; (c) motion profiles with data below the threshold removed
and plotted onto a single plot for comparison.

3) Iterative Vector �Vi: The azimuth and elevation angle
ranges ψrange and θrange are each divided into a linear space
of points between their respective lower and upper bounds.
An iterative vector �Vi is then defined based on each possible
combination of ψ and θ in those linear spaces. For reference, the
vector’s tail is taken as the average of the �Vg vector tails for all
configurations.

4) Construction of Motion Profiles: The trajectories for each
measured dataset (i.e. each catheter configuration) are then
projected onto every iteration of �Vi. The one-dimensional tem-
poral motion profile is now estimated by computing the signed
distances between each projected point on �Vi to the tail of
�Vi. The maximum per motion profile is then subtracted from
the motion profile itself (making the maximum equal to zero).
This ensures that all motion profiles share the same common
maximum. Fig. 4(a) shows an example of the resulting motion
profiles for the catheter tip trajectories projected onto an example
iteration vector �Vi.

5) Error-Based Identification of �Vh: For each possible def-
inition of �Vi there will be N motion profiles, where N is
the number of catheter configurations. In the case of the data
presented in Figs. 3 and 4, N = 4. As previously explained,
the motion profiles are all synchronized in time and share a
common maximum. However, they do not all necessarily share
the same amplitude. This comes back to the previous remark
regarding catheter contact (see Section II.A). Due to the contact
force threshold constraint, the catheter tip may lose contact
with the heart wall for a certain period of time. This period of
time may differ between different catheter configurations which
would ultimately affect the amplitude of the motion profile.
This effect is clearly illustrated in Fig. 4(a) where different
motion profiles have different amplitudes. To allow for the
direct comparison of the motion profiles, data below a given
cut-off is removed. The magnitude of this cut-off is computed as
−α ·Amin.α is a constant between [0, 1] used to provide a direct
comparison between the different motion profiles while avoiding
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Fig. 5. Projection of the three-dimensional catheter tip trajectories for each
dataset (i.e. each catheter configuration) onto the final identified vector resem-
bling the heart motion direction �Vh, compared with ground truth data.

the influence of measurement noise or potential vibration due to
loss of contact at the catheter tip. Amin is the minimum ampli-
tude among the different motion profiles. A value of α = 0.8
was empirically found to work well maintaining the majority
portion of the motion profiles amplitudes in order to provide
better comparison. All the motion profiles now have the same
amplitude as illustrated in Fig. 4(b). Since the motion profiles are
synchronized in time and contain the same number of elements,
they can be directly compared with one another (see Fig. 4(c)).
The modified least squares error εi,j between any two motion
profiles di and dj is given as:

εi,j =

∑Ne

k=1 (di(k)− dj(k))2
Amin

2 , (3)

where Ne is the number of elements in di and dj . The regular
least squares error is divided by the square of Amin to penalize
data with smaller amplitudes and favour data with higher ampli-
tudes. The total error εT for a given iteration vector �Vi is given
as the non-repeating summed error combinations between the
different motion profiles:

εT =
N−1∑

i=1

N∑

j=i+1

εi,j . (4)

The iteration vector �Vi that results in the minimum total error
εT is considered to be the vector resembling the heart motion
direction �Vh. This is because �Vh is the only direction where
all motion profiles are identical. Fig. 5 illustrates the resulting
motion profiles for the case where the iterative vector �Vi yields
the minimum total error εT (i.e. the case where �Vi ≡ �Vh).

IV. UNSCENTED KALMAN FILTERING

Once the heart motion direction �Vh is determined, the catheter
tip trajectory can be projected onto �Vh, in real-time, to create the
temporal one-dimensional heart motion profile. However, it is
important to remain aware of following:

1) the motion profile will be incomplete for situations where
the catheter does not make contact with the heart wall over
the entire cardiac cycle (see Fig. 5);

2) heart motion is not strictly periodic but rather quasi-
periodic and stochastic, hence requiring continuous adap-
tive estimation;

3) a parametrized estimation of the heart motion is desirable.
Extended or unscented Kalman filters (EKF/UKF) can be

employed for the purpose of parametric estimation. The UKF is
generally shown to provide a proper balance between estimation
accuracy and computational expense when compared with other
types of estimation filters [34]. A direct comparison between the
EKF and UKF in this work however, showed that they actually
both yield comparable performance. While the EKF is more
computationally efficient, the UKF was able to provide better
estimations of the complete motion profile. This is especially
the case at the profile’s crests and troughs, which consequently
provided better estimates of the motion’s PTP amplitude. Ac-
cordingly, a discrete UKF is employed to resolve the aforemen-
tioned concerns and achieve robust real-time estimates of the
heart motion profile.

A. General Motion and UKF Equations

The Fourier series is an infinite summation of periodic sinu-
soidal functions with varying amplitudes and phase shifts. Any
type of periodic signal could thus be estimated in this manner.
However, most signals can be already sufficiently accurately
represented by a finite number of sinusoids. Such an assumption
is commonly made for the estimation of heart motion [35]–[37].
The motion is then represented as:

y(t) = c(t) +
m∑

i=1

ri(t) sin (iω(t)t+ θ(t)) , (5)

where y(t) is the amplitude of the heart motion, c(t) is the
motion offset, m is the total number of sinusoidal harmonics,
ri(t) is the amplitude of the ith sinusoidal harmonic, ω(t) is the
fundamental angular frequency, θ(t) is the angular phase shift
of the ith sinusoidal harmonic, and t is the time. Note that all
of the previous motion parameters are time dependent, i.e. they
vary with time. The model in (5) is adapted to serve as the UKF’s
measurement function h(xk) as follows:

h (xk) = ck +

m∑

i=1

ri,k sin (φi,k) , (6)

where ck is the motion offset at time-step k, ri,k is the am-
plitude of the ith sinusoidal harmonic at time-step k, and φi,k
is the angular phase shift of the ith sinusoidal harmonic at
time-step k. This reformulation is based on the substitution
φ(t) = iω(t)t+ θ(t). The state vector xk can then be defined
as xk = [ck, ri,k, ωk, φi,k]

� for i ∈ [1,m] and has a size of
(2m+ 2)× 1. In this work m = 8 is considered sufficient to
accurately model the heart’s motion. The UKF’s state and mea-
surement transition functions can then be defined as:

xk = xk−1 +wk, (7)

zk = h (xk) + vk, (8)

where xk−1 is the state vector at timesetp k−1, zk is the
measurement at time-step k resembling the amplitude of the
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motion profile, and wk ∼ N (0,Qk) and vk ∼ N (0, Rk) are
process and measurement noise, respectively. Qk and Rk are
the process and measurement noise covariance matrices at time
step k. Note that the states xk are assumed to evolve through
random walk. The remainder of the UKF equations are omitted
here for brevity. The reader is referred to [38] for a detailed
overview of the UKF equations.

B. UKF Estimation

1) Prediction and Update: The UKF equations involve two
main estimation steps commonly known as the prediction and
update steps. The prediction step provides the best possible
prediction of the states based on their previous estimate and
the state model. The update step corrects the predicted estimate
based on the measurement. Hence the outcome of the UKF’s
prediction step depends on the accuracy of the model, and the
outcome of the update step depends on the accuracy of the
measurement. Due to the quasi-periodic nature of the heart
motion, continuous measurements are required to continuously
update the states. On occasions where there are no measurements
available, e.g. when the catheter tip loses contact with the heart
wall, the UKF would only be able to provide an estimate of the
states based on the model prediction without updating (as there
is no measurement).

2) Initial States xk0: Another crucial aspect relates to the
initialization of the UKF, i.e. providing the initial guess of the
states xk0. The UKF provides updated estimates of the states
based on input measurements. It finds a combination of states
that provides a measurement estimate that works for the current
inputs. The estimated combination of states however, is not nec-
essarily optimal. This behaviour can be more clearly observed at
times when no measurements are available, where the UKF state
estimates would change according to the states transition model
only. Observing the output of the measurement function would
depict a divergence from the actual expected measurement (if it
were available). The reason for this behaviour is that the UKF
states estimation was not able to converge towards the real states.
This occurs when the number of estimated states is large and
when the initial guess xk0 is not close to the real states. To
resolve this issue, proper initialization of the UKF is necessary.
This process is described in what follows.

a) Threshold cut-off and cross-over indices: The case
where the catheter tip does not maintain contact with the heart
wall during the complete cardiac cycle is considered. As visible
in Fig. 6(a), the motion profile is periodically discontinued at
the bottom end. The magnitude of this discontinuation may vary
based on the nature of contact between the catheter tip and the
heart wall. Regardless of the situation, the part of the motion
profile below a given cut-off is replaced with cubic splines.
To achieve this, a cut-off is computed as −α ·A, where α is
a constant between [0, 1] (chosen here as α = 0.8), and A is
the amplitude of the motion profile. Next, cross-over indices
are computed. These are the points on the motion profile that
cross the cut-off threshold. Both the cut-off threshold and the
cross-over indices are illustrated in Fig. 6.

b) Cubic spline interpolation: Cubic splines are interpo-
lated between the cross-over points to obtain a continuation of
the motion profile. To ensure continuity at the cross-over points,

Fig. 6. Illustration of the different steps carried out to obtain the UKF’s initial
states xk0: a© computing the cut-off threshold and the cross-over indices, b©
interpolating cubic splines in between the cross-over indices, and c© non-linear
least-squares parameter fitting to obtain the initial states xk0.

the motion profile is first smoothed using an average filter (with
a window size that depends on the sampling frequency). The
slopes of the smoothed motion profile at the cross-over points
are then used as constraints for the cubic splines. Finally, the
original unsmoothed motion profile is interpolated with cubic
splines between every cross-over point pair. The result of this
interpolation is illustrated in Fig. 6(b).

c) Non-linear least-squares fitting: The motion profile
with cubic spline interpolations is then used in a non-linear
least-squares fitting problem. The objective of the fitting prob-
lem is to compute the initial UKF states xk0 that minimize the
error between the measured motion profile (with cubic spline
interpolation) and the output of the measurement model h(xk0).
Several optimization algorithms could be employed to solve this
problem. In this work, the trust region reflective optimization
algorithm was used for this purpose. The output of the fitting
problem is illustrated in Fig. 6(c).

The final step is to use xk0 in the initialization of the UKF to
consequently provide real-time evolving estimates of the quasi-
periodic heart motion. In the case where there is contact with the
heart wall, the UKF provides estimates based on both prediction
and update steps. In the case where there is no contact with the
heart wall, the UKF provides the estimate based on the prediction
step only.

V. EXPERIMENTAL SETUP

The experimental setup, shown in Fig. 7, was constructed
to validate the proposed heart motion estimation strategy and
quantify its performance. The setup was made to approximate
real heart conditions in a lab-setting. Since it was not possible
to directly read force measurements from the force sensor
embedded within the commercially available catheter, a
Nano17 six DoF force sensor (ATI Industrial Automation,
Apex, NC, United States) was alternatively integrated at the
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Fig. 7. Illustration of the experimental setup: 1© optical interrogator, 2©
optical fanout, 3© catheter drive system, 4© catheter handle, 5©multi-core fiber,
6© sheath, 7© catheter, 8© 3D printed heart model with a thin layer of EcoFlex

silicon and gel, 9© six DoF force sensor, 10© linear drive system.

back side of the heart mock-up and used to measure the contact
force. The experimental setup is comprised of the following
elements: 1© optical interrogator to read MCF wavelengths
(FBGS International NV, Geel, Belgium), 2© optical fanout
to separate the MCF channels (FBGS International NV, Geel,
Belgium), 3© catheter drive system to translate and insert
the catheter, 4© catheter handle, 5© four core MCF with 38
gratings spaced at 1 cm intervals (FBGS International NV,
Geel, Belgium), 6© 8 Fr sheath (BioSense Webster, Irvine, CA,
United States), 7© 7 Fr ablation catheter (BioSense Webster,
Irvine, CA, United States), 8© 3D printed heart model with a
thin layer of EcoFlex silicon and gel to resemble the compliant
and slippery heart wall conditions, 9© Nano17 six DoF force
sensor to measure contact force, and 10© linear drive system
LM2070 (Faulhaber, Schonaich, Germany) attached to the heart
mock-up to recreate desired heart wall motion profiles. Control
of the linear drive system was interfaced using LabVIEW code
running on a cRIO-9045 CompactRIO controller (National
Instruments, Austin, TX, United States) at a rate of 500 Hz, and
MCF interrogation was carried out at a rate of 100 Hz.

Four diverse heart motion profiles were created based on the
motion model in (5) and set as position reference commands to
the linear drive system. Ground truth data was obtained from
the encoder measurements of the linear drive system. For each
motion profile, four catheter configurations based on changing
distal bending angle were recorded for approximately 15 cardiac
cycles per configuration. The change in the catheter’s distal
bending angle between different configurations was around 5o.
A contact force threshold of 0.4 N was set in the experiments
which resulted in the catheter tip to lose contact for parts of the
motion cycle. This occurred for all configurations and for all of
the four motion profiles.

VI. RESULTS & DISCUSSION

Fig. 8 shows an example result for the UKF estimation of a
heart motion profile compared with ground truth data. The heart
motion direction �Vh and the initial UKF statesxk0 were obtained

Fig. 8. Example result for UKF estimation of a heart motion profile compared
with ground truth data.

using the methods outlined previously. The absolute mean and
maximum errors between the UKF estimation and the ground
truth for this dataset were found to be 0.47± 0.44 mm and
2.51 mm respectively. The absolute mean and maximum errors
between the UKF estimates and the ground truth for the four
diverse datasets with varying motion profiles were 1.12± 0.42
mm and 4.67 mm respectively. The average peak-to-peak (PTP)
amplitude of the heart motion profiles was around 12 mm. Note
that the reported errors concern the complete time period starting
from the initialization of the UKF until its convergence. For all
motion profiles, the initial UKF state estimation xk0 was prop-
erly estimated such that the UKF converged to a stable value.

Accordingly, the following conclusions can be drawn based
on the aforementioned results: a) the method for estimation of
the heart motion direction �Vh is robust and sufficiently accurate,
b) the estimation of the initial UKF states xk0 always resulted
in the convergence of the UKF, c) the final motion profile esti-
mation closely resembles the actual ground truth heart motion
and results in millimetric or sub-millimetric errors, and d) the
UKF provides stable estimates of the heart motion in situations
where the motion profile is discontinued, i.e. at points of no
contact. Since this work is mainly concerned with proving the
feasibility of the developed heart motion estimation strategies,
less focus was spent on optimizing the computational speed.
For safety purposes, the complete data collection and estimation
process should not consume much time, e.g. ≤ 60 seconds. It
is important to note that even though initial data gathering and
initialisation may consume some time, once estimated, heart
motion estimates will be updated in real-time and could in
principle used for, e.g. robotic motion-compensation.

One of the limitations of the proposed heart motion estimation
strategy relates to the cubic spline fitting. The cubic spline could
best fit the data if it contains a single valley between every
cross-over point pair. However, in the case that there are multiple
valleys, or if the heart motion intrinsically contains jerkiness,
cubic spline fitting would only be able to approximately repro-
duce the heart motion in those regions. This could ultimately
effect the initial UKF states estimation xk0 and potentially the
convergence of the UKF. Since the catheter may lose contact
with the heart wall, there is no direct way of obtaining extra
information about the motion in this region. One way to mitigate
this effect, is to enforce contact with the heart wall during one or
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two brief cardiac cycles. The contact force threshold constraint
could be breached in this case, but only temporarily. Ideally,
this would not harm the heart tissue and would provide extra
information about the heart’s motion in the previously unknown
region. This information could thus be employed in the non-
linear least-squares fitting step to provide a better estimate of
xk0, and subsequently better UKF estimations and convergence.

VII. CONCLUSION

This paper introduces a new strategy to estimate local heart
motion by tracking a catheter tip in partial or full contact with the
heart wall. The method makes use of an embedded FBG-MCF
fiber and a force sensor that is integrated at the tip of a catheter. To
estimate the local heart motion in the region where there is con-
tact between the catheter tip and the heart wall, catheter tip trajec-
tory data for two or more catheter configurations is used. To al-
low estimating the heart motion’s profile, the physician needs to
merely twist the catheter or change the amount of bending of the
catheter’s distal segment. The developed strategy then makes use
of this data to provide an accurate estimation of the local heart
motion direction �Vh. Once this is achieved, a UKF is employed
to estimate the quasi-periodic local heart motion. The proposed
methods were experimentally validated on a laboratory heart
mock-up and illustrated promising results. Future work will
focus on code optimizations and in-vivo experimental validation.
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