Motion Estimation Model for Cardiac
and Respiratory Motion Compensation
Sebastian Kaeppler1, Alexander Brost1, , Martin Koch1 , Wen Wu2 ,
Felix Bourier3 , Terrence Chen2 , Klaus Kurzidim3 ,
Joachim Hornegger1, and Norbert Strobel4
1

Pattern Recognition Lab, Friedrich-Alexander-University Erlangen-Nuremberg,
Erlangen, Germany
Alexander.Brost@cs.fau.de
2
Siemens Corporation, Corporate Research and Technology, NJ, USA
3
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Abstract. Catheter ablation is widely accepted as the best remaining
option for the treatment of atrial ﬁbrillation if drug therapy fails. Ablation procedures can be guided by 3-D overlay images projected onto
live ﬂuoroscopic X-ray images. These overlay images are generated from
either MR, CT or C-Arm CT volumes. As the alignment of the overlay is
often compromised by cardiac and respiratory motion, motion compensation methods are desirable. The most recent and promising approaches
use either a catheter in the coronary sinus vein, or a circumferential mapping catheter placed at the ostium of one of the pulmonary veins. As
both methods suﬀer from diﬀerent problems, we propose a novel method
to achieve motion compensation for ﬂuoroscopy guided cardiac ablation
procedures. Our new method localizes the coronary sinus catheter. Based
on this information, we estimate the position of the circumferential mapping catheter. As the mapping catheter is placed at the site of ablation, it provides a good surrogate for respiratory and cardiac motion. To
correlate the motion of both catheters, our method includes a training
phase in which both catheters are tracked together. The training information is then used to estimate the cardiac and respiratory motion of the
left atrium by observing the coronary sinus catheter only. The approach
yields an average 2-D estimation error of 1.99 ± 1.20 mm.

1

Introduction

An irregular fast rhythm of the left atrium - clinically described as atrial ﬁbrillation - may cause blood clotting which bears a high risk of stroke [1]. If drug
therapy is not an option, catheter ablation is the standard treatment option [2].
Catheter ablation procedures are guided by ﬂuoroscopic images obtained from
C-arm systems. Important targets of the ablation procedure are the ostia of the
pulmonary veins. The goal of the ablation procedure is to create a continuous
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lesion set around these pulmonary veins to electrically isolate them from the left
atrium. In general three catheters are used during the procedure. At the beginning of the procedure, a linear catheter is placed inside the coronary sinus vein,
where it is to remain ﬁxed during the procedure. It is referred to as CS catheter.
The coronary sinus vein lies between the left ventricle and the left atrium. Then,
an ablation catheter and a circumferential mapping catheter are brought into
the left atrium by means of two transseptal punctures. For pulmonary vein isolation, the mapping catheter is positioned at the ostium of each of the pulmonary
veins (PVs) considered for ablation, in order to measure electrical signals. As
the soft-tissue ablation targets inside the heart are not visible within X-ray images [3,4], overlay images generated from either CT, MR, or C-arm CT can be
used during the procedures to facilitate a more accurate catheter navigation [5].
Unfortunately, the clinical value of these overlay images is reduced by cardiac
and respiratory motion.
Recent approaches for motion compensation based on tracking of the CS or
the circumferential mapping catheter have shown to improve the alignment of
these overlay images [6,7]. The work in [6] facilitates motion compensation by using the CS catheter, whereas the method in [7] uses the circumferential mapping
catheter. The downside of using the CS catheter to derive a motion estimate for
animating the overlay image is due to the fact that this catheter is outside of the
left atrium and close to the left ventricle. Therefore, its movement is strongly
inﬂuenced by ventricular motion. This is why other authors [8] found it to be
unsuitable for cardiac motion compensation in ablation procedures. The circumferential mapping catheter on the other hand has the advantage that it can be
placed close to the site of ablation. In this case, the calculated catheter position
can be used directly to update the overlay images. Unfortunately, relying on
the mapping catheter is not without problems. For example, it may be moved
on purpose during the procedure, e.g., to reposition it from one PV to another.
Detecting when to stop motion compensation then either requires user interaction or a movement detection algorithm. In addition, if only one transseptal
puncture is performed, only one catheter can be inside the left atrium. In this
case, the circumferential mapping catheter is brought into the left atrium before
and after the ablation of one PV to measure the electrical signals. Thus it may
not even be avilable for motion compensation during the ablation itself. This
is why we propose a new method that combines the advantage of the coronary
sinus catheter, its continuous presence throughout the procedure, with the accuracy of the mapping catheter. To this end, we use a training phase during
which both catheters are tracked. The acquired data is then used to set up an
estimation model for the position of the mapping catheter. After that, the model
can be used to estimate the cardiac and respiratory motion of the left atrium by
observing the CS catheter only.
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Motion Compensation

In order to improve the motion compensation results, we separate the motion
of the CS catheter into respiratory and cardiac motion. For respiratory motion,
a rigid approximation of the heart motion has shown to give good results [9].
Here, we assume that both the CS and the mapping catheter are equally aﬀected
by respiratory movement. The heart beat related motion patterns of the two
catheters, however, usually diﬀer. The displacement between the two catheters
due to diﬀerent cardiac motion patterns may exceed 10 mm, see Fig. 3. We
use the position of the CS catheter to determine the cardiac phase of an image.
Using the training data, we estimate the position of the circumferential mapping
catheter based on the cardiac phase. This way we compensate for the diﬀerence
in cardiac motion between the two catheters. Our method is separated into three
steps. The ﬁrst step is the training phase in which both the CS and the mapping
catheter are tracked together. In the second step, we compute features to relate
the CS catheter position to a point in the cardiac cycle. The third step is the
actual live motion compensation during the procedures. The details are given in
the following subsections.
2.1

Training Phase

For every image in the training phase, the circumferential mapping catheter and
the CS catheter are tracked using the method proposed in [10]. The positions of
the electrodes of the CS and the center of the mapping catheter are stored for
later computations. The tracked electrodes of the CS catheter are denoted as
(j)
(j) (j)
ci = (ui , vi )T with i ∈ {1, 2, ..., N } and N being the number of electrodes,
and j ∈ [1, M ] the number of images in the training sequence. Usually, CS
catheters with either four or ten electrodes are used during ablation procedures.
The center of the mapping catheter in frame j is denoted as mj ∈ R2 . The
image coordinate system is deﬁned by the coordinates u and v. For simplicity,
we denote the most distal electrode as c1 and the most proximal one as cN .
2.2

Motion Estimation Model

In order to build our model, we need to determine the cardiac phase for each
training image. One could use ECG data to determine the cardiac phase for
a given frame. Unfortunately, this data is not always readily available at the
imaging system. Additionally, its accuracy may be aﬀected by irregularities of
the heart beat. Here, the computation of the cardiac phase is based on a pattern
recognition approach instead. In particular, we exploit the fact that respiration
causes only a slight rotational movement of the heart [9,11], while the electrodes
of the CS catheter show a large relative rotative movement during the cardiac
cycle. We try to capture this movement due to the cardiac cycle using a feature
set based on the positions of the electrodes of the CS catheter. For an illustration,
(j)
(j)
see Fig. 1. The following features f1 , . . . , f5 for image j are computed for all
images j in the training set:
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(b)

Fig. 1. Features used to calculate the cardiac cycle value µ. (a) One frame of a typical
ﬂuoroscopic sequence. (b) Illustration of the considered features.

– The ﬁrst feature is the u-position of the most distal electrode divided by
the u-position of the most proximal electrode. The positions are in absolute
image coordinates and not related to a reference frame
(j)

f1

(j)

(j)

= u1 /uN .

(1)

– The second feature is calculated similar to the ﬁrst feature, using the vcoordinates
(j)
(j)
(j)
(2)
f2 = v1 /vN .
– The third feature is the angle between the u-axis of the image and the line
spanned by the most proximal and most distal electrode


(j)
(j)
|v1 − vN |
(j)
.
(3)
f3 = arctan
(j)
(j)
|u1 − uN |
– The fourth feature is the angle between the u-axis of the image and the line
spanned by the most proximal electrode and the one next to it

 (j)
(j)
|vN −1 − vN |
(j)
f4 = arctan
.
(4)
(j)
(j)
|uN −1 − uN |
– The last feature is the angle between the u-axis of the image and the line
spanned by the most proximal electrode and the second next to it

 (j)
(j)
|vN −2 − vN |
(j)
f5 = arctan
.
(5)
(j)
(j)
|uN −2 − uN |
These features capture CS catheter rotations and deformations, which are typical
for cardiac motion. Yet, they are relatively invariant to translation motion, which
is characteristically for respiratory motion. As the feature values have diﬀerent
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Fig. 2. Visualization of the feature space. (a) The ﬁrst three features computed on the
training set of sequence #12 (blue cross), and the corresponding principle axis (red
line). (b) The last three features computed on the same training set, and the corresponding principle axis.

ranges, they are normalized to the range [0, 1]. The resulting features are denoted
in vector notation as
f j = (f˜1 , f˜2 , f˜3 , f˜4 , f˜5 )T .
(j)

(j)

(j)

(j)

(j)

(6)

To reduce the dimensionality of the feature vector, a principle component analysis is performed. First, the mean feature vector is calculated by
M
1 
f¯ =
fj.
M j=1

(7)

In the next step, the covariance matrix is calculated by
M

Σ=

1 
(f j − f¯) · (f j − f¯)T .
M − 1 j=1

(8)

Now, the eigenvalues and eigenvectors of Σ are computed. Let eλ be the eigenvector corresponding to the largest eigenvalue of the covariance matrix Σ. The
unitless cardiac cycle value μj for every image in the training sequence is ﬁnally
computed by
(9)
μj = eTλ · (f j − f¯),
which is the length of the orthogonal projection of the feature vector onto the
ﬁrst eigenvector. Fig. 2 shows the ﬁt of eλ to the features in feature space.
Thus, a correspondence between the calculated cardiac cycle value μj and the
stored position of the mapping catheter mj has been established: μj → mj . One
example of the relationship between μ and the intracardiac motion is depicted
in Fig. 3.
2.3

Motion Compensation

For motion compensation, only the tracking results for the CS catheter are required. To apply the compensation, the feature vector needs to be computed
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for the new image. This feature vector f new is calculated from the tracked CS
catheter position as described above. The new cycle value is calculated by
μnew = eTλ · (f new − f¯).

(10)

In the next step of the motion compensation, two training samples that are
closest to the current image with respect to cardiac phase need to be found.
The ﬁrst one, denoted β, is earlier in the cardiac cycle than the new image. The
other one, denoted γ, is later. To do so, the following minimization problem is
considered for the sample index β:
(j)

(new) 2

β = arg min(1 + |μj − μnew |)2 + α · (uN − uN
j
μj <μnew

) .

(11)

For the sample γ, the constraint μj < μnew in Eq. (11) is replaced by μj ≥ μnew .
(new)
The position of the most proximal electrode in u-direction, uN , is used for
regularization. The idea behind this term is to reduce the eﬀect of errors in
the calculation of the heart cycle, which may, for example, arrise from slight
inaccuracies in the catheter tracking. The cardiac cycle values μβ and μγ correspond to the two samples closest to the new frame with the observed cardiac
cycle value μnew . Using these two values, two estimates for the position of the
circumferential mapping catheter are computed as


(new)
(β)
(12)
m̂new,β = mβ + cN
− cN ,


(new)
(γ)
m̂new,γ = mγ + cN
(13)
− cN .
The diﬀerence terms in Eqs. (12, 13) provide the compensation for respiratory
motion. For two images in the same cardiac phase, we assume that any remaining
motion must be due to respiration. Since we also assume that the CS and the
mapping catheter are equally aﬀected by respiratory motion, we simply apply
the diﬀerence vector between the proximal electrodes of the CS catheter in the
two images to the estimate of the position of the mapping catheter. The proximal
electrode was chosen because it shows the least intracardiac motion w.r.t. the
mapping catheter. These two values are combined to calculate the ﬁnal estimate
as
(14)
m̂new = φ · m̂new,β + (1 − φ) · m̂new,γ .
The scaling value φ between the two estimates is calculated by
φ=

|μγ − μnew |
.
|μγ − μβ |

(15)

In case of high acquisition frame rates ≥ 15 frames-per-second, we apply a
temporal lowpass ﬁlter
m̂new = δ · m̂new + (1 − δ) · m̂new−1 .

(16)

This is motivated by the fact that the motion of the heart is smooth in high
frame rate image sequences.
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Fig. 3. Calculated µ values for a training set and the displacement between the proximal electrode of the CS and the center of the mapping catheter in v-direction [mm],
w.r.t. a reference frame

3

Evaluation and Results

For evaluation, 13 ﬂuoroscopy sequences from three diﬀerent hospitals were
used1 . The length of the sequences varied between 47 and 150 frames, or two
to 47 seconds. Each sequence was split into two disjoint sets of frames. One
set, comprising the ﬁrst 30 frames of the sequence, was used for the patientspeciﬁc training of the model. The remaining set was used for evaluation. This
resulted in a total number of 958 frames available for evaluation. In a clinical
scenario, usually more time passes between training and compensation phase.
An evaluation with a simulated clinical workﬂow is subject of further research.
The ﬁrst sequence was acquired using ECG-triggered ﬂuoroscopy. We chose to
include this sequence to see how our method handles respiratory motion with
only residual cardiac motion. The other sequences were acquired with either 15
or 30 frames-per-second. We compare our results to an uncompensated overlay
as well as to the reference method proposed in [6]. The error is deﬁned as the
2-D Euclidean distance between the estimated position of the overlay, determined by the motion compensation algorithm, and the center of the mapping
catheter. Due to its proximity to the ablation target, the motion of the mapping catheter is considered to be the motion that needs to be estimated. For
an illustration, see Fig. 5. The values of 0.01 for regularization parameter α
and 0.7 for the smoothing parameter δ were determined by performing a grid
search on a subsample of the available sequences. The results for the individual
sequences are given in Fig. 4. On our available data set, the observed motion was
3.59 mm ± 2.27 mm. The reference method, proposed in [6,12], yielded an error
of 4.65 mm ± 3.33 mm, which, surprisingly, is higher than the observed motion.
Our new approach incorporating the estimation model yielded a compensation
error of 1.98 mm ± 1.30 mm.
1

The data are available from the authors upon request for non-commercial research.
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Fig. 4. The results for our motion compensation approach, compared to the reference
method in [6], and the misalignment error for an uncompensated approach

(a)

Frames Avg. Error [mm]
Uncomp.
3.65 ± 2.36
10
2.87 ± 2.06
20
2.61 ± 1.86
30
2.10 ± 1.35
40
2.01 ± 1.37
50
1.93 ± 1.32
(b)

Fig. 5. Error deﬁnition and varying number of training frames. (a) The observed motion o and the estimation error e in frame j. (b) Average error with varying number of
training frames. A subset of the complete evauluation set, comprising 701 frames was
used to calculate the average error.

4

Discussion and Conclusions

For our datasets, the proposed method has outperformed the reference motion
compensation approach proposed in [6,12]. We believe that this is due to the
fact that our data was acquired with diﬀerent X-ray acquisition settings, either
regarding frame rate, C-arm position, or both. We also point out that we measured the error on the X-ray detector, whereas in [6,12], it was measured at the
iso-center of the C-arm coordinate system. Due to the magniﬁcation involved in
perspective projection, our error appears larger. Unfortunately, the data used
in [6,12] was not available for comparison. The reference method uses a Butterworth low-pass ﬁlter to smooth the cardiac motion of the CS catheter and directly applies this motion to the overlay. This approach relies on the assumption
that both the CS and the left atrium move in sync, with the CS catheter experiencing a higher amount of cardiac motion compared to the mapping catheter.
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(a)

(b)

Fig. 6. A comparison showing the diﬀerence if motion compensation is considered or
not. (a) One frame without motion compensation. (b) Shows the same frame as in (a),
but this time with motion compensation. Best viewed in color.

Another assumption required is that their respective motion directions are the
same. The application of a suitably designed lowpass ﬁlter can then reduce the
amplitude of the cardiac motion estimated from the CS catheter to the amplitude of the cardiac motion of the mapping catheter. Unfortunately, on our data
set, these assumptions are not always valid, explaining the higher errors of the
reference method. Other researchers also found that the CS and the left atrium
need not always follow the same motion pattern [8]. Our estimation model does
not depend on these assumptions. In addition, our method does not require older
frames for low-pass ﬁltering, making it suitable for low acquisition frame rates.
Experiments have shown that about thirty frames are suﬃcient for the training of our model, see Fig. 5. As expected, both approaches perform not as well
as the approach involving the direct tracking of the circumferential mapping
catheter [13]. Since the error of our method is still higher than when using the
mapping catheter directly, a combination of both methods should be considered.
Recent work in [7] already utilized the CS catheter to detect non-physiological
movement of the circumferential mapping catheter. In such a case, we may want
to switch to CS catheter based motion estimation. Since the currently proposed
method deals only with 2-D images, it is prone to suﬀer from foreshortening
which can be diﬃcult to detect in monoplane images. Fortunately, out of plane
motion primarily aﬀects the size of the 3-D overlay, and size changes of the left
atrium are much less relevant than discrepancies due to heart and breathing
motion. The proposed method could be extended to 3-D compensation by performing the training in biplane mode. This way one could estimate 3-D motion
while observing 2-D motion. The current implementation of our motion compensation approach achieves about 20 fps. Most of the time per frame is required
for catheter tracking. The motion estimation model is calculated within 50 ms.
The estimation of the mapping catheter position using the proposed model is
performed in less than 10 ms. An example of our motion compensation approach
is shown in Fig. 6.
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