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ABSTRACT

A method and system for motion estimation modeling for
cardiac and respiratory motion compensation is disclosed.
Specifically, a coronary sinus catheter is tracked in a plurality
of frames of a fluoroscopic image sequence; and cardiac and
respiratory motion of a left atrium is estimated in each of the
plurality of frames based on tracking results of the coronary
sinus catheter using a trained motion estimation model.
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METHOD AND SYSTEM FOR MOTION
ESTIMATION MODEL FOR CARDIAC AND
RESPIRATORY MOTION COMPENSATION

[0001] This application claims the benefit of U.S. Provi-
sional Application No. 61/589,964, filed Jan. 24, 2012, the
disclosure of which is herein incorporated by reference.

BACKGROUND OF THE INVENTION

[0002] Thepresent invention relates to tracking catheters in
fluoroscopic images, and more particularly, to tracking of a
plurality of catheters simultaneously in fluoroscopic images
using a novel motion compensation method to assist in atrial
fibrillation ablation procedures.

[0003] Atrial fibrillation (AF) is a rapid, highly irregular
heartbeat caused by abnormalities in the electrical signals
generated by the atria of the heart. It is the most common
cardiac arrhythmia (abnormal heart rhythm) and involves the
two upper chambers (atria) of the heart. AF can often be
identified by taking a pulse and observing that the heartbeats
do not occur at regular intervals. However, a stronger indica-
tor of AF is the absence of P waves on an electrocardiogram,
which are normally present when there is a coordinated atrial
contraction at the beginning of each heart beat. AF may be
treated with medications that either slow the heart rate or
revert the heart rhythm back to normal, but this treatment may
be difficult and result in complications if a patient has other
diseases. Synchronized electrical cardioversion may also be
used to convert AF to a normal heart rhythm, but this tech-
nique is rarely been used. Surgical and catheter-based AF
therapies, such as an ablation procedure, are also commonly
used to treat AF.

[0004] The identification of triggers that initiate AF within
the pulmonary veins (PVs) has led to prevention of AF recur-
rence by catheter ablation at the site of origin of the trigger.
Direct catheter ablation of the triggers was traditionally lim-
ited by the infrequency with which AF initiation could be
reproducibly triggered during a catheter ablation procedure.
To overcome these limitations, an ablation approach was
introduced to electrically isolate the PV myocardium. This
segmental PV isolation technique involved the sequential
identification and ablation of the PV ostium close to the
earliest sites of activation of the PV musculature. This typi-
cally involved the delivery of radio frequency (RF) energy to
30% to 80% of the circumference of the PVs. The endpoint of
this procedure was the electrical isolation of at least three
PVs.

[0005] Catheter ablation modifies the electrical pathways
of the heart in order to treat AF. In order to construct an
electrical map of the heart and assist a radiofrequency abla-
tion operation, different catheters, such as ablation, coronary
sinus, and circumferential mapping catheters, are inserted in
a patient’s blood vessels and guided to the heart. The entire
operation can be monitored with real-time fluoroscopic
images. As the soft-tissue ablation targets inside the heart are
not visible within the fluoroscopic images, overlay images
generated from computed tomography (CT), magnetic reso-
nance (MR), or C-arm CT can be used during the oblation
procedure to facilitate more accurate catheter navigation.
However, the clinical value of such overlay images is reduced
by cardiac and respiratory motion.

[0006] Current technologies concentrate on gating catheter
position to a fixed point in time within the cardiac cycle.
Respiration effects have not been compensated. The often-

Dec. 25,2014

advocated static positional reference provides an intermedi-
ate accuracy in association with electrocardiogram (ECG)
gating. Accurate and fast tracking of catheters during the AF
procedures is desirable because such tracking may increase
the accuracy of model overlay by compensating respiratory
motion as well as cardiac motion.

BRIEF SUMMARY OF THE INVENTION

[0007] Embodiments of the present invention provide a
system and method for estimation of a position of any device
attached to the heart and can be applied to procedures other
than electrophysiology procedures such as the atrial fibrilla-
tion ablation proceduredescribed in this application ifa CS or
other linear catheter is used during the procedure.

[0008] Particularly, embodiments of the present invention
provide a system and method for cardiac and respiratory
motion compensation in atrial fibrillation ablation proce-
dures. Embodiments of the present invention utilize a new
motion prediction model calculation method to accelerate
accurate techniques for tracking moving catheters inside a
left atrium during atrial fibrillation (AF) procedures to pro-
vide accurate respiratory and cardiac motion information to
overlay a heart model to facilitate the AF procedure.

[0009] Inoneembodiment of the present invention, specifi-
cally, a first catheter is tracked in a plurality of frames of a
fluoroscopic image sequence and cardiac and respiratory
motion of at least a portion of a heart is estimated in each of
the plurality of frames based on tracking results of the first
catheter using a motion estimation model trained based on
tracking results of the first catheter and a second catheter
tracked in a sequence of training images.

[0010] These and other advantages of the invention will be
apparent to those of ordinary skill in the art by reference to the
following detailed description and the accompanying draw-
ings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] FIG. 1 illustrates a method for cardiac and respira-
tory motion compensation in atrial fibrillation ablation pro-
cedures, according to an embodiment of the present inven-
tion,;

[0012] FIG. 2 illustrates an exemplary method for training
a motion estimation model, according to an exemplary
embodiment of the present invention;

[0013] FIG. 3 illustrates a method for estimating a cardiac
and respiratory motion of the left atrium in a fluoroscopic
image using the learned motion estimation model, according
to an embodiment of the present invention.

[0014] FIG. 4illustrates exemplary CS and circumferential
mapping catheter tracking and feature calculation in a fluo-
roscopic image, according to an embodiment of the present
invention;

[0015] FIG. 5 illustrates an exemplary visualization of the
feature space;
[0016] FIG. 6 illustrates a correspondence between calcu-

lated cardiac cycle values and the displacement between the
proximal electrode of the CS and the center of the circumfer-
ential mapping catheter in v-direction in a sequence of train-
ing images;

[0017] FIG. 7 illustrates exemplary motion compensation
results; and
[0018] FIG. 8 illustrates a high-level block diagram of a

computer capable of implementing the present invention.
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DETAILED DESCRIPTION

[0019] The present invention relates to a method and sys-
tem for motion compensation in a fluoroscopic image
sequence to assist in atrial fibrillation ablation procedures. A
digital image is often composed of digital representations of
one or more objects (or shapes). The digital representation of
an object is often described herein in terms of identifying and
manipulating the object. Such manipulations are virtual
manipulations accomplished in the memory or other cir-
cuitry/hardware of a computer system. Accordingly, is to be
understood that embodiments of the present invention may be
performed within a computer system using data stored within
the computer system.

[0020] In advantageous embodiment of the present inven-
tion a first catheter can be a Coronary Sinus (CS) catheter and
a second catheter can be a Circumferential Mapping (CM)
catheter for an electrophysiology procedure such as the atrial
fibrillation ablation procedure. Various 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. The downside ofusing 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. The
circumferential mapping catheter on the other hand has the
advantage that it can be placed close to or at the site of
ablation. In this case, the calculated circumferential mapping
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 algo-
rithm. In addition, if only one transseptal puncture is per-
formed, 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 available for
motion compensation during the ablation itself. Embodi-
ments of the present invention provide a new method that
combines the advantages of the coronary sinus catheter with
its continuous presence throughout the procedure along with
the accuracy of correlation between the cardiac and respira-
tory motion of the left atrium and the motion of the mapping
catheter. A training phase is used during which both catheters
are tracked. The acquired data is then used to train a motion
estimation model for capturing the relationship between the
position of the CS catheter and the position of the mapping
catheter. Finally, the trained estimation model can be used to
estimate the cardiac and respiratory motion of the left atrium
by observing the CS catheter only in a new image sequence.
[0021] FIG.1illustrates a method for motion compensation
in a fluoroscopic image sequence, according to an embodi-
ment of the present invention. In an embodiment, the method
for motion compensation in a fluoroscopic image sequence
includes three main phases: a training phase (102), a motion
estimation phase (106), and a motion compensation phase
(108). As illustrated in FIG. 1, at step 102 a motion estimation
model is trained based on a sequence of training images.
According to an advantageous implementation, the training
images can be frames of a fluoroscopic image sequence. It is
to be understood that the fluoroscopic image sequence is a
sequence of fluoroscopic (X-ray) images of a patient acquired
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over a time period. The fluoroscopic image sequence includ-
ing the training images can be received directly from an X-ray
imaging device. Itis also possible that the fluoroscopic image
sequence including the training images can be received by
loading a previously stored fluoroscopic image sequence.
[0022] FIG. 2 illustrates an exemplary method for training
the motion estimation model, according to an embodiment of
the present invention. The method of FIG. 2 can be used to
implement step 102 of FIG. 1. At step 202, a coronary sinus
(CS) catheter and a circumferential mapping CM catheter are
tracked in each training image. In order to track the CS
catheter and the CM catheter in the sequence of training
image, catheter electrode models for the CS catheter and the
CM catheter can be initialized in a first training image in the
sequence of training images based on user inputs. The cath-
eter electrode models for the CS catheter and the CM catheter
are then tracked in each remaining training image of the
sequence of training images. In each remaining training
image, candidates of catheter landmarks such as the catheter
tip, electrodes and body points are detected for the CS cath-
eter and the CM catheter using trained catheter landmark
detectors. For example, catheter tip candidates and electrode
candidates can be detected using respective catheter land-
mark detectors for the CS catheter, and electrode candidates
and body point candidates can be detected using respective
catheter landmark detectors for the CM catheter. Tracking
hypotheses for the catheter electrode models for the CS cath-
eter and the circumferential mapping are generated in each
remaining training image, and a probability score is calcu-
lated for each tracking hypothesis. For each of the CS catheter
and the CM catheter, the catheter electrode model having the
highest probability score is selected from the generated track-
ing hypotheses. Additional details for tracking the CS cath-
eter and the CM catheter are described in U.S. Publication
No. 20120070046, entitled “Method and System for Detec-
tion and Tracking of Coronary Sinus Catheter Electrodes in
Fluoroscopic Images,” filed on Sep. 12,2011, and U.S. patent
application Ser. No. 13/622,404, entitled “Method and Sys-
tem for Ablation Catheter and Circumferential Mapping
Catheter Tracking in Fluoroscopic Images,” filed on Sep. 19,
2012, the disclosures of which are herein incorporated by
reference.

[0023] Inanembodiment, the positions of the electrodes of
the CS and the center of the mapping catheter in the training
images are stored in a database for later computations. The
tracked electrodes of the CS catheter are denoted as ¢,”’=(u,%,
v where i €[1, 2, . . ., N], N being the number of
electrodes of a catheter and where j €[1, M], M being the
number of images in the training sequence. CS catheters with
either four or ten electrodes are typically used during ablation
procedures. The center of the mapping catheter in frame j is
denoted as m, €R?. The image coordinate systen: is defined
by the coordinates u and v. The most distal electrode of the CS
catheter is denoted herein as ¢, and the most proximal one as
Cye

[0024] At step 204, a set of features is calculated for each
training image based on the electrodes of the CS catheter
tracked in each training image. The following features f,"”, .
.., 1,9 for image j are calculated for all of the training images
based on the tracked positions of the electrodes of the CS
catheter.

[0025] The first feature can be calculated by dividing the
u-position of the most distal electrode of the (¢, in FIG. 4(b))
CS catheter by the u-position of the most proximal electrode
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(c, in FIGS. 4(a) and 4(b)) of the CS catheter. It is to be
understood that the positions are in absolute image coordi-
nates and not related to a reference frame. The first feature can
be expressed as:

fl(/'):ul(/')/uN(/') o)

[0026] The second feature can be calculated by dividing the
v-position of the most distal electrode of the CS catheter by
the v-position of the most proximal electrode of the CS cath-
eter:

L9=v,Dp0 )

[0027] The third feature can be determined by determining
the angle between the u-axis of the image and the line spanned
by the most proximal and most distal electrode of the CS
catheter:

B 1
3(“) = arct.

|V(j) _ VW] 3

|L¢(1j) - um

[0028] The fourth feature can be determined by determin-
ing the angle between the u-axis of the image and the line
spanned by the most proximal electrode of the CS catheter
and the electrode next to the most proximal electrode:

[OJNT 4)
() _ |VN71 VN |
fi = aret ﬁ]
|L¢N,1 Uy |
[0029] The fifth feature can be determined by determining

the angle between the u-axis of the image and the line spanned
by the most proximal electrode of the CS catheter and the
second electrode from the most proximal electrode:

DD &)
() _ |VN—2 VN|
J5 = arctan m— m]
|L¢N,2 MN|
[0030] The calculated features f,7, . . ., £;% capture CS

catheter rotations and deformations, which are typical for
cardiac motion. It is to be noted that CS catheter rotations and
deformations are relatively invariant to translation motion,
which is characteristically for respiratory motion. As the fea-
ture values have different ranges, they are normalized to the
range [0, 1] and the resulting features are denoted in vector
notation as:

fj_:(fﬁ/)y ifz(/')7 fs(/')7 f4(/')7 fS(/'))T (6)

[0031] Returning to FIG. 2, at step 206, based on the cal-
culated set of features, a cardiac cycle value is determined for
each training image. Although it is possible to use ECG data
to determine a cardiac phase for a given frame, this data is not
always readily available and its accuracy may be affected by
irregularities of the heart beat. Accordingly. in an embodi-
ment of the present invention, the calculation of the cardiac
phase is based on a pattern recognition approach. While res-
piration causes only a slight rotational movement of the heart,
the electrodes of the CS catheter show a large relative rotative
movement during the cardiac cycle. Such movement due to
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the cardiac cycle can be captured using the above described a
feature set based on the positions of the electrodes of the CS
catheter.

[0032] FIG. 4illustrates exemplary CS and circumferential
mapping catheter tracking and feature calculation in a fluo-
roscopic image. Image (a) of FIG. 4 illustrates a plurality of
electrodes 4044, 404c, 4045, and 4044 (respectively ¢, c,, 5,
c,) of the CS catheter and the center 402(im) of a circumfer-
ential mapping catheter detected in a fluoroscopic image.
Image (b) of FIG. 4 illustrates calculation of features f;, f,,
and f; based on the detected positions of electrodes 4064,
4065, 406¢, and 4064 of the CS catheter.

[0033] To reduce the dimensionality of the feature vector
calculated for each training image, a principle component
analysis can be performed. A mean feature vector for the set
of training images is calculated by:

M

|
1}
x|~
1=
ot

[0034] A covariance matrix is then calculated by:

®

[0035] Following the calculation of the covariance matrix,
a unitless cardiac cycle value for every image in the training
sequence is calculated based on the eigenvalues and eigen-
vectors of 2

w=e () ©)
[0036] where e, is the eigenvector corresponding to the
largest eigenvalue of the covariance matrix 2. In an embodi-
ment of the present invention, the calculated unitless cardiac
cycle value i, for a frame represents the length of the orthogo-
nal projection of the feature vector for that frame onto the first
eigenvector.

[0037] FIG. 5 illustrates the fit of e, to the features in
feature space. Image (a) of FIG. 5 illustrates first three fea-
tures f, £, f; computed on a training set, and a corresponding
principle axis 502. Image (b) of FIG. 5 illustrates last three
features £, I, f; computed on the same training set, and the
corresponding principle axis 504.

[0038] At step 208, a correspondence is determined
between the cardiac cycle values and positions of the CM
catheter in the training images. In particular, once the cardiac
cycle value y; is calculated for each frame, a correspondence
between the calculated cardiac cycle value 1, and the stored
position of the mapping catheter m, is established and can be
used to predict the position of the circumferential mapping
catheter based on the cardiac cycle value —m,.

[0039] FIG. 6illustrates a correspondence between the car-
diac cycle values and tracked positions of the CM catheter in
a sequence of training images. In particular, the illustrated
correspondence is between a cardiac cycle values (line 602)
determined for a training set and the displacement (line 604)
between the proximal electrode of the CS catheter and the
center of the CM catheter in v-direction (vertical axis of FIG.
6 measured in millimeters) with respect to a reference frame.
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[0040] Returning to FIG. 1, at step 104, a new frame of
fluoroscopic image sequence is received. The fluoroscopic
image sequence is a sequence of fluoroscopic (X-ray) images
acquired over a time period. The fluoroscopic image
sequence can be received directly from an X-ray imaging
device in real-time during atrial fibrillation procedure. In an
advantageous implementation, the fluoroscopic image
sequence can be a plurality of images of the same patient as
the sequence of the training images. The new frame of the
fluoroscopic image sequence can be alater frame of the same
fluoroscopic image sequence as the sequence of training
images or it can be part of a separate fluoroscopic image
sequence initiated at a later time.

[0041] At step 106, cardiac and respiratory motion of the
left atrium is estimated using the motion estimation model
based on tracking results of the CSC in the new frame.
[0042] FIG. 3 illustrates a method for estimating cardiac
and respiratory motion of the left atrium, according to an
embodiment of the present invention. The method of FIG. 3
can be utilized to implement step 106 of FIG. 1.

[0043] At step 302, a CS catheter is tracked in the new
frame of fluoroscopic image sequence. The CS catheter can
be tracked by tracking the catheter electrode model for the CS
catheter in the new frame, using the method described above
in connection with step 202 of FIG. 2.

[0044] At step 304, a feature vector f_ for the new frame
of the fluoroscopic image sequence is determined based on
the electrode locations of the CS catheter tracked in the new
frame. The feature vector f,, is determined as shown in
equation (6) above by calculating the features based on the
tracked CS electrodes in the new frame using equations (1)-
(5), and normalizing the resulting features.

[0045] At step 306, a cycle value is calculated for the new
frame using the trained motion estimation model. In an
embodiment of the present invention, the cycle value at the
new frame is calculated as:

N (10)

[0046] where T and e, are learned from the training image.
The T is the mean feature vector, calculated by equation (7)
above, calculated from the training images and e, is the
largest eigenvalue of the covariance matrix calculated from
the training images in equation (8) above.

[0047] At step 308, a pair of training images closest to a
new image of the fluoroscopic image sequence with respect to
the cardiac phase is determined. In an embodiment of the
present invention, one training image, denoted as f, is earlier
in the cardiac cycle than the new image, while the other
training image, denoted as v, is later in the cardiac cycle than
the new image. The pair of training images closest to a current
image of the fluoroscopic image sequence can be determined
by solving a minimization problem in order to reduce the
effect of errors in the calculation of the heart cycle:

B = argmin(l + g — fhpe])? + d'(M%) - M%EW))Z =

J
Hi<tnew

. 2 () _ (rew)i2

¥ = argmin(l + | — e’ + 0 (i — ™)
4

Hj=tinew

The position of the most proximal electrode in u-di-

[0048]
rection, u, "™, is used for regularization. The idea behind the
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term “regularization” is to reduce the effect of errors in the
calculation of the heart cycle, which may, for example, arise
from slight inaccuracies in the catheter tracking. The cardiac
cycle values g and p, correspond to the two samples closest
to the new frame with respect to the observed cardiac cycle
value |,

[0049] At step 310, estimates for positions of the CMC are
determined based on the pair of training images. Using values
up and ., two estimates for the position of the circumferential
mapping catheter are calculated as:

Bnens, ¢ =P+ =n) (12)
- \,va+(cN("ew)—cN(Y)) (13)
[0050] Thedifference terms in the equations for calculation

of two estimates for the position of the circumferential map-
ping catheter provide the compensation for respiratory
motion. For two images in the same cardiac phase, the
assumption is that any remaining motion must be due to
respiration. Also, assuming that the CS catheter and the map-
ping catheter are equally affected by respiratory motion, the
difference vector between the proximal electrodes of the CS
catheter in the two images is applied to the estimate of the
position of the mapping catheter at the target motion estima-
tion site although the mapping catheter is not present in the
new image. The proximal electrode is selected because it
shows the least intra-cardiac motion with respect to the map-
ping catheter.

[0051] At step 312, a final estimate of the position of the
CM catheter is determined based on proximal electrodes of
the CS catheter and the determined estimates for the position
of the CM catheter. In order to calculate the final estimate, the
two estimates for the positions of the circumferential map-
ping catheter are combined:

PO e, gt (1=@) T (14)

where the scaling value ¢ between the two estimates is cal-
culated as:

iy = Ml (15)
|py = gl

[0052] In an embodiment of the present invention, in case
of high acquisition frame rates =15 frames-per-second, a
temporal low pass filter can be applied:

=0, (1=0) 1, (16)

[0053] because the motion of the heart is smooth in high
frame rate image sequences. The position of the CM catheter
is an estimate based on the tracked CM catheter in the training
frames, not necessarily an actual detection of a current loca-
tion of the CM catheter. This position can be estimated even
if CM catheter is no longer positioned in the location in the
left atrium where the training images are collected. The
motion of this estimated position of the CM catheter between
frames provides an estimate of the motion of the left atrium
due to cardiac and respiratory motion.

[0054] Returning to FIG. 1, at step 108, cardiac and respi-
ratory motion can be compensated in a three-dimensional
overlay projected onto the new frame of fluoroscopic image
sequence. Motion is provided by the current estimated posi-
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tion of the CM catheter versus the position of the CM catheter
in a reference frame. A 3D overlay is adjusted based on the
estimated motion.

[0055] At step 110, the new frame as the motion-compen-
sated 3D overlay is output and a compensated motion in 3D
overlay is projected onto each frame of fluoroscopic image
sequence. It is to be understood that the motion-compensated
3D overlay is output to a suitable output device and/or stored
in a database for future processing or analysis. For example,
the new frame and motion-compensated 3D overlay may be
displayed by a display device of a computer system. The new
frame and motion-compensated 3D overlay can also be dis-
played in real-time during atrium fibrillation procedure.
[0056] At step 112, a determination is made whether the
new frame is a last frame of fluoroscopic image sequence. If
a determination is made that the new frame is the last frame,
the method of FIG. 1 ends. If, however, if a determination is
made that the new frame is not the last frame of fluoroscopic
image sequence, the method of FIG. 1 loops to step 104 in
which a subsequently new frame is received and then pro-
cessed through steps 106-112. It is to be understood that steps
164-112 of FIG. 1 may be repeated until a determination is
made that the new image is the last image of fluoroscopic
image sequence.

[0057] FIG. 7 illustrates exemplary motion compensation
results. Specifically, image (a) shows an exemplary frame
with an overlay 702 shown without motion compensation.
Image (b) shows same exemplary frame in which overlay 704
1s shown with motion compensation.

[0058] Although the methods of FIGS. 1, 2, and 3 are
described above as being implemented using a CS catheter
and a CM catheter to estimate motion of the left atrium, the
present invention is not limited thereto. The methods
described above can be implemented using by tracking any
first catheter and estimating motion of a portion of the heart
based on an motion estimation model trained based on detec-
tions of the first catheter and a second catheter, which is
located at the portion of the heart, in a sequence of training
images. In various advantageous embodiments, any type of
linear catheter, of which the CS catheter is one example, can
be used as the first catheter, and a CM catheter or an ablation
catheter can be used as the second catheter, but the present
invention is not limited thereto.

[0059] The methods described above can be implemented
to estimate and compensate motion in original resolution, half
resolution, or multi-resolution. The above-described methods
can be also utilized in mono-plane or bi-plane fluoroscopic
image sequences.

[0060] The above-described methods for cardiac motion
estimation and compensation in a fluoroscopic image
sequence may be implemented on a computer using well-
known computer processors, memory units, storage devices,
computer software, and other components. A high level block
diagram of such a computer is illustrated in FIG. 8. Computer
802 contains a processor 804, which controls the overall
operation of the computer 802 by executing computer pro-
gram instructions which define such operation. The processor
804 may include a Central Processing Unit (CPU) and a
Graphics Processing Unit (GPU). The computer program
instructions may be stored in a storage device 802, or other
computer readable medium, (e.g., magnetic disk) and loaded
into memory 810 when execution of the computer program
instructions is desired. Thus, all method steps described
above, including the method steps illustrated in FIGS. 1, 2,
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and 3 may be defined by the computer program instructions
stored in the memory 810 and/or storage 812 and controlled
by the processor 804 executing the computer program
instructions. An image acquisition device 820, such as an
X-ray imaging device, can be connected to the computer 802
to input fluoroscopic image sequences to the computer 802. It
is possible to implement the image acquisition device 820 and
the computer 802 as one device. It is also possible that the
image acquisition device 820 and the computer 802 commu-
nicate wirelessly through a network. The computer 802 also
includes one or more network interfaces 806 for communi-
cating with other devices via a network. The computer 802
also includes other input/output devices 808 that enable user
interaction with the computer 802 (e.g., display, keyboard,
mouse, speakers, buttons, etc.) One skilled in the art will
recognize that an implementation of an actual computer could
contain other components as well, and that FIG. 8 is a high
level representation of some of the components of such a
computer for illustrative purposes.

[0061] The foregoing Detailed Description is to be under-
stood as being in every respect illustrative and exemplary, but
notrestrictive, and the scope of the invention disclosed herein
is not to be determined from the Detailed Description, but
rather from the claims as interpreted according to the full
breadth permitted by the patent laws. It is to be understood
that the embodiments shown and described herein are only
illustrative of the principles of the present invention and that
various modifications may be implemented by those skilled
in the art without departing from the scope and spirit of the
invention. Those skilled in the art could implement various
other feature combinations without departing from the scope
and spirit of the invention.

1. A method comprising:
tracking a first catheter in a plurality of frames of a fluoro-
scopic image sequence; and
estimating cardiac and respiratory motion of a portion of a
heart in each of the plurality of frames based on tracking
results of the first catheter using a motion estimation
model trained based on tracking results of the first cath-
eter and a second catheter tracked in a sequence of
training images.
2. The method of claim 1, further comprising:
training the motion estimation model based on tracked
electrodes of the first catheter and the tracked second
catheter in a sequence of training images.
3. The method of claim 2, wherein training the motion
estimation model comprises:
detecting the electrodes of the first catheter and the second
catheter in each training image sequence of training
images;
calculating features in the each training image based on
locations of the electrodes of the first catheter;
determining a cardiac cycle value for each training image
based on the calculated features; and
determining a correspondence between the cardiac cycle
values and positions of the second catheter in the train-
ing images.
4. The method of claim 2, wherein the sequence of training
images is of same patient as the fluoroscopic image sequence.
5. The method of claim 2, wherein the sequence of training
images is a number of frames of the fluoroscopic image
sequence prior to the plurality of frames of the fluoroscopic
image sequernce.
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6. The method of claim 3, wherein calculating features in
the each image comprises:
for each training image j:
calculating a first of the plurality of features as: f,¥)=u, ¥/
0.
uN )
calculating a second of the plurality of features as: f,¥=v,
Dpy 0.
N
calculating a third of the plurality of features as:

0 _ - Vm A
|L£(1j) —um )

calculating a fourth of the plurality of features as

() ()
() |VN71 i |
fy = arctan) ——— |;

|L¢%),l —um '

and
calculating a fifth of the plurality of features as:

() )
() sz - Vﬂ”
fs7 =arct

|L¢%),2 - um |

wherein c, is a most distal electrode of the first catheter and c,,
is a most proximate electrode of the first catheter, where c,, .
.., ¢, denotethe electrodes of the first catheter, and (u,, v,¥%)
denote coordinates of ¢, in training image.

7. The method of claim 6, wherein determining a cardiac
cycle value for each training image comprises:

calculating a new feature vector as:

B Lt
f=MjZ:;fj,

where fj:(i“1 019,19, 1,9 £)7is a normalized feature of
frame j;
calculating a covariance matrix as:

and
calculating the cardiac cycle value for each frame as:
pj:e;LT «(f;-1), where e, a largest eigenvalue of the cova-
riance matrix 2.

8. The method of claim 1, wherein the step of estimating
cardiac and respiratory motion comprises, for each of the
plurality of frames of the fluoroscopic image sequence:

tracking the electrodes of the first catheter in the frame;

calculating a feature vector based on the tracked electrodes
of the first catheter;

calculating a cardiac cycle value based on the feature vec-

tor using the trained motion estimation model;
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determining a pair of training samples closest to the frame
based on the calculated cardiac cycle value;

determining estimates for a position of the second catheter
in the frame from the pair of training samples; and

combining the estimates to determine a final estimate for
the position of the second catheter.

9. The method of claim 8, where calculating a cardiac cycle

value comprises:

calculating the cardiac cycle value as:

W, = (L .,~1), wherein f_, is the feature vector calcu-
lated from the current frame, T is a mean feature vector
learned from a sequence of training Images, and e, an
eigenvector corresponding to a largest eigenvalue of a
covariance matrix.

10. The method of claim 8, wherein determining a pair of

training samples closest to the frame comprises:
determining a pair of training samples as:

P i 2
A= argrlmnlxl + |/~4j _ﬂnewl)z + (1'(14%) - Mx'wm)

J
Hj<Hnew

where

o i w2
¥ = argmin(l + |4 = thenl* + 0+ (]’ = ™Y,
K

1 Hnew

wand p, . are cardiac cycle values,
u,"® is a position of most proximal electrodes in to
u-direction, and
o is an empirical value.
11. The method of claim 10, wherein determining esti-
mates comprises:

Prgers, =M+ -cp'P); and

m,

(new)

=m, ey .,

—

new, y

12. The method of claim 8, wherein combining the esti-
mates to determine a final estimate for the position of the
second catheter comprises:

Mo P Msery, p+(1=9) e, Wherein

the scaling value ¢ between the two estimates s calculated as:

_ |ﬂ'y - ﬂnewl
Ity =5l

13. The method of claim 1, further comprising:

compensating for the estimated cardiac and respiratory

motion of the portion of the heart in a 3D overlay pro-
jected onto each of the plurality of frames of the fluoro-
scopic image sequence.

14. The method of claim 1, wherein the first catheter is a
linear catheter and the second catheter is located at the portion
of the heart in the sequence of training images.

15. The method of claim 14, wherein the second catheter is
one of em circumferential mapping catheter or an ablation
catheter.

16. The method of claim 1, wherein the first catheter is a
coronary sinus catheter, the second catheter is a circumferen-
tial mapping catheter, and the portion of the heart is a left
atrium.
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17. An apparatus comprising:

means for tracking a first catheter in a plurality of frames of
a fluoroscopic image sequence; and

means for estimating cardiac and respiratory motion of at
least aportion of aheart in each of the plurality of frames
based on tracking results of the first catheter using a
motion estimation model trained based on tracking
results of the first catheter and a second catheter tracked
in a sequence of training images.

18. The apparatus of claim 17, further comprising:

means for training the motion estimation model based on

tracked electrodes of the first catheter and the tracked
second catheter in a sequence of training images.

19. The apparatus of claim 18, wherein the means for
training the motion estimation model comprises:

means for detecting the electrodes of the first catheter and

the second catheter in each training image sequence of
training images;

means for calculating features in the each training image

based on locations of the electrodes of the first catheter;
means for determining a cardiac cycle value for each train-
ing image based on the calculated features; and

means for determining a correspondence between the car-

diac cycle values and positions of the second catheter in
the training images.

20. The apparatus of claim 17, wherein the means for
estimating cardiac and respiratory motion comprises, for
each of the plurality of frames of the fluoroscopic image
sequence:

means for tracking electrodes of the first catheter in the

frame;

means for calculating a feature vector based on the tracked

electrodes of the first catheter;

means for calculating a cardiac cycle value based on the

feature vector using the trained motion estimation
model;
means for determining a pair of training samples closest to
the frame based on the calculated cardiac cycle value;

means for determining estimates for a position of the sec-
ond catheter in the frame from the pair of training
samples; and

means for combining the estimates to determine a final

estimate for the position of the second catheter.

21. The apparatus of claim 17, further comprising:

means for compensating for the estimated cardiac and res-

piratory motion of the at least the portion of the heart in
a 3D overlay projected onto each of the plurality of
frames of the fluoroscopic image sequence.

22. A non-transitory computer readable medium encoded
with computer executable instructions for defining steps
comprising:

tracking a first catheter in a plurality of frames of a fluoro-

scopic image sequence; and

estimating cardiac and respiratory motion of at least a

portion of a heart in each of the plurality of frames based
on tracking results of the first catheter using a motion
estimation model trained based on tracking results of the
first catheter and a second catheter tracked in a sequence
of training images.

23. The non-transitory computer readable medium of claim
22, further comprising:

training the motion estimation model based on tracked

electrodes of the first catheter and the tracked second
catheter in a sequence of training images.
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24. The non-transitory computer readable medium of claim
23, wherein training the motion estimation model comprises:
detecting the electrodes of the first catheter and the second
catheter in each training image sequence of training
images;
calculating features in the each training image based on
locations of the electrodes of the first catheter;
determining a cardiac cycle value for each training image
based on the calculated features; and

determining a correspondence between the cardiac cycle

values and positions of the second catheter in the train-
ing images.

25. The non-transitory computer readable medium of claim
23, wherein the sequence of training images is of same patient
as the fluoroscopic image sequence.

26. The non-transitory computer readable medium of claim
23, wherein the sequence of training images is a number of
frames of the fluoroscopic image sequence prior to the plu-
rality of frames of the fluoroscopic image sequence.

27. The non-transitory computer readable medium of claim
24, wherein calculating features in the each image comprises:

for each training image j:

calculating a first of the plurality of features as: f,%=u, %/

Uy~
calculating a second of the plurality of features as: f,"=v,
Dy 0.
N >
calculating a third of the plurality of features as:

Mj) _ V(A{)|

|uaf’-u‘Nf>|]‘

f3(j) = arct;

calculating a fourth of the plurality of features as
0o
0 _ |VN—1 i | i
; m"[wz ] |
and
calculating a fifth of plurality of features as:

- ) ]

|

whereinc, is a most distal electrode of the first catheter and c,,
is a most proximate electrode of the first catheter, where c,, .
.. ,¢,denote the electrodes of the first catheter, and (u,, v,¥%)
denote coordinates of ¢, in training image.

28. The non-transitory computer readable medium of claim
27, wherein determining a cardiac cycle value for each train-
ing image comprises:

calculating a new feature vector as:

fis

[
I

|
i
x|~
1=

where £=([,, 1L, 1,9, 1,9, I,%)" is a normalized feature of
frame j;
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calculating a covariance matrix as:

1 ¥ . =T
D DT
=1

i=

=

and

calculating the cardiac cycle value for each frame as:
pj:ekT (f-T), where e, is a largest eigenvalue of the
covariance matrix .

29. The non-transitory computer readable medium of claim
22, wherein the step of estimating cardiac and respiratory
motion comprises, for each of the plurality of frames of the
fluoroscopic image sequence:

tracking electrodes of the first catheter in the frame;

calculating a feature vector based on the tracked electrodes
of the first catheter;

calculating a cardiac cycle value based on the feature vec-
tor using the trained motion estimation model;

determining a pair of training samples closest to the frame
based on the calculated cardiac cycle value:

determining estimates for a position of the second catheter
in the frame from the pair of training samples; and

combining the estimates to determine a final estimate for
the position of the second catheter.

30. The non-transitory computer readable medium of claim

29, where calculating a cardiac cycle value comprises:
calculating the cardiac cycle value as:

W= (L, 0, —T), wherein T is the feature vector calcu-
lated from the current frame, T is a mean feature vector
learned from a sequence of training images, and ¢*” is an
eigenvector corresponding to a largest eigenvalue of a
covariance matrix.

31. The non-transitory computer readable medium of claim

29, wherein determining a pair of training samples closest to
the frame comprises:
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determining a pair of training samples as:

P 5 ) 2
B = axgmin] + i = el + () )
J
Hi<Hnev
where

. i w2
¥ = argmin(l + |y — e+ a/-(u%) - u%ew))
j

Hi=Hnew

5

w,and ., are cardiac cycle values,

U, is a position of most proximal electrodes in u-di-
rection, and

o is an empirical value.

32. The non-transitory computer readable medium of claim

31, wherein determining estimates comprises:

P, =M+ (Cn " =cpP); amd

Pony, \,:n1v+(cN("9W)—cN(V)).

33. The non-transitory computer readable medium of claim
29, wherein combining the estimates to determine a final
estimate for the position of the second catheter comprises:

Plrg s =P s, p+(1=0) ., Wherein

the scaling value ¢ between the two estimates is calculated as:

_ 4ty = blnersl
Ity — pigl

34. The non-transitory computer readable medium of claim
22, further comprising:
compensating for the estimated cardiac and respiratory
motion of the at least the portion of the heart in a 3D
overlay projected onto each of the plurality of frames of
the fluoroscopic image sequence.

* #* * #* #®
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