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Abstract— Gating of X-ray fluoroscopy images is required
for catheter reconstruction for registration of pre-procedural
images with fluoroscopy for guidance and biophysical
modelling. We propose a novel and clinically useful
retrospective method for automatic image-based cardiac and
respiratory motion gating. The technique is based on tracking
and statistical analysis of the shape of the coronary sinus
catheter. We applied our method on five mono-plane imaging
sequences comprising a total of 322 frames from five different
patients undergoing radiofrequency ablation for the treatment
of atrial fibrillation. We established systole, end-inspiration and
end-expiration gating with success rates of 100%, 89.47% and
81.25% respectively.

1. INTRODUCTION

Minimally-invasive catheter procedures are routinely used to
treat heart disease. Electrophysiology (EP) procedures are an
example and are used to treat patients with rhythm disorders.
These procedures are carried out under X-ray fluoroscopic
image guidance. X-ray fluoroscopy has several drawbacks,
such as poor soft tissue contrast and the delivery of radiation
dose. In order to address these issues, image fusion can be
used where pre-procedural three-dimensional (3D) images
can be combined with the 2D X-ray images for roadmapping.
The 2D-3D registration can be achieved using specialised
hybrid imaging systems [l1]. However, achieving the
registration in a conventional mono-plane catheter laboratory
is challenging. A promising solution is the use of catheters to
constrain the registration [2]. A recent implementation of this
approach uses 3D catheter reconstructions from sequential
biplane X-ray images [3]. This technique requires both
cardiac and respiratory phase matching of the biplane
images. In [3], this was achieved manually, but an automatic
technique would significantly speed up the clinical
workflow. A similar requirement for automatic frame
matching exists when catheter positional information needs
to be measured with reference to a registered anatomical
model. This can be useful for recording the position of
electrical measurements, pacing locations and ablation
treatments [4, 5].

Cardiac gating can be achieved by synchronously recording
the electrocardiogram (ECG) with the X-ray images.
However, this is not a standard feature on commercial X-ray
systems and, when present, there may be unknown latency
between the acquisition of the ECG and X-ray data.
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Respiratory gating can be achieved using the breath-hold
technique that is commonly used during magnetic resonance
imaging [6, 7]. However, this is not practical in the catheter
laboratory where patients can be heavily sedated.
Respiratory phase determination by diaphragm tracking was
demonstrated in [8]. This is an accurate and robust approach
but the diaphragm is not always visible in cardiac X-ray
images due to collimation to reduce radiation dose. A more
promising approach is to track the EP catheters [9, 10, 11].
The disadvantage of this technique is that uncoupling the
cardiac from the respiratory motion can be challenging.
Another promising approach was presented in [12]. This
technique estimates the motion between successive frames
using the phase correlation algorithm and was tested using
X-ray coronary angiography images. However, the
performance of this approach for EP images containing high-
contrast catheters is not known.

We propose a novel approach for cardiac and respiratory
phase determination for cardiac EP X-ray images based on
principal component analysis (PCA) of tracked catheter
electrodes. The algorithm is validated using X-ray images
taken during radiofrequency ablation procedures (RFA) for
patients being treated for atrial fibrillation (AF). Manual
identification of systole was used as the gold standard for
cardiac gating and diaphragm or heart border tracking [13]
was used as the gold standard for respiratory gating.

II. METHODS

The proposed method comprises three main steps. Firstly,
the technique described in [11] is used to track the electrodes
of the coronary sinus (CS) catheter throughout the X-ray
sequence. This catheter is routinely used during EP
procedures and provides reference information to the
cardiologist throughout the procedure. Secondly, PCA is
applied to the coordinates of the tracked electrodes. Thirdly,
the results of the PCA are processed to provide automatic
cardiac and respiratory gating. These individual steps are
described below.

A. Data acquisition

All patient procedures were carried out using a mono-
plane flat-panel cardiac X-ray system (Philips Allura Xper
FD10, Philips Healthcare, Best, The Netherlands).

B. Coronary sinus catheter detection

The CS catheter is composed of 10 electrodes, distributed
in pairs along the catheter (see figure 1). The CS catheter
tracking technique [11] uses a fast multi-scale blob detection
method to detect all electrode-like objects in an X-ray image
and a cost function to discriminate the CS catheter from
other catheters. Manual tracking was performed in cases
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where the technique failed to detect electrodes. After
application of the tracking algorithm, the x and y positions of
each of the 10 electrodes were concatenated into a single
column vector. Hence, the data generated by the tracking
process consisted of:
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where Z,, and Z

ienx i,y Tepresent the x and y coordinates, in
pixels, of the e™ electrode in the frame and N is the number

of frames.

C. Principal component analysis (PCA)

PCA transforms a multivariate dataset of possibly
correlated variables into a new dataset of a smaller number
of uncorrelated variables called principal components (PCs),
without any loss of information. We first compute the mean
vector:

s = S, (2)
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and the covariance matrix:
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according to the standard PCA technique. The eigenvectors
v 1<m<Mof Srepresent the PCs and the

m>
corresponding eigenvalues d,, 1<m < M represent the

variance of the data along the direction of the eigenvectors.
For our application M=20 since the s; are of length 20,
although at most N-1 of these will have non-zero
eigenvalues. Next, to estimate the contribution of each of the
PCs to the variation in the electrode positions, we compute
the scalar projection of the original data onto each of the
(unit) PC vectors:

P
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The hypothesis is that the PCA will extract the cardiac and

respiratory modes and that Pm’i will therefore represent

cardiac/respiratory signals that can be used for gating. It was
found by visual inspection that the variation of 1* PC was
dominated by cardiac motion and that the variation of the 2™
PC was dominated by respiratory motion for all datasets that
we analysed.

D. Cardiac gating

The 1% PC is used to detect systolic (sys) frames of the image
sequences which are represented by the peaks of the
variation of the 1* PC with frame number;

st.r :{ilf)],i—] <P1,i >P1 [ ]} (5)
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where € is the set of all frame numbers that are

identified as systole.

E. Respiratory gating

The 2™ PC relates to the respiratory motion. However, some
cardiac motion remains. To eliminate the effect of the
cardiac motion we gate the variation of the 2" PC using the
peaks of the variation of the 1* PC. Hence, end-inspiration
(ED) and end-expiration (EX) are represented by:

Q. =lil P, <P, >P,.ijkeQ, ,j<i<k} (6
and
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respectively, where j, i and k are temporally consecutive
systolic frames.

III. RESULTS

We validated our method on 5 clinical fluoroscopy
sequences from 5 patients who underwent RFA procedures
for the treatment of AF. For each patient, X-ray imaging was
performed at 3 frames per second. A total of 322 frames
were processed. The percentages of variation in PCs 1 and 2
for each patients were calculated to be 95.6%, 87.7%,
89.6%, 93.2%, 78.9% for the 1* PC and 3.2%, 11.2%, 8.4%,
5.52%, 20.5% for the ond PC, respectively. Because our
technique is intended for retrospective analysis, we did not
separate training and test data. Rather, all frames were used
for both training and testing the model.

A. Qualitative Validation

In order to qualitatively validate our cardiac gating method,
manual gating of the cardiac cycle at systole was performed
by an experienced observer, by visually detecting the onset
of contraction of the left ventricle from the fluoroscopic left
heart border shadow. The systolic frame number was
recorded and compared against the corresponding systolic
frame number from the automatic detection. We chose
systole as opposed to diastole for validation since the manual
ground truth is more reliable for systole where rapid motion
can be used as the visual clue. Plots of the data with respect
to the 1% PC for the first 30 frames for two example X-ray
sequences are illustrated in figures 1(b) and 2(b). The plotted
vertical black lines correspond to the gold standard systolic
frames. The first image of the processed X-ray sequences is
shown in figures 1(a) and 2(a).

We validated the respiratory gating using either diaphragm
or heart border tracking as described in [13] for the ground
truth. The choice of ground truth was determined by which
structure was visible in the X-ray images. The respiratory
signal obtained from diaphragm/heart border tracking was
cardiac gated using the manually identified systolic frames.
The peaks/troughs obtained using the tracking method were
compared to the peaks/troughs obtained using the PCA-
based method. The results are shown in Figure 3 for two
patient cases. Our PCA-based technique is shown in blue.
The diaphragm tracking (gold standard) is shown in green.
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Figure 1. ({a) Case 1: Example X-ray image showing the different types of
EP catheters during the ablation stage of a procedure to treat AF. The CS
catheter electrodes have been differentially detected by the algorithm in
[11]; (b) Graphical representation of the variation of the 1% PC with X-ray
frame number. The black lines are the gold standard identification of

systole.

750

1
—— N ardec gl
700 —
850 - J —

550 4

principal carpaent 1

500

20 25 30

10 15
fire (Farme rurmoer)

(b)
Figure 2. {a) Case 2: Fxample X-ray image during the transseptal
puncture stage of a procedure to treat AF; {b) Graphical representation of
the variation of the 1 PC with X-ray frame number.

(a) (b)
Figure 3. The respiratory traces obtained after applying the PCA-based
method are illustrated for Casel {a) and Case2 (b) in blue. The diaphragm
tracking {gold standard) is also shown for (a) case 1 and (b) case 2.

B.  Comparative quantitative validation

It was important to investigate whether the new PCA-based
technique was superior to simply using the Cartesian
coordinates of the electrode positions alone. Therefore, as a
comparative technique, the tracking data for the proximal
and distal electrodes of the CS catheter were employed using
the same gating technique. Specifically, for the proximal
electrode the x coordinate, z;; , was used in place of P;; and
the y-coordinate, z;,, was used in place of P,;. Similarly, for
the distal electrode the x coordinate, z; 10, was used in place
of P, ; and the y-coordinate, z 1o, was used in place of P, ;.

For both cardiac and respiratory gating, the frame difference
was computed between the PCA-based methods and the gold
standard methods. This was also done for the proximal/distal
electrode tracking technique. The results can be seen in
figure 4. Our proposed PCA-based technique outperforms
both of the alternative electrode position based techniques
for all three gating tasks.
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Figure 4. (a) Cardiac gating performance {b) EX respiratory gating
performance (c) FI respiratory gating performance

Table I summarises the number of false positives and false
negatives (i.e. extra/fewer detected peaks/troughs) over all
processed sequences for all techniques. Table II displays the
percentage success rates and Table I1I indicates the results of
statistically analyzing the three techniques. A 2-tailed paired
t-test was conducted under the null hypothesis that there was
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no difference in the techniques. The t-test was done on the
absolute frame differences of each of the techniques and was
conducted for systole, end-inspiration and end-expiration,
only including peaks/troughs that were detected by all three
methods. In all cases our proposed PCA-based technique
was found to have significantly lower errors than the
alternative techniques (p < 0.05). The results confirm the
accuracy and robustness of the PCA-based gating method.

TABLE I. MISSDETECTION OF PEAKS/TROUGHS

Overall extra; fewer peaks or troughs for 5 clinical sequences

Automatic technique Systole gating EX gating | EI gating
PCA 3;0 0;0 0;0
Gated y — proximal el 7;0 53 6;0
Gated y — distal el 7,0 5,3 6;0

TABLE II. % SUCCESS RATE

Success Rate (%)
Automatic technique Systole gating EX gating | EI gating
PCA 100 81.25 89.47

Gated y - proximalel | 70-19 4375 68.42

Gated y — distal el 73.08 43.75 73.68

TABLE III. STATISTICAL ANALYSIS FOR THE AUTOMATIC
TECHNIQUES

Mean frame difference; Standard deviation

Automatic technique Systole gating EX gating | EI gating
PCA 0;0 0.41;1.08 | 0.21;0.80
Gated y — proximal el 0.28; 0.58 1.38;2.06 | 0.82;1.59
Gated y — distal el 0.24;0.55 1.47;1.99 | 0.55;1.33

IV. DISCUSSION AND CONCLUSION

We have presented an accurate and robust retrospective
PCA-based method for image-based automatic cardiac and
respiratory motion gating based on catheter shape. This
method is able to detect cardiac and respiratory phases from
X-ray fluoroscopy images. We have applied our technique
on five clinical fluoroscopy sequences and computed the
success rates for systolic cardiac gating, EI and EX
respiratory gating which were 100%, 89.47% and 81.25%,
respectively. The PCA-based method is fully automatic,
requiring no user interaction and operates within a few
seconds per image sequence. The method has potential
application in more types of cardiac catheterization
procedures, rather than only RFA procedures. The method
will be particularly useful for catheter reconstruction for
registration and overlay of pre-procedural images with X-ray
fluoroscopy for guidance and biophysical modelling. In
future work we plan to investigate non-linear approaches as
an alternative to PCA in our statistical model.
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