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Electrophysiology (EP) procedures are minimally invasive catheter procedures that
are used to treat cardiac arrhythmias. They are carried out under X-ray fluoroscopic
image guidance. However, X-ray images have poor soft tissue contrast. To overcome
the lack of soft tissue contrast, pre-procedural three-dimensional (3D) images can be
registered and overlaid in real-time with the 2D X-ray images using specialized
hybrid imaging systems [1]. Achieving the registration in a conventional mono-plane
catheter laboratory is challenging. A solution was proposed in [2] where catheters
were used to constrain the registration. An implementation of this approach used 3D
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Abstract. We present a novel and clinically useful method to automatically
determine the regions that carry cardiac and respiratory motion information
directly from standard mono-plane X-ray fluoroscopy images. We demonstrate
the application of our method for the purposes of retrospective cardiac and
respiratory gating of X-ray images. Validation is performed on five mono-plane
imaging sequences comprising a total of 284 frames from five patients
undergoing radiofrequency ablation for the treatment of atrial fibrillation. We
established end-inspiration, end-expiration and systolic gating with success
rates of 100%, 100% and 95.3%, respectively. This technique is useful for
retrospective gating of X-ray images and, unlike many previously proposed
techniques, does not require specific catheters to be visible and works without
any knowledge of catheter geometry.
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catheter reconstructions from sequential bi-plane X-ray images [3]. This technique
required manual cardiac and respiratory phase matching of the bi-plane images. A
similar requirement for automatic frame matching exists when catheter positional
information needs to be measured with reference to a registered anatomical model.
This is important for recording the position of electrical measurements, pacing
locations and ablation treatments [4,5].

A cardiac electrocardiogram (ECG) synchronously recorded with X-ray images
can be used for cardiac gating. However, this facility is not always present in X-ray
systems and when present, there may be unknown delay between the ECG signal and
the X-ray data. Respiratory gating can be achieved using breath-holding. This is
commonly used during magnetic resonance imaging (MRI) [6]. However, this is
impractical in the catheter laboratory where patients can be heavily sedated.

Image-based motion estimation should be more reliable and robust. This approach
do not require any special hardware, fiducial markers or additional contrast agent. In
[7,8] diaphragm tracking was used for respiratory phase determination. However, 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].
Nevertheless, decoupling the cardiac from the respiratory motion can be challenging.
The technique presented in [12] was used to estimate the motion between successive
frames using a phase correlation algorithm, without requiring specific catheters to be
present. The technique was tested on 2D X-ray angiographic and 3D liver and intra-
cardiac ultrasound sequences. The main drawback of this technique is that it assumes
that objects in the scene exhibit only translations, which is not the case in EP images.

Manifold learning (ML) has been shown to be a useful image-based method for
cardiac and respiratory phase detection. In [13] the Laplacian Eigenmaps (LE)
method was used for respiratory gating in MRI and ultrasound (US) applications. In
US applications, LE has been used for cardiac gating [14]. In [15] a technique called
Hierarchical Manifold Learning (HML) was used to learn the regional correlations in
motion within a sequence of time-resolved MR images of the thoracic cavity.

We propose a novel approach for cardiac and respiratory phase gating for cardiac
EP X-ray images based on HML. The algorithm is validated using X-ray images
taken during radiofrequency ablation (RFA) procedures for patients being treated for
atrial fibrillation (AF). The novelty of our approach is that it does not rely on specific
catheters being present in the image data or the localisation of these devices, and
makes no assumptions about the nature of the motion present in the images.

2 Methods

A block diagram of the proposed method for cardiac and respiratory gating is shown
in Fig. 1. We first describe the respiratory gating approach and then outline how this
technique is expanded with a number of other image processing operations to make it
suitable for cardiac motion gating.
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Fig. 1. Block diagram of the proposed HML-based method. (Top) For respiratory gating;
(bottom) for cardiac gating.

2.1  Respiratory Gating

2.1.1 Hierarchical Manifold Learning

ML is a non-linear dimensionality reduction technique, which aims to embed data that
originally lies in a high dimensional (high-D) space into a lower dimensional (low-D)
space, while preserving characteristic properties. LE is a particular ML technique, which is
often chosen for medical imaging applications [16]. One of the disadvantages of applying
conventional ML techniques to medical images is that the whole of the image is
represented by a single value even though not all the image contains relevant information.
To prevent this weakness we used HML, a recently proposed technique [15]. To avoid the
need to pre-define regions of interest, the images are separated into regular patches, of size
2x2 pixels each, finding a manifold embedding for each image patch. The idea is to align
each patch embedding to several parent manifolds, with the strength of the aligning
constraint dependent on the distance to parent patch centers. For a 2D image, it would
seem natural to constrain a new patch to be close to its four nearest (in terms of distance)
parent patches [15]. Consequently, for our experiments, we simply use four (2D) parent
patches. As we are trying to recover both the cardiac and respiratory motions, we reduce
the data to 2 dimensions. By using a manifold embedding dimensionality of 2, each patch
in each time frame is represented by a 2D coordinate. We treated the values in each
dimension separately. We found by visual inspection that the coordinates of the 1%
dimension represent the respiratory motion while the coordinates of the 2™ dimension
represent the cardiac motion. We denote the output of the HML process by P;, P, for the
1* and 2™ dimension, respectively.

2.1.2 Gating
HML is applied to the 2x2 patches of our X-ray images, denoted . Then, Eq. 1 is used
to obtain the respiratory phase.

Py =Yjer Prji/ Ny (D
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where Py ;; is the 1** dimension of HML result at patch j, frame i and N, is the total
number of patches in I. The peaks of the plots at each time frame represent end-
inspiration (EI) respiratory frames, Q;y, while the troughs represent end-expiration
(EX) respiratory frames, Qgx.

QE]Z{i|pl,i—l<Pl,i>pl,i+l} (2)
'QEXz{ilpl,i-l>p1,i<p1,i+1} 3)

2.2 Cardiac Gating

The embedding coordinates of the 2" dimension, P,, of each patch for every frame of
each sequence relate to the cardiac motion. However, this is significantly affected by
respiratory motion. To compensate for the respiratory motion three additional steps
are applied to our X-ray images, a Frangi vesselness (FV) filter [17] followed by
morphological opening, morphological dilation and a band pass filter.

2.2.1 Frangi Vesselness Filter

The FV filter is applied to all X-ray images in the sequence. This technique identifies
tubular structures in the X-ray images, which are expected to carry useful cardiac and
respiratory motion information, using Hessian eigenvalues. The responses of the FV
filter are binarised by applying a threshold. To remove the noise present while
preserving the shape and size of the detected structures we apply morphological
opening to the binarised responses. We denote the results of this opening process by
1;,;, where i is the X-ray frame number.

2.2.2 Morphological Dilation

The previous step is followed by the application of morphological dilation. This
operation adds pixels to the boundaries of detected structures, which produces I,;. In
morphological dilation the value of the output pixel is the maximum value of all the
pixels in the input pixel’s neighbourhood. Computing I;,=I,;-1;; the image patches
around the detected tubular structures are identified. The HML is applied to these
patches only. These patches were found to be more useful for extracting cardiac
motion information than using the tubular structures themselves. Although the tubular
structures are expected to carry useful cardiac motion information, they also carry
respiratory motion information that adversely affects the accuracy of our systolic
peaks. For cardiac motion we use

Py = Yjety; P2ji/Niy, S

where P, ;; is the 2" dimension of the HML results at patch j, frame i and N, is the
total number of patches in I;;
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2.2.3 Band Pass Filter and Gating
To remove residual respiratory motion, a 2™ order band pass filter is applied to our
plots. The peaks of the plots represent systolic frames.

Q,=1ilP 2.:1<Py>P. .41 ®)

3 Experiments

3.1 Materials

All patient procedures were carried out using a mono-plane 25cm-flat-panel cardiac
X-ray system (Philips Allura Xper FD10, Philips Healthcare, Best, The Netherlands),
in one of the catheterization laboratories at St. Thomas’ Hospital, London, U.K. In
total, 5 different clinical fluoroscopy sequences from 5 patients who underwent RFA
procedures for the treatment of AF were used. A total of 284 X-ray images were
processed. For each patient, X-ray imaging was performed at 3 frames per second. All
X-ray images were 512x512 pixels in resolution, with a pixel to mm ratio of 0.25.
Included in this ratio is the typical magnification factor of the X-ray system.

3.2  Optimization of Parameters

We built our algorithm using the leave-one-out cross-validation (LOOCYV) approach.
This involved using 4 sequences as the training data and the remaining sequence as
the validation data. To build our algorithm, we optimised the four parameters
involved in extracting the cardiac phases. These parameters include: a threshold level
on the normalised output, O to 1, of the FV filter, the number of morphological
dilations of the identified structures, and the pass band and stop band frequencies of
the band pass filter, optimised to be >0.02, 303, 0.62 and 0.98, respectively.

3.3  Validation of Our Retrospective Cardiac and Respiratory Gating

We validated the respiratory gating using either diaphragm or heart border tracking as
described in [8] for the ground truth. The choice of ground truth was determined by
which structure was visible in the X-ray images. The signals obtained using the
tracking method (gold standard) were compared to the signals obtained using the
HML-based method. In order to 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 with 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 cue.
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4 Results

4.1 FV Filter and Morphological Dilation Output Images

Fig. 2(a) gives an illustration of the output of the thresholded FV filter response, /; ;,
of the first frame of one example X-ray sequence after the application of the threshold
level and the morphological opening, overlaid with the corresponding X-ray image.
Fig. 2(b) illustrates the image output, I5;, overlaid with the corresponding X-ray
image for the first frame of the same example case.

(@ (b)

Fig. 2. (a) Image output of the FV filter followed by morphological opening, /; ;, overlaid with
the corresponding X-ray image for Case 1. The EP catheters during the ablation stage of a
procedure are shown. (b) Image output, /5, overlaid with the corresponding X-ray image for
Case 1.

4.2  Qualitative Validation

For respiratory gating validation, a plot of the respiratory trace obtained using the
HML-based method for Case 1 is illustrated in Fig. 3(a) as a solid black line. The
diaphragm/heart border tracking is shown as a dashed black line. The results of the
cardiac gating validation are shown in Fig. 3(b) for the first 45 frames for the same
case. The plotted vertical black lines correspond to the gold standard systolic frames.

4.3 Comparative Quantitative Validation

It is important to investigate whether our new HML-based technique is superior to our
previously presented retrospective PCA-based gating approach [11]. Therefore, for
both cardiac and respiratory gating, the absolute frame difference was computed
between the HML-based method and the gold standard methods. Specifically,
systolic, EI and EX frames were recorded from the HML-based and gold standard
methods and their corresponding absolute frame differences were computed. This was
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Fig. 3. (a) Graphical representation of the obtained respiratory trace with X-ray frame number.
The heart border tracking (gold standard) is shown as a dashed black line. (b) The HML-based
method cardiac trace obtained is illustrated for the same example case. The vertical black lines
are the gold standard identification of systole.
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also done for the PCA-based technique. Faultless gating results are signified when the
absolute frame difference between the automatic and gold standard method is zero. The
results can be seen in the frequency distribution bar charts in Fig. 4(a, b and c), for EI,
EX and systolic gating, respectively. Results illustrate that our HML-based method is
faultless in EI and EX gating and outperforms the results of our PCA-based technique. It
is also almost faultless for systolic gating. While our PCA-based technique outperforms
the HML-based technique in cardiac gating, it relies on the tracking of a specific catheter,
the CS catheter. Our proposed HML-based technique does not depend on any particular
catheter being present in our X-ray images and requires no knowledge of catheter
geometry.
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Fig. 4. Frequency distributions of frame difference errors for (a) End-inspiration gating (b)
End-expiration gating and (c) Cardiac gating. Results are illustrated for the HML-based method
(blue) and PCA-based method (green)
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Percentage success rates were computed using 100 (x/X ), Where x corresponds to
the number of perfectly matched gold standard and automatic gating frames and
Xtotar cOrresponds to the total number of gold standard gating frames. Percentage
success rates computed for EI, EX and systolic gating for our proposed HML-based
technique were calculated to be 100%, 100% and 95.3%, respectively. For cardiac
gating 4 extra false systolic peaks were obtained over all processed sequences.

5 Discussion and Conclusions

We have presented a novel and robust retrospective HML-based method for image-
based automatic cardiac and respiratory motion gating. This method is able to detect
cardiac and respiratory phase directly from X-ray images. We have applied our
technique on 5 clinical fluoroscopy sequences and computed the success rates for EI,
EX and systolic gating which were 100%, 100% and 95.3%, respectively. The HML-
based method is fully automatic, requires no user interaction, no prior knowledge and
can operate within a few seconds per image sequence. As our technique is not
dependent on any particular catheter being present in the procedure, it has potential
application in more types of cardiac catheterization procedures, rather than only RFA
procedures. The method will be particularly useful for registration and overlay of pre-
procedural images with X-ray fluoroscopy for guidance and biophysical modelling.
Future work will focus on testing our method on X-ray coronary angiography images
where no catheters are present. Investigations show that the reason for optimising
systolic gating on the specified patches is because of the inclusion of the heart border,
a structure that carries significant cardiac motion information. Further work will focus
on modifying our technique by giving more emphasis to the importance of the heart
border structure in an attempt to improve the systolic gating success rate.
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