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Abstract. Off-pump beating heart interventions require a good guid-
ance system to show both cardiac anatomy and motion. Over the years,
echocardiography has become a popular solution for such a purpose be-
cause of its real-time imaging capability, flexibility, non-invasiveness, and
low cost. However, it can be difficult for surgeons to appreciate the posi-
tion and orientation of 2D images and to keep surgical tools and targets
both shown in the image plane with only ultrasound guidance. In this
paper, we propose to use CT images as high-quality 3D context to en-
hance ultrasound images through image registration to provide a better
guidance system with very few changes to standard workflow. We have
also developed a method to generate synthetic 4D CT images through
non-rigid registration, when dynamic pre-operative CT images are not
available. The validation of synthetic CT images was performed by
comparing them to real dynamic CT images and the validation of CT-
ultrasound registration was performed with static, dynamic,
and synthetic CT images.

Keywords: image-guidance, beating-heart interventions, synthetic CT,
CT-enhanced ultrasound guidance.

1 Introduction

Mitral valve prolapse (MVP) is a common valvular abnormality that can cause
severe non-ischaemic mitral regurgitation[3]. The cause of MVP can be histo-
logical abnormalities of valvular tissue, geometric disparities between the left
ventricle and mitral valve (MV), or various connective tissue disorders[4]. Im-
plantation of artificial chordae tendineae is a widely used technique for correction
of both posterior and anterior leaflet prolapse[2]. The conventional surgical ap-
proach for mitral valve repair usually requires a full or partial sternotomy and
the use of a heart-lung machine, also referred as the “pump”. Recent develop-
ments in cardiac surgery, however, have made it possible to perform the repair in
a minimally-invasive manner on a beating heart (“off-pump”)[1]. However, these
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minimally invasive approaches are often limited by the lack of a direct view
of surgical targets and/or tools, a challenge that is compounded by potential
movement of the target during the cardiac cycle. For this reason, sophisticated
image-guided navigation systems are required to assist in procedural efficiency
and therapeutic success.

Guidance systems for off-pump beating heart interventions must show both
cardiac anatomy and tissue motion. Echocardiography (ultrasound), because of
its real-time imaging capability, flexibility, non-invasiveness, and low cost, is fre-
quently employed in cardiac surgery as both a monitoring and imaging modality.
However, safety concerns exist since it can be difficult for surgeons to appreciate
the position and orientation of 2D images relative to a surgical tool, and to keep
the tool tip and target in the image plane simultaneously. As alternatives, fluo-
roscopy can only provide real-time 2D projection images , while poorly demon-
strating the target anatomical structures; intra-operative MRI has the capability
of displaying cardiac anatomy and motion dynamically during interventions[7],
but is very expensive, requires developments of novel, non-ferromagnetic tools
and devices, and is unavailable in most institutions. To overcome these limita-
tions, Moore et al.[9] described a navigation system for off-pump beating heart
mitral valve repair, in which the bi-plane transesophageal echocardiogram (TEE)
images were augmented by a virtual presentation of selected anatomical models,
i.e. mitral valve annulus (MVA) and aortic valve annulus (AVA), which were de-
fined by manually identified feature points on the TEE images right before the
surgery started. Animal studies showed that the augmented virtuality guidance
that they employed significantly improved the efficiency, accuracy, and safety of
the procedure that involved guiding the surgical tool from the entry point at
the cardiac apex to the target area, compared to TEE-only guidance. However,
the virtual anatomical model were not dynamically updated and could be cen-
timeters away from the actual position due to physical movement of the target
during the surgery.

In this paper, we propose a guidance system that improves on Moore’s work by
employing CT-enhanced ultrasound images for guiding such procedures. Both
CT and ultrasound are commonly used in the standard clinical workflow for
cardiac interventions, so the proposed approach requires very few changes in the
image acquisition workflow. In this guidance system, intra-operative TEE images
display the real-time cardiac anatomy and motion, while the pre-operatively
acquired high spatial resolution CT images are dynamically fused with the TEE
images to provide a high quality 4D context. We also developed a method to
generate patient-specific synthetic 4D CT image sequences based on a static
CT image and 4D ultrasound images to avoid the need to acquire high-dose
retrospectively-gated CT scans[5]. We validated and compared the accuracy and
efficiency of different registration approaches with both real and synthetic CT
images, with respect to the mitral valve annulus, the target for procedures that
aim to repair the mitral valve.
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Fig. 1. The suggested clinical workflow of how to use CT-enhanced ultrasound guidance
for off-pump beating heart interventions

2 Methods

2.1 Suggested Clinical Workflow

The suggested clinical workflow for using CT-enhanced ultrasound guidance is
illustrated below (Fig. 1). In the pre-operative stage, 4D CT images are either
acquired by performing a retrospectively gated CT scan or generated based on a
static CT and 4D ultrasound images from the same patient using the proposed
synthetic CT generation method. The 4D CT images are transferred to the
guidance system and brought to the operation room prior to surgery.

In the peri-operative stage, an initial registration is performed between a
peri-operatively required 3D ultrasound volume and a CT image at the same or
closest cardiac phase using feature based registration. Features, such as the inner
walls of the left ventricles, are semi-automatically segmented using an approach
described in [11]. The resulting registration transform is then saved and used as
an initialization for the intra-operative CT to ultrasound registration.

In the intra-operative stage, CT images are registered to the intra-operatively
acquired TEE images using rapid GPU-based algorithm. The registered images
can be visualized in different formats according to surgeon’s preference, such
as directly overlaying TEE images onto CT, displaying the volume rendering
CT images within the visualization environment, or simply extracting critical
features from these images and displaying them fused the CT or TEE volumes. In
this way, visual linkage can be provided between the intra-operative images, pre-
operative image, anatomical models, and surgical tools within the same guidance
framework.
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2.2 Generation of 4D Synthetic CT

The generation of the synthetic dynamic CT images is performed through non-
rigid registrations between ultrasound images [12] over a single cardiac cycle to
obtain patient specific heart motion maps, in the form of deformation fields, and
to apply these vector maps to CT images to provide synthetic animation. In
this approach, at least one sequence of 3D TEE images, representing at least
one complete cardiac cycle, and one single frame cardiac CT images must be
acquired pre-operatively.

The procedure begins with the selection of a single 3D TEE image, acquired
at a cardiac phase close to the static CT image as a reference and rigidly reg-
istering it to the static CT image. The rigid registration is performed by semi-
automatically segmenting the inner wall of the left ventricles from both the
reference TEE image and the static CT image, aligning the segmented ventricles
with the Iterative Closest Point (ICP) method, and refining the alignment with
a mutual information based registration [6] . All the other TEE images in the
4D sequence are then rigidly registered to the reference image as initialization
for the later non-rigid transform.

After the initial rigid registration step, non-rigid registrations are performed
amongst the ultrasound images in the 4D sequence. To obtain the deformations
fields that relate the reference image to all the other images in the sequence, we
can either perform registration directly between the reference image and each
member of the sequece, between temporally adjacent images, or in a group-
wise manner [13]. The deformation fields are then employed as cardiac motion
maps and applied to the static CT image to generate a synthetic dynamic CT
sequence. By performing this approach for each frame, we can generate an entire
sequence of synthetic dynamic CT images with the same temporal resolution
as the 4D TEE images. The non-rigid registration method we employed is the
mult-resolution fast free-from (F3D) deformation registration method described
by Modat et al. [8], because of its capability of handling the morphological
deformation due to cardiac motion and providing relatively smooth deformation
fields.

2.3 GPU-Based Real-Time Registration

During the intra-operative stage, real-time image registration is performed be-
tween intra-operative and pre-operative images. Dynamic CT images obtained
from retrospectively gated scans, synthetic CT images generated by our method,
and pre-operative 4D TEE images, can potentially fulfill the role of pre-operative
images in the proposed system. CT images can be registered to the intra-
operative TEE images in two different ways. The first is to perform online regis-
tration directly between the CT images and intra-operative TEE images, using
a multi-modality registration method. The second is to perform the registration
between CT images and pre-operative TEE images prior to the surgery, per-
form online registration between intra-operative and pre-operative TEE images
during the surgery, and then combine the two transforms to achieve registration
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between CT and intra-operative TEE images. The potential benefit of the sec-
ond method is that the off-line registration can be verified by clinicians prior to
the procedure to ensure optimized results, and the online registration is between
images of a single modality (i.e. ultrasound), which can potentially be performed
more efficiently and reliably. We used mutual information (MI) as the similarity
metric for CT to TEE registration, while employing sum of squared differences
(SSD) for TEE to TEE registration. Validation of these methods is presented
below.

In this project we perform rigid registration between intra- and pre-operative
images at corresponding cardiac phases. To accelerate this process, bringing it
close to real-time, the registration algorithms are parallelized on graphic process-
ing units (GPUs). The registration pipeline contains three components: image
transform, linear interpolation, and similarity metric computation. In this case,
image transform and interpolation can be completely parallelized and very effi-
ciently implemented on a GPU, since the operation on each voxel is identical and
independent. However, the similarity metric computation, either MI or SSD, can-
not be perfectly parallelized due to potential race conditions [10], that is caused
by access to a shared memory address by multiple processing threads without
proper synchronization which can lead to unexpected results. We therefore use a
recursive method, that divides the entire volume into small blocks first and then
iteratively sums up the intermediate results, to achieve partial parallelization for
this computation.

3 Experiments and Results

3.1 Validation of Synthetic CT

The validation of the quality of synthetic CT images is perform by comparing
the synthetic images to real dynamic CT volumes. We performed the validation
the data from five patient. For each patient we acquired a dynamic CT sequence
representing one cardiac cycle and a 4D TEE sequece representing several car-
diac cycles. The first images in the dynamic CT sequence was used as a static
CT image from which synthetic CT images were generated. Then, we manually
segmented the left ventricles from both dynamic and synthetic CT images and
compared them at corresponding cardiac phases with respect to the Dice Sim-
ilarity Coefficient(DSC) and root mean square errors (RMSe). The results are
shown in Table 1.

Table 1 demonstrates that the left ventricles in the synthetic CT images were
quite similar as the ones in the dynamic CT images with a mean DSC of 0.82
and mean RMS of 2.96mm. However, the comparison results at diastolic frames,
such as frame 2 and 10, are better than the results at systole (frame 4 and 5). One
possible reason for this phenomenon is that patients were under general anesthesia
when taking TEE scans, while they were awake when taking dynamic CT scans.
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Table 1. Comparison of left ventricles between synthetic and dynamic CT images over
one cardiac cycle of five patients

# of frame 2 3 4 5 6 7 8 9 10

DSC(mean) 0.86 0.81 0.77 0.77 0.80 0.83 0.83 0.85 0.87
DSC(σ) 0.03 0.02 0.05 0.05 0.03 0.04 0.05 0.04 0.03

RMS(mean) 2.48 3.11 3.67 3.63 3.28 2.74 2.71 2.59 2.42
RMS(σ) 0.60 0.46 0.88 0.58 0.77 0.84 0.43 0.21 0.27

*RMS measurements in mm

3.2 Validation of CT-TEE Registration

In order to examine the impact of introduing dynamic and synthetic CT im-
ages to the guidance system, we performed CT-TEE registration using static,
dynamic, and synthetic CT images. The static CT images used in this exper-
iment were acquired at end-diastole. We manually segmented the mitral valve
annulus (MVA), which indicates the target area in the mitral valve repair proce-
dure, and used it for the target registration error (TRE) tests. Two registration
approaches were used. The first directly performs multi-modality registration
between pre-operative CT and intra-operative TEE images, while the second
separates the registration into two stages, CT-TEE registration at pre-operative
stage and TEE-TEE registration at intra-operative stage. The first approach
uses mutual information as a similarity metric, while the second uses SSD. The
validation was performed on five patients’ data and for each patient we used
image sequences representing two cardiac cycles. The result is shown in Table 2.

Table 2. Comparison of TRE w.r.t. MVA with static, dynamic, and synthetic CT
images (mm)

CT-TEE Registration

CT type Static Dynamic Synthetic

Cardiac phase of TEE ES ED ES ED ES ED

RMS (mean) 9.00 4.90 3.94 4.94 4.59 4.12
RMS (σ) 2.51 0.95 1.37 0.74 1.22 0.41

CT-TEE + TEE-TEE Registration

CT type Static Dynamic Synthetic

Cardiac phase of TEE ES ED ES ED ES ED

RMS (mean) 10.37 5.56 4.59 5.23 5.91 4.29
RMS (σ) 1.36 2.25 0.33 1.52 2.08 1.03

*ES: end-systole, ED:end-diastole

Table 2 shows that, with both registration approaches, using only a static CT
image for registration can result in large TRE errors when the TEE image was
acquired at a different cardiac phase. However, this error can be reduced by using
dynamic or synthetic CT images. The result showed that using the synthetic CT
images generated by our method led to results similar to those obtained from
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Fig. 2. An example of registration results. First row: results at end systole; Second
row: results at end diastole; Left column: registration using static CT; Middle column:
registration using dynamic CT; Right column: registration using synthetic CT. TEE
images are shown in yellow, while CT images are shown in grey. The yellow curves
represent MVA from TEE, while the red curves represent MVA from CT.

actual dynamic CT images. However, using synthetic CT can greatly reduce the
radiation dose applied to patients.

Comparing the two registration approaches, it can be observed that the result
of directly CT-TEE approach was slightly better than the two-stage approach. A
possible reason for this is that the two-stagemethod introduced registration errors
in both of the stages and these errors were accumulated. However, the two-stage
approach showedbetter efficiencyat the intra-operative stage, requiring 227±63ms
to perform a TEE-TEE registration using SSD, while the direct approach required
430±182ms to perform a CT-TEE registration using mutual information.

4 Discussion and Conclusion

We proposed a CT-enhanced ultrasound guidance system in which pre-operative
CT images and intra-operative TEE images are fused to provide both real-time
cardiac motion and high quality 3D anatomy context. The proposed solution can
provide a linkage between pre-operative and intra-opertive images and flexibility
in visualization formats. It is cost-effective and requires very few changes to
the current standard workflow. We have also developed a method to generate
synthetic 4D CT images to be used in the guidance system. The validation
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showed that by introducing synthetic CT images to the system, we can achieve
better results than using a static CT image and similar results to the use of
actual dynamic images, without applying high radiation dose to the patient.
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