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Abstract. Minimally invasive cardiac surgery is made possible by image
guidance technology. X-ray fluoroscopy provides high contrast images of
catheters and devices, whereas 3D ultrasound is better for visualising
cardiac anatomy. We present a system in which the two modalities are
combined, with a trans-esophageal echo volume registered to and over-
laid on an X-ray projection image in real-time. We evaluate the accuracy
of the system in terms of both temporal synchronisation errors and over-
lay registration errors. The temporal synchronisation error was found to
be 10% of the typical cardiac cycle length. In 11 clinical data sets, we
found an average alignment error of 2.9mm. We conclude that the ac-
curacy result is very encouraging and sufficient for guiding many types
of cardiac interventions. The combined information is clinically useful
for placing the echo image in a familiar coordinate system and for more
easily identifying catheters in the echo volume.

Keywords: Intervention guidance, image fusion, registration, X-ray flu-
oroscopy, 4D ultrasound.

1 Introduction

Minimally invasive cardiac interventions are becoming increasingly feasible with
developments in image guidance [1]. X-ray fluoroscopy is commonly used for
guidance, as it provides real-time images with excellent visualisation of catheters
and other devices. However, fluoroscopy provides only a two dimensional (2D)
projection image and has poor soft tissue contrast, and so is not sufficient to
guide complex procedures. The complementary technology of trans-esophageal
echo (TEE) provides real-time volumetric images with good contrast of cardiac
anatomy, but is susceptible to artefacts when imaging mechanical devices such
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as catheters. Also, TEE has a limited field of view and therefore requires a skilled
cardiologist to provide anatomical context. The combination of the information
in X-ray fluoroscopy and 4D TEE is potentially useful for procedure guidance.

We have developed a system in which the TEE volume is registered to and
overlaid on the X-ray, allowing simultaneous real-time visualisation of cardiac
anatomy and interventional devices. This concept has been proposed previously
and the various implementations differ mainly in the way the echo volume is
registered to the X-ray. Existing approaches include tracking the TEE probe
with an electromagnetic or mechanical tracking device [2,3] and tracking the TEE
probe head, or markers attached to the probe head, in the X-ray images [4,5]. In
this paper, we present a complete real-time clinical system for hybrid echo/X-ray
navigation that was developed from the proof-of-concept methodology in [4]. We
evaluate the temporal and spatial accuracy of our overlay alignment and present
initial clinical experience of our system used in atrial fibrillation (AF) catheter
ablation cases and trans-aortic valve implantation (TAVI) procedures.

2 Methods

2.1 System Overview

The scanning setup comprises a Philips Allura Xper FD10 C-arm X-ray system
and a Philips iE33 3D ultrasound system with an X7-2t 3D TEE probe. Data
is streamed from each system to a PC running the visualisation software and
displayed in real-time. The software displays a 2D projection view in X-ray image
coordinates, overlaid with a volume rendering of the echo volume.

The two views are registered using the projection image of the TEE probe in
the X-ray, following the method described in [4]. A 3D model of the TEE probe
head, acquired from a nano-CT scan, is registered to the X-ray. The registration
is initialised manually to approximately the correct position and orientation
before running an automatic 3D-2D registration algorithm. Following the initial
registration, the automatic registration is repeatedly rerun to track changes in
the probe position due to cardiac and respiratory motion. The automatic GPU-
accelerated registration updates in this way at a rate of 1–2Hz. Figure 1 shows
a typical X-ray view, the probe model and a registration of the two.

2.2 Temporal Synchronisation

The real-time X-ray and echo images are received from different sources and
are processed in different ways before being transmitted to the visualisation
software. It is important to determine the relative synchronisations of the two
data streams in the overlay view. We expect any delay in the X-ray stream to
be constant, but the processing applied to the echo volume in the ultrasound
machine may depend on various settings, such as imaging depth, which can be
changed several times during a clinical procedure.

The temporal synchronisation was determined by imaging a catheter with si-
multaneous X-ray and echo. The ultrasound machine was set to image in its live
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Fig. 1. Automatic overlay registration. (a) TEE probe model from a nano-CT
scan of the probe head. (b) X-ray image with the projection of the TEE probe clearly
visible. This example is from an AF ablation case. (c) Echo overlay, with the probe
model registered to the X-ray by automatic 3D-2D registration.

3D mode. The catheter was given a sharp tap such that the resulting movement
was easily detectable in both the X-ray and echo images by sequentially differ-
encing the data. The time difference between the start of movement in the X-ray
and echo images provides the relative delay in the overlay view. The delay was
measured over the available range of depth settings of the ultrasound scanner
(3–26 cm) with 1–3 separate measurements at each depth.

2.3 Spatial Alignment Accuracy

As explained above, the overlay registration is achieved by aligning images of
the ultrasound probe. The alignment accuracy of the echo volume to the X-ray
image is affected by both the accuracy of this probe tracking and the accuracy
of the previously calibrated, fixed transformation from the probe to the echo
volume. The alignment is particularly susceptible to orientation errors, as even
small angular errors can be extrapolated to large misalignments. These alignment
errors were measured in phantom and in vivo experiments. The accuracy may
also depend on the probe orientation in the projected view. In this paper, the
analysis is restricted to probe views typically used in clinical practice.

The alignment error in an overlay view was calculated in terms of the 2D
projection error [6]. This error, e, is given by

e =
1

N

N∑

i=1

‖Pi,xray − Pi,echo ‖ Dsource →target

Dsource →detector
, (1)

where Pi,xray and Pi,echo are the locations of corresponding landmarks defined in
the X-ray and echo projections respectively and N is the number of these points
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in the image. The distances Dsource →target and Dsource →detector account for the
magnification in the projected image and their values are known from the C-arm
geometry, although the value for Dsource →target is known only approximately.
The error value is an average of the error at several landmarks in the image so
that each overlay view gives one error value. The final error is given in mm.

Phantom Experiment. The phantom comprises a water tank in which two
wires are suspended forming a cross. This was imaged by the TEE probe with
the ultrasound machine in full volume mode. Corresponding X-ray images were
acquired at four different C-arm positions (RAO 54, RAO 24, LAO 22 and PA
views) each at high and low dose (8 X-rays in total). From this data, alignment
errors were measured for two registration strategies. The first approach was
automatic registration following an approximate manual initialisation. This was
done on three different images in each X-ray sequence giving 24 overlay views in
which to measure errors. The second approach was a careful manual alignment.
Note that this manual alignment considered only the probe, not the echo volume,
when optimising the alignment. Again, this was done for 24 overlay views.

Landmarks were defined by manually fitting straight lines to the crossed wires
in the X-ray and echo projection image. The crossing points were detected au-
tomatically from these lines and landmarks were automatically defined in fixed
steps along the lines from the crossing point. This provided up to 13 landmarks
per overlay view (minimum 10 where the crossing point was near the edge of the
view). 2D projection errors were calculated between corresponding landmarks
and averaged according to (1). Figure 2(a) shows an example of this.

(a) (b)

Fig. 2. Error measurement in overlay views. (a) Phantom experiment overlay
example. Errors are measured between automatically defined landmarks on straight
line models of the crossed wires. (b) Porcine scan overlay example. Errors are measured
from landmarks on the echo catheter image to their nearest point on a spline model of
the X-ray catheter.
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In Vivo Accuracy. In vivo data to measure accuracy were acquired from a live
porcine experiment. Five echo volumes were acquired in full volume mode with
the probe in different positions. At each position, three X-ray sequences were
recorded in RAO 30, LAO 30 and PA positions with high X-ray dose setting
(15 X-ray views in total). Various catheters were inside the heart during the
acquisition and these provided convenient targets for measuring alignment errors.
Errors were again measured for automatic and manual registrations. These were
done at two separate frames in each X-ray sequence (30 measurements), manually
selected from the same cardiac and respiratory phases.

Corresponding catheters were manually defined in the echo and X-ray views
using Catmull-Rom spline curves. Equally spaced points along the echo curve
were automatically selected as echo landmarks. The corresponding X-ray land-
mark was defined as the closest point on the X-ray curve. The alignment error
for each overlay view was again taken as the average of the 2D errors between
landmarks according to (1). An example of these error measurements is given in
Fig. 2(b). Average errors were measured using between 3 and 6 landmark pairs
per overlay view, depending on the length of catheter visible in the echo image.
It should be noted that our approach of measuring to the closest point does
not necessarily capture the complete error as there can also be misalignment
tangentially to the catheters.

Clinical Cases. The system has been used alongside standard imaging tech-
nologies during two types of minimally invasive cardiac procedures: AF ablation
and aortic valve replacement (TAVI). During each case, X-ray and echo sequences
were recorded independently. Although real-time synchronised visualisation of
the live data stream was possible during the procedure, the post-procedure anal-
ysis for this paper required that the recorded X-ray and echo data were matched
up manually, resulting in only approximately synchronised sequences. 13 such
sequences were successfully reconstructed from seven of the nine patients un-
dergoing ablation procedures and six sequences were generated from two TAVI
procedures. The errors in each sequence were considered separately.

Unlike the phantom and porcine experiments, the clinical data were analysed
in sequences of overlay views over a period of time. There may therefore be
additional errors from the real-time probe motion tracking, which may not be
able to keep up with sudden or continuous probe movements. Alignment accuracy
was measured over the sequences by considering multiple images in each sequence
(between 5 and 21 images depending on the sequence length). Statistics for
the error over time were calculated for each sequence separately. Errors were
calculated using landmarks defined on the catheters and devices in the same
way as for the porcine data.

3 Results and Discussion

3.1 Temporal Synchronisation

Figure 3 shows the results of the time delay experiment. In general, the echo and
X-ray are synchronised to within 150ms. The results show a significant change
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(p < 0.01) at around 18 cm depth. At smaller depth settings, the echo lags the
X-ray by 46 ± 43ms. At larger depths, the echo leads by 82 ± 42ms. This
appears to be a sudden change rather than a gradual trend. Therefore, temporal
synchronisation could be substantially improved by using a simple pre-calibrated
time shift dependent on the depth cut-off value of 18 cm.
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Fig. 3. Relative delay of X-ray and echo. The plot shows the lag of the echo
relative to the X-ray over the full range of depth settings.

In terms of clinical implications, the relative delay in the two image streams
means that there is a time difference between the display of the catheter locations
(most clearly visible in the X-ray image) and the cardiac anatomy (only visible
in the echo volume). In a typical cardiac cycle (around 1 s), the time difference
is on average less than 10% of the cardiac cycle and at most is within 20%. The
visual impact of the delay will depend upon the frame rate of the data streams
(maximum 30 frames per second (fps)). For electrophysiology procedures, X-ray
frame rate can be as low as 3 fps to minimise radiation dose. The measured delay
is then likely to have no impact on ease of navigation using the hybrid approach.
The delay is also small compared to the update rate of the 3D-2D registration
(1–2Hz), although this is only significant when the probe moves substantially.

3.2 Overlay Alignment Accuracy

Figure 4 shows the results of the overlay alignment error measurements. Consid-
ering first the phantom experiment, the images of the crossed wires are clearly
best aligned when positioning the probe manually, which serves as a ground
truth. The errors for automatic registration were 6mm on average. These re-
sults included all registrations even though many would be visually deemed as
failures. Detection of registration failure, possibly by use of the similarity met-
ric, would substantially reduce these errors and make them approach the ground
truth result. Manual alignment in the porcine data shows similar results to the
automatic alignment with average errors of approximately 6mm. Part of this
error will be due to the X-ray and echo data not being recorded simultaneously.
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Fig. 4. Overlay alignment errors. The graphs show box plots for the alignment
error measurements. Percentiles are at 2.5, 25, 50, 75 and 97.5%. In the clinical results,
the first 13 box plots are for sequences taken from the AF ablation cases and the
remaining six are from the TAVI cases. Lines drawn at 5mm error are for reference.

The overall average error of the clinical data is 2.9mm, with a maximum error
of 10.9mm. The accuracy requirement for a clinically useful image guidance
system depends on many factors including the patient and the procedure being
performed, as discussed in [7]. In general, many of the errors are well below 5mm
with only a few cases that are worse. Again, detection of registration failures will
improve accuracy. The result of 2.9mm is very encouraging, especially since it
represents a measure of the overall system accuracy in the clinical setting.

A typical overlay from a clinical AF case is shown in Figure 1(c). The clinical
results show that the system is sufficiently accurate to guide many different types
of cardiac interventions. An advantage of the overlay view is that it helps in
interpreting low quality echo images. An echo volume on its own can be difficult
to interpret because of its limited field of view and lack of context for the echo
coordinate system relative to the patient. Also, catheters and devices tend to
produce artefacts in the ultrasound data reducing the clarity of the images. In
the overlay view, the echo volume is displayed in a coordinate system that can
be more easily related to the patient by the experience of cardiologists working
routinely with X-ray fluoroscopy. Also, the highly visible catheters in the X-ray
image help with identifying the catheters in the echo and so can be related to
the cardiac anatomy via the echo image. In this way, a registered overlay view
provides useful information for procedure guidance.
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4 Conclusions

In this paper, we have presented a platform for real-time hybrid X-ray flu-
oroscopy and 3D echo visualisation and have successfully demonstrated it in
phantom, animal and clinical experiments. The system exhibits a temporal syn-
chronisation that is less than 10% of a cardiac period on average. This will not
have a significant impact on guidance at the low fluoroscopy frame rates that
are often used to minimise radiation exposure. The average 2D registration error
in clinical data is 2.9mm which is encouraging for the system’s eventual use in
clinical guidance. The hybrid approach has the further advantages that it puts
the echo into a useful context by positioning it in a familiar coordinate system
and the background X-ray helps in identifying catheters and devices in the lower
quality echo image. Future work will focus on automatic detection of registration
failures in order to maximise clinical robustness.
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