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Abstract
Coronary artery bypass grafting (CABG) is the most commonly performed type of open
heart surgery. For an effective revascularisation procedure, the positioning of the bypass
graft (distal anastomosis) is of utmost importance. To assist the surgeon in this matter,
a surgical navigation system for the open heart has been developed. Prior to surgery,
the optimal distal anastomosis site is planned for each diseased target vessel on the basis of cardiac MSCT (multi-slice computed tomography) data. Intraoperative surgical
assistance is provided by image-guided navigation to the planned positions. To enable
navigation on the arrested heart, registration of pre- and intraoperative modalities is
required. The registration mechanisms for the arrested heart were validated retrospectively on patient data from CABG procedures. The promising results led to subsequent
intraoperative live application of the system during 11 open heart CABG surgeries enabling navigation at the arrested heart on a total of 21 target vessels situated anywhere
on the heart surface. In each case, the employed registration method ensured good alignment of preoperatively planned and intraoperatively identified surgical target. The system is very well applicable for in-vivo navigation and allows for bypass grafting precisely at a preoperatively planned position.

1

Introduction

CABG is the standard treatment for advanced coronary artery diseases. CABG surgery restores the blood flow to the affected region by a blood vessel graft detouring oxygenised
blood around the stenosis. For a successful revascularisation, intraoperative localisation of
the diseased vessel and identification of the most appropriate anastomosis site for the bypass graft are of particular importance. As in most patients epicardial fat partly conceals the
coronaries, this is a difficult task even for highly skilled surgeons. To assist the surgeon by
c 2009. The copyright of this document resides with its authors.
It may be distributed unchanged freely in print or electronic forms.
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facilitating navigation on the coronary vessels, a surgical assistance system has been developed within the Cardio-Pointer project. The system was validated retrospectively on patient
data from CABG surgeries. Yielding good results with sufficient accuracies, this led to successful in-vivo application of the navigation system.

2

Methods

2.1

Concept for computer-assisted CABG at the arrested heart

In the field of computer-assisted cardiac interventions, valuable research has been done regarding minimally invasive surgery [Mourgues et al., 2003]. Concerning open heart surgery,
especially CABG on the arrested heart, the development of surgical assistance systems is
still at the beginning. The Cardio-Pointer project is the first approach to develop a surgical assistance system for open heart CABG with navigation at the beating [Hartung et al.,
2009] and the arrested [Gnahm et al., 2008] heart, the latter being the focus of this work. An
overview of the navigation concept for the arrested heart is shown in figure 1 together with
the intraoperative setup. On the medical side, the live application of the navigation system

Figure 1: Left: Intraoperative setup. Optical tracking system (white arrows) mounted on
a video robot arm. Centre: Schematic view of the usage of pre- and intraoperative data for
navigation. Right: Cardio-Pointer on the heart surface as used by the surgeon.
comprises a preoperative planning step during which the position of the optimal anastomosis site is determined and an intraoperative navigation step, during which the heart surgeon
uses a surgical pointing device (Cardio-Pointer) to perform image-guided navigation to the
planned position. On the technical side, facilitating navigation on the surface of the arrested
heart comprises four steps:
1. P REOPERATIVE DATA RECORDING AND PROCESSING - In the last years, multi-slice
computed tomography (MSCT) has rapidly advanced and evolved as reliable modality for non-invasive diagnostic coronary imaging [Raff et al., 2005]. For preoperative
planning, cardiac MSCT data are recorded. The MSCT data show wall plaque formations in the diseased target vessels. Based on that, the operating heart surgeon and the
diagnostic radiologist cooperatively plan the optimal position for each distal anastomosis site. Information from the cardiac MSCT is used not only for planning of the
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optimal anastomosis sites, it is also used during surgery for registration. Therefore, 3D
positions of potential anatomical landmarks and vessel path centrelines are extracted
from mid-diastolic (75 % RR) MSCT data. Potential point landmarks are vessel bifurcations, crossing points of arteries and veins or other distinctive points in the target area.
All in all, a 3D map of the coronaries is generated from MSCT images and later used
for intraoperative visualisation and image-guidance. This map comprises centrelines
of all vessel paths as well as 3D positions of planned anastomosis sites, potential point
landmarks and plaques.
2. I NTRAOPERATIVE DATA RECORDING - During surgery, the surgeon repositions the arrested heart prior to grafting each bypass. As intraoperative data are intended to represent the operating situs, they have to be recorded after manual positioning and fixation
of the heart. For intraoperative data acquisition, an optical tracking system is used.
Identification and recording of relevant point landmarks and vessel paths is done by
the heart surgeon during ischaemia while the patient is connected to the heart-lungmachine. The surgeon is therefore equipped with a surgical pointing device (CardioPointer) which is trackable via reflective markers. While pointing at visible point landmarks, the 3D tip-position of the pointer is recorded continuously. The visible parts
of the target vessel path and neighbouring vessel paths are recorded while being retraced with the pointer. The 3D positions of point landmarks and polygonal vessel
paths obtained that way are used for registration.
3. R EGISTRATION OF THE PRE - AND INTRAOPERATIVE DATA SETS - The preoperative data
set comprises the planned anastomosis site for each target vessel while the intraoperative data set represents the arrested heart as currently exposed in the operating field.
Matching of both data sets facilitates navigation on the arrested heart to a planned position. For registration, only point landmarks and vessel paths which are available in
both data sets are utilisable. The registration mechanism is described below.
4. V ISUALISATION AND NAVIGATION - After registration, the coronary map of the patient
is visualised on a video screen. It displays both, the preoperatively planned anastomosis site and the current position of the pointer. Hence, the position of the pointer
relative to the planned position is visible. The position of the pointer is continuously
updated, reflecting its movement. This way, navigation with the pointer on the surface
of the arrested heart is facilitated and image-guidance to the intraoperative position of
the preoperatively planned anastomosis site is provided.

2.2

Registration toolbox

In other surgical disciplines such as neurosurgery and orthopaedic surgery, navigation systems are in clinical use already [Peters, 2000], [Grimson et al., 1998], [DiGioia et al., 2001].
Most of these systems use external fiducial markers for registration which remain rigidly attached to the patient during the intervention. The usage of external markers forming a rigid
reference frame is not applicable for open heart CABG surgery as it differs from the aforementioned disciplines significantly. First, the position of the heart in relation to the rest of the
patient’s body and thus any marker applied externally is variable. Second, the heart itself
cannot be considered rigid. On the contrary, the arrested heart under conditions of extracorporeal circulation with the heart-lung machine is considerably deformed compared to its
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Figure 2: Multi-step registration mechanism. A rigid registration using corresponding point
landmarks provides coarse alignment of the data sets. An enhanced, weighted ICP algorithm uses vessel paths to refine the matching before a deformation correction is performed.
preoperative shape as it is cannulated, relaxed and not beating. Moreover, severe deformations occur as soon as the heart is manually brought into a position which exposes the target
vessel in the centre of the operating field. As a consequence, the registration mechanisms
for the arrested heart rely on anatomical point landmarks and vessel paths on the heart surface. The anatomy of the heart and possible coverage with epicardial fat limit the number of
actually visible anatomical landmarks significantly. Hence, any registration mechanism for
the arrested heart has to cope with significant deformations and shortage of landmarks. The
registration mechanism presented here is able to deal with both challenges: a highly flexible
registration toolbox has been developed facilitating appropriate registration of preoperative
MSCT data and intraoperative optical tracking data from target vessels on the anterior, lateral or inferior wall of the heart. Depending on the number and type of landmarks visible
both in the MSCT images and during surgery on the surface of the heart, the applied multistep registration method consists of up to four successive steps. This comprises a rigid coarse
registration followed by an enhanced weighted ICP algorithm specifically designed for the
arrested heart, a correction mechanism for the vast deformations of the arrested heart and, if
suitable, the generation of additional landmark points. Additionally, an alternative method
allowing registration by means of vessel length calculations is included as well as a vessel
identification tool. The basic multi-step registration mechanism (see figure 2) as well as the
other tools are described in the following.
1. R IGID REGISTRATION of pre- and intraoperative data sets using anatomical point landmarks. The correspondences are established manually while intraoperative data are
recorded. Procrustes methods [Gower and Dijksterhuis, 2004] are used for registration. This provides coarse alignment of the data sets which is used as basis for the
algorithm in step 2.
2. A PPLYING AN ENHANCED WEIGHTED ICP ALGORITHM to refine the matching using
corresponding vessel paths. Such vessel paths are preferably parts of the target vessel
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but also its branches, or neighbouring arteries and veins. Mostly, it is determinable
to which MSCT vessel centreline the recorded vessel path belongs. However, where
exactly on the MSCT vessel centreline the intraoperatively recorded part of the vessel
path is located remains uncertain in most cases. Then again, the intraoperative position of point landmarks alongside the vessel path is reliably relatable to their preoperative positions. Thus, establishing correspondences relies on point landmarks. The
enhanced weighted ICP is an improved version of the basic ICP algorithm [Besl and
McKay, 1992]. It was developed for usage at the deformed, arrested heart. As corresponding vessel paths may be considerably deformed, the enhanced ICP allows for
individual weighting of data. Larger weighting factors are assigned to less deformed
parts of the target vessel path while smaller weighting factors are assigned to strongly
deformed parts. This way, the matching of less deformed parts of the target vessel is
favoured, simultaneously allowing not optimal matching of strongly deformed areas.
An appropriate weighting has to be chosen for each target vessel interactively from
several models during surgery. What model is chosen depends on where on the heart
the target vessel is located and what parts of the vessel path are actually visible on the
surface of the heart.
3. C ORRECTION OF MAJOR DEFORMATIONS along the target vessel path which arise from
the manual positioning of the arrested heart for bypass grafting. Thus, the matching
is improved further in this step. The correction mechanism is based on the heart being
modelled as a rotationally symmetric object with regard to a heuristically estimated
central axis of the heart. The estimation of the torsion axis is based on the anatomy of
the patient’s heart. The heart region where the major vessels connect the heart with
the body is not moveable during surgery but remains in the same anatomical position
as prior to surgery. Therefore, one point of the axis is chosen in the centre of a cross
section of this area. The cardiac apex is chosen as the other axis point. The torsion
angle of the tracking data in comparison to the CT centreline is calculated with respect
to this axis for each tracking data point of the vessel path. Then, the variation of the
torsion angle along the vessel is approximated using either polynomial curve fitting
or piecewise linear approximation. The resulting function of torsion angle difference
along the torsion axis is used to undistort the tracking data by addition or subtraction
in cylindrical coordinates and rescale the vessel length accordingly (see figure 3). Likewise employed is the surface of the rotationally symmetric object which serves as a
model for the heart since a point on a vessel path always is on the surface of the heart.
Using this mechanism, registration is possible for patients which exhibit at least three corresponding point landmarks and one vessel path in the target region. To incorporate even
more patients and lower the minimally required amount of landmarks yet further, a method
for additional landmark generation is provided. For cases with only one available landmark but the better part of the target vessel path visible, an alternative registration method
is viable. In case it is not quite sure whether a visible vessel is the target vessel, a vessel
identification tool can be employed.
• G ENERATION OF ADDITIONAL LANDMARKS - To establish this method, the length of
known parts of vessel paths was analysed at the beating and the arrested, manually
positioned heart. As no change in the length was found, the retained length of the
vessel path is used for the generation of additional landmarks. This is viable as soon
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Figure 3: Effect of the deformation correction. (a) The heart is modelled as rotationally symmetric object (left). Schematic illustration of the registration results in the target region before
and after deformation correction. Matching of a patient’s optical tracking data (green) and
cardiac CT data (red) after the enhanced, weighted ICP in step 2 (centre) and after the deformation correction mechanism in step 3 (right). (b) Patient data showing the same effect. The
upper region of the heart was deformed most strongly. Thus, the upper part of the D2 vessel path is not well matched after the enhanced, weighted ICP (left). After the deformation
correction, both vessel paths (LAD and D2) show good accordance (right).
as a vessel path adjacent to one landmark but not necessarily including the planned
anastomosis site is visible. Then, any length within the visible range of the vessel can
be chosen to generate additional landmarks. These landmarks are then used with the
directly recorded anatomical point landmarks in the multi-step registration mechanism. The accuracy of the registration does not differ between landmark sets of purely
recorded landmarks and landmark sets with both recorded and generated landmarks.
• A LTERNATIVE REGISTRATION METHOD - For patients with severe fatty degeneration of
the heart and thus not sufficient corresponding landmarks, an alternative registration
and navigation method can be considered based on the unaltered length of corresponding vessel paths. If the relevant part of the vessel path is visible during surgery and
exhibits one correspondig point landmark, each point on the recorded vessel path can
be identified with one point on the corresponding MSCT vessel centreline. This allows
for navigation on the visible part of the vessel path to the preoperatively planned anastomosis site. Note that this method is only usable when the target vessel path is both
visible in the relevant region and exhibiting one reliable landmark. In comparison, the
multi-step registration mechanism enables navigation not only on the vessel path itself but in the region around the relevant vessel as well. For that, the target vessel does
neither have to be visible at the target position nor has it to exhibit one landmark as
long as the minimum prerequisites are fulfilled. However, the alternative registration
method is a valuable tool and was successfully used during several CABG procedures,
especially for target vessels on the lateral and inferior wall of the heart.
• V ESSEL IDENTIFICATION - Especially on the lateral wall of the heart, poor visiblilty
of the coronaries might lead to the question whether or not the visible part of a vessel belongs to the target vessel or to some neighbouring coronary. To provide some
assistance in decision making, a vessel identification tool has been developed. Polylines representing the vessel paths are recorded while the surgeon retraces the visible
vessels with the pointer. The tool fits outlier reduced cubic splines to the vessel path
polylines as recorded by the heart surgeon. Then, the shape of that path is compared
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to all parts of vessel paths being a possibility, i. e. the recorded part of a vessel is
not only compared to all vessel paths in the region, but to all contemplable sections of
these vessel paths. Several parameters are considered and each parameter indicates to
which part of which vessel the recorded vessel part probably belongs. Parameters used
are the distances along the centreline between local extrema on the vessel path (mean
and standard deviation), the position and orientation of local extrema and the absolute
and relative deviations in the length of either the recorded part of the vessel path or
the vessel path between two selected inflexion points. As in most cases all parameters
point to the same and correct vessel part, this is a useful tool providing assistance in
decision making.

3

Results

The multi-step registration mechanism for the arrested heart and other components of the
registration toolbox were validated in two phases: At first, tracking data recorded during
CABG procedures have been registered retrospectively with preoperative MSCT data. The
encouraging results from the retrospective utilisation led to intraoperative live application
of the assistance system for navigation on all target vessels for bypass grafting.

3.1

Retrospective Registration

For 20 patients undergoing CABG surgery, a preoperative CT scan and intraoperative tracking data were recorded. Preoperative MSCT data were acquired post contrast-enhancement
with Imeron 400 using a post-threshold-delay of 11 s using a helical 256-slice CT scanner. In
the CT images, lumen information and wall plaque formations are very well visible allowing for preoperative planning of the optimal position for each bypass graft. This was done
jointly by the heart surgeon and the diagnostic radiologist. Intraoperative optical tracking
data were recorded after the heart was manually brought into an appropriate position exposing the target vessel in the centre of the operating field. Retrospective registration was
performed on data sets from target vessels on the anterior, lateral and inferior wall of the
heart including the LAD (left anterior descending artery), branches of the LAD (D1 and D2),
LCX (left circumflex artery), RIM (ramus intermedius), RMS (ramus marginalis sinister, i.e.
left marginal artery), RCA (right coronary artery) and PDA (posterior descending artery).
Even though considerable deformations of the heart were observed for each target vessel,
matching of pre- and intraoperative data was provided with sufficient accuracy in all cases.
Retrospective registration was performed on a total of 35 target vessels. 16 data sets provided the minimum of three corresponding anatomical point landmarks, while only one
to two point landmarks were available in the remaining data sets. In all cases, additional
landmark generation was possible. Considering all 35 vessels, the average number of point
landmarks available for recording with the pointer was two, on average one landmark was
generated additionally. After optional additional landmark generation, all data sets were
suited for the multi-step registration mechanism. Whether or not additionally generated
landmarks were used did not affect the resulting accuracies.
The position of the pointer tip during point landmark and vessel path data acquisition was
recorded with 20 to 60 Hz. The resulting polygonal vessel paths were smoothed to remove
outlier data. From evaluating data of more than 200 anatomical point landmarks it was
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found that the limiting measurement accuracy at the arrested heart amounts to ±2.2 mm.
This measurement accuracy was quantified utilising intraoperative data such as multiple
recordings of the same point landmark and recordings of both a point landmark situated on
a vessel path and the vessel path which were acquired in quick succession. The measurement accuracy is mainly due to the spatial extension of anatomical point landmarks and the
lateral extension of vessels but also includes inaccuracies of tracking system and surgical
pointer as well as effects of the breathing motion. For evaluation of the accuracy of the retrospective registration, the RMS registration errors of the corresponding point landmarks and
the distances of corresponding vessel paths were calculated: for all 35 target vessels, an average RMS of 2.1 ± 1.1 mm was obtained for the corresponding point landmarks, while the
average RMS distance of the vessel paths after registration amounted to 1.2 ± 1.0 mm. As
expected, the average RMS distance of the vessel paths is smaller than the average RMS of
the corresponding landmark points. This is due to the fact, that the RMS distance considers
the vessel displacement perpendicular to the vessel path but cannot include displacements
alongside the vessel path. All results are summarised in table 1. The vessel identification
Target vessels for retrospective registration
Number of anterior wall target vessels (LAD, D1, D2)
Number of lateral wall target vessels (LCX, RIM, RMS)
Number of inferior wall target vessels (RCA, PDA)

20
10
5

Registration errors
RMS error of corresponding point landmarks (in mm)
RMS error of corresponding vessel paths (in mm)

2.1 ± 1.1
1.2 ± 1.0

Table 1: Retrospective Registration. Target vessels and errors.
tool was also evaluated in retrospective. The task of the identification tool is not only to pick
the correct vessel, but to pick the right part of the correct vessel path. For ten patients the
intraoperatively recorded vessel path on the lateral side of the heart was compared to all
parts of MSCT vessel centrelines which might be confused. The ten patients exhibited two
to four vessels on the lateral side of the heart with altogether three to eight parts of the vessel
paths which might be confounded. Unless the vessel path was rather straight, i.e. exhibited
less than three local extrema, all five parameters were used. In the remaining cases, four
parameters were applicable. In all cases, at least 75 % of the parameters, i.e. all except one
parameter, indicated the right part on the correct vessel path. A wrong vessel path was identified by 0 % to 25 % of the parameters. In seven of the ten cases, 100 % of the identification
parameters indicated both, the correct vessel and the right part on the vessel path. Hence,
the vessel identification tool can be a helpful assistance during CABG whenever the surgeon
is not sure about whether the correct vessel was picked.

3.2

Intraoperative Registration and Navigation

Live application of the computer assistance system was realised during 11 bypass grafting
procedures. In-vivo navigation was performed on a total of 21 target vessels on the anterior, lateral and inferior wall of the heart. Both, the multi-step registration mechanism and
the alternative vessel length registration were used for matching of preoperative MSCT data
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Figure 4: Intraoperative navigation, operating field. Navigation on the heart; navigation
result is marked with a clip; bypass is grafted next to the clip, at the planned site.

and intraoperative optical tracking data. The resulting accuracies indicated no preference
for either method. Intraoperative data recording was done by the heart surgeon using the
Cardio-Pointer, while the tip of the pointer was tracked and data were recorded. The registration of the pre- and intraoperative data sets was done after interactive determination
of registration modules. Navigation, again, was performed by the heart surgeon with the
pointer. For each of the 21 target vessels, intraoperative data recording, registration of data
sets and navigation to the preoperatively planned anastomosis site were performed consecutively, the whole process taking 3-4 minutes. During this short period of time any movement
of the heart has to be avoided. Due to unintended movement of either heart or operating
table the successful registration was not long enough valid for navigation in two cases. As
such incidents are clearly attributable to the learning curve and re-registration was not performed, both cases are not considered further in this context. Intraoperative navigation was
performed successfully on 21 target vessels such as LAD, D2, RIM, RMS, LCX, RCA and
PDA and thus including all important target vessels for bypass grafting.
For image-guided navigation, the patient’s coronary map including the optimal anastomosis site as preoperatively planned by the heart surgeon and the radiologist was displayed on
a video screen. After registration, the current pointer position was displayed as well. This
position was continuously updated while the surgeon moved the pointer until its current
position and the planned anastomosis site coincided. The pointer position on the arrested
heart as resulting from registration and navigation was marked with a clip right beside the
vessel. This clip allowed for grafting the bypass directly to the planned position. Visualisation during navigation is shown in figure 5 (left) while figure 4 shows the operating field.
The precision of intraoperative navigation results was evaluated by comparison of pre- and
postoperative cardiac CT data of the patient (see fig. 5 (right)), for each target vessel seperately. The same reference point on the target vessel was chosen in both data sets. From this
reference point, the distance along the vessel path to planned and grafted anastomosis respectively was calculated and compared, yielding how precisely the bypass was grafted to
the planned position. Measurement inaccuracies of ± 2 mm may occur when handling the
CT data. Twice, the bypass was not grafted to the preoperatively planned position due to
medical reasons. In both cases, the preoperatively planned position has been located correctly at the open heart, but the vessel was too thin for bypass grafting. With increasing
experience in surgical planning such events are avoidable. In both cases, the clip marking
the navigation result was used for postoperative evaluation. In all other cases, the centre of
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Figure 5: Left: Intraoperative navigation, CT visualisation. planned anastomosis site (violet
+) and current pointer position (green x) are displayed in the coronary map. Right: Evaluation. Preoperative and postoperative CT with distances from the same bifurcation to the
planned (left) and grafted (right) anastomosis respectively.

Target vessels
Number of anterior wall target vessels
Number of lateral wall target vessels
Number of inferior wall target vessels

8
9
4

Navigation results
Mean distance of planned and grafted anastomosis (in mm)
Standard deviation of the distances (in mm)

2.3
1.4

Table 2: Intraoperative navigation. Target vessels and errors.
the anastomosis which usually has an extension of several mm was used. For the 21 target
vessels, the resulting accuracy was 2.2 ± 1.4 mm, proving good accordance of preoperatively
planned position and navigation result. This navigation accuracy actually reaches the limiting measurement accuracy at the arrested heart which amounts to ±2.2 mm (see above). The
target vessels and navigation results are outlined in table 2.
Of course, it would be interesting to compare the accuracy of the computer-assisted intraoperative navigation during open heart CABG at the arrested heart with results from traditional open heart CABG surgery. Unfortunately, such a comparison is not possible as no
comparable data exist from traditional open heart surgery. The main reason for this is that
in current clinical practise CABG anastomoses are not grafted at the position on the target
vessel they would have been situated best according to preoperative plans. Instead, they are
grafted either where the target vessel is visible best or to the position the surgeon relying on
experience and skills considers the best alternative. The aim in computer-assisted surgery is
quite different. Here, the purpose is to identify the position of a preopartively planned surgical target during CABG surgery and to graft the bypass exactly at that planned position on
the target vessel path. An intraoperative navigation accuracy of 2.3 ± 1.4 mm was achieved
for the 21 cases. For comparison, the incision which is made for the bypass graft is about
6 − 8mm long. Thus, the navigation accuracy is sufficient for intraoperative localisation at
the arrested heart and the system is very well suited for intraoperative application. This
shows that grafting a bypass precisely at a preoperatively planned position was successfully
enabled with the developed system.
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Conclusions

The surgical assistance system for open heart CABG developed within the Cardio-Pointer
project is capable of providing precise navigation assistance on the arrested heart. The intraoperative performance of the navigation system has been evaluated during 11 bypass
grafting procedures. After registration, the heart surgeon efficiently performed computerassisted navigation on a total of 21 target vessels on the anterior, lateral and inferior wall
of the heart. Postoperative evaluation of the navigation results shows good accordance of
preoperatively planned and intraoperatively identified positions for the distal anastomosis.
In summary, the developed surgical assistance system facilitates image-guided navigation
during open heart CABG and allows the heart surgeon to precisely graft the bypass to a
preoperatively planned optimal anastomosis site. Moreover, by allowing intraoperative visualisation of the planned sites and of plaque formations within the target vessel, the system
offers a quick and gentle localisation method without the need of palpating or dissecting of
the vessel of interest and decision making can be guided accordingly. This increases not only
the precision of open heart bypass grafting but also patient safety by providing a precise and
low-risk method to identify a preoperatively defined surgical target on the deformed and
possibly fat-covered surface of the heart.
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