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Abstract. Scarless surgery is a new and very promising technique that can mark 
a new era in surgical procedures. We have created and validated a navigation 
system for endoscopic and transgastric access interventions in in vivo pilot 
studies. The system provides augmented visual feedback and additional 
contextual information by establishing a correspondence between the real time 
endoscopic ultrasound image and a preoperative CT volume using rigid 
registration. The system enhances the operator’s ability to interpret the 
ultrasound image reducing the mental burden used in probe placement. Our 
analysis shows that rigid registration is accurate enough to help physicians in 
endoscopic abdominal surgery where, by using preoperative data for context 
and real-time imaging for targeting, distortions that limit the use of only 
preoperative data can be overcome. 

1   Introduction 

For centuries, the peritoneal cavity has been approached through large incisions of the 
anterior abdominal wall. In the past two decades, the laparoscopic approach has 
gained wide acceptance because it offers a safe and less invasive alternative: pain and 
the complications associated to large abdominal incisions are minimized. To further 
reduce the invasiveness of peritoneal access, the next logical step is to eliminate the 
incision through the abdominal wall altogether. Rather, natural orifices may provide 
the entry points for surgical interventions. Recently, several research groups have 
been able to access the peritoneal cavity through peroral- transgastric (i.e. through a 
small incision in the gastric wall) and also peranal-transcolonic approaches to perform 
organ resections in an animal model [1]. This new approach has the potential to 
replace or augment laparoscopic techniques currently used to treat many diseases. It 
may be especially beneficial to obese patients or those who have undergone multiple 
procedures and thus are at risk for adhesions. 

Minimally invasive peroral-transgastric and peranal-transcolonic surgery is in its 
infancy. Before widespread use of these techniques is possible, several technical 
barriers must be overcome. These include providing the physician with adequate 
visual feedback, clear indicators of instrument location and orientation and support  in 
the recognition  of  anatomic  structures.  The appearance of the abdominal  structures  
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Fig. 1. Endoscopic view of a transgastric procedure 

through the transgastric approach is totally different than in an open or laparoscopic 
approach (see Fig. 1). The unique angle of view, limited light, and the need to insert all 
instruments through a narrow channel are critical technical challenges. The introduction 
of the instruments in the peritoneal cavity (e.g. through a gastrotomy) should be 
performed in a way that precludes damage to surrounding organs and vasculature. 

One relatively simple approach to augment the endoscopic/laparoscopic view is to 
use ultrasound (US). Laparoscopic US (LUS) and endoscopic US (EUS) are often 
used to guide biopsies and interventional procedures. However, the vast majority of 
physicians are not comfortable with performing invasive procedures under ultrasound 
guidance because of the inherent problems of image interpretation. 

The navigation of a flexible endoscopic device inside the abdomen brings similar 
challenges as in traditional laparoscopy, but new complexities are added: 

•  The flexibility of the endoscope tip makes the understanding of its distal 
orientation difficult. Unlike laparoscopic procedures, there is no direct 
observation of the endoscope tip. Because of the lack of a global reference of 
the tip with respect to the patient body, successful navigation inside the 
stomach and in the abdomen cavity generally requires the expertise of a highly 
trained gastroenterologist (up to two years sub-specialization). 

•  A majority of the structures that are accessible through a transgastric access lie 
in a retrograde position with respect to the incision in the stomach wall. 
Access to such locations requires detailed knowledge of the place of the tip 
with respect to adjacent structures, particularly vessel. 

•  Understanding the position and orientation of the ultrasound B-scan plane is a 
ubiquitous problem even for experienced sonographers. 

•  An inherent problem to any ultrasound based system is the difficulty in 
interpreting the images because of low contrast, reduced field of view and 
acoustic windows constrains, despite the close proximity of the US probe to 
the target organs. 

Several groups have attempted to address the orientation and interpretation 
problem by using preoperative data jointly with the intraoperative US data [2-6]. 
Lindseth et al. have shown that the fusion of intraoperative US images and 
preoperative MRI enhance the perception by extending the overview of the operating 
field. Ellsmere et al. showed that a 3D display with the main vascular structures and 
the probe positioning improved the spatial orientation of the operator, thus reducing 
the time to locate the organ of interest and increasing the operator’s certainty. 
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We present here a system that addresses those challenges and makes intra-cavitary 
interventional techniques easier to master and use in practice, and thus more likely to 
be widely adopted. Our system relies on providing context information about the 
interpretation of the US image based on preoperative data (CT or MRI). The system is 
based on tracking the endoscope tip and US plane with an electromagnetic tracker and 
established the correspondence of the real time positioning of the instrument tip with 
respect to preoperative data. The preoperative data is also used to generate 3D models 
of reference anatomical structure. Those structures are displayed with respect to the 
position of the probe in real time. An enhance interpretation of the US image is 
achieved by oblique reformatting the preoperative dataset according to the US plane. 

2   Navigation System 

The system consists of three major hardware components:  
1. A conventional ultrasound machine equipped with a laparoscopic or endoscopic 

probe. 
2. Tracking device comprising a transmitter and receiver sensors. 
3. A host computer with a display for the use of the physician. 

We use four coordinate systems: 
•  Instrument coordinate system (D): local to the device that is being tracked, 

namely, e.g. the tip of an endoscopic probe or a surgical pointing device. 
•  Receiver coordinate system (R): local to the sensor mounted on the tracked 

instrument. 
•  Transmitter coordinate system (T): The coordinate frame of the transmitter of 

the tracking device, taken as the global coordinate frame. 
•  Patient coordinate system (P): local to the patient in the CT scanner; 

intraoperatively this is also the coordinate frame of the display. 

These coordinate frames are related by affine transformations that are provided either 
by the tracking system or by computations. Notationally, the transform TA→B is the 
affine transformation between coordinate system A and coordinate system B. 

2.1   Calibration 

Calibration is a necessary and crucial process that is performed to find the 
transformation TD→R between the coordinate system attached to the US B-scan plane 
and the coordinate system of the position sensor. The real-time position of the B-scan 
plane is used to generate two of the principal displays (see Fig. 2); this position is 
unknown until we perform the calibration. We have used the single-wall phantom 
method as described by Prager et al. [7]. The accuracy of the calibration was one of 
the lower bounds for the final positioning error for the system. 

2.2   Registration 

The registration step is done intraoperatively with the subject placed on the OR table 
and before the procedure takes place. The registration transformation TT→P is found in 
two stages: an initial rigid registration and a real time adaptive registration. 
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The initial registration is performed by either using anatomical fiducials or high 
contrast fiducials placed on the skin before the preoperative imaging. Those fiducials 
are identified in the CT image and in the coordinate system T by touching them with a 
tracked pointer. The registration matrix is solved with Horn’s pair-wise point 
matching method [8]; the resulting transformation is denoted as Torig

T→P . 
The real time registration is performed by using an additional position sensor, 

attached to the subject’s thorax, as a local reference frame. This real-time adaptive 
registration compensates for rigid movements of the patient. The registration 
transformation TT→P is updated according to the expression 

( ) 1−
→→→→ = m

TR
init

TR
orig

PTPT TTTT  

where Tm
R→T is the transformation given by the sensor attached to the patient and Tinit 

R→T is the initial transformation reported by the sensor after it is attached to the patient. 

2.3   Display 

The display consists of three primary elements (see Fig. 2): 
•  Display 1: A 3D scene of the patient skeleton and principal vascular 

structures obtained from the preoperative dataset and a model of the tracked 
endoscopic probe and the position and orientation of the EUS plane. 

 

Fig. 2. System description: data flow paths and main displays 
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•  Display 2: A reformatted CT image in the oblique plane corresponding to the 
EUS image. The reformat image is augmented by showing a greater extent 
that the one covered by the US plane. A square outline shows the area 
corresponding to the US field of view. 

•  Display 3: Direct acquisition of the EUS image 

3   Materials and Methods 

The tracking system that we have employed is an electromagnetic tracker 
(MicroBIRD, Ascension Technology Corp., Burlington, VT) which was connected to 
the computer through a PCI board. The sensor attached to the endoscope tip was 
0.3mm diameter and 1.8 mm length. The attachment of the sensor to the ultrasound 
probe causes an increase in overall probe diameter of less than 2 mm which is 
immaterial in the probe use. A similar sensor is used for the real time adaptive rigid 
registration. The US images were provided by BK Panther Laparoscopic Ultrasound 
for LUS acquisitions are Olympus EU-C60 for EUS acquisitions. Both ultrasound 
systems have Doppler capabilities. Preoperative CT were made with a Siemens 
Sensation 64. Three scans were acquired per study: a baseline scan, a contrast 
enhanced scan and delayed scan. 

Our system was tested in a porcine model under general anesthesia. Free breathing 
was allowed and forced ventilation was only used during CT scanning to reduce 
breathing artifacts. Before CT scanning, four high-contrast CT markers were placed 
on the laterals of the rib cage. The subject was placed on the OR, the fiducial makers 
were located, and the initial registration was calculated. 

To assess the performance of our system, both quantitatively and qualitatively, we 
ran two set of experiments: one for system error and one for user performance. In all 
cases we recorded all instrument motions and corresponding US images for 
retrospective analysis. 

3.1   Experiment 1 

This experiment, using a tracked LUS probe, was designed to assess the total 
registration error incurred by our system. Laparoscopic or transgastric procedures 
normally require insufflation of the abdominal cavity. We hypothesize that the 
distortion due to insufflation would impose a lower bound for the total registration 
error for these interventions, whether laparoscopic or trans-gastric. 

Four landmarks were used as reference to assess the error. Three landmarks were 
anatomical features, namely, the branching points between the aorta and three major 
arteries: the celiac, superior mesenteric (SMA) and right renal. The fourth landmark 
was a 6 mm diameter bead that was implanted in the left kidney. The bead was clearly 
observed both in CT and US. 

To assess the error, an expert was asked to perform a standard Laparoscopic explora-
tion and to identify several US images where those landmarks were clearly visible. 
Doppler ultrasound was employed for the vessel landmarks to give an accurate location 
of the branch point. Independently, the same land-marks were identified in the CT 
volume. The total registration error was measured as the distance between a CT landmark 
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and the US planes where the same 
landmark was visible (see Fig. 3 - 
4b). The position of the US plane 
in the CT space was known 
through the transformations given 
by our system. We considered the 
error in the normal direction to the 
US plane to be primary, and any 
error within the US plane to be 
residual. Because our system is 
intended to provide contextual 
information, and because the 
clinician can readily compensate 

for misalignments between the CT oblique slice and the US plane (as long as the target 
structure was present in both modalities), the normal error is the limit on how far the 
clinician needed to search for the target. 

We also measured respiratory-induced motion of a target organ by stitching a 
tracker to the right kidney surface. Tracking data were acquired during free breathing 
and forced (ventilated) breathing; we recorded the insufflation and the heart rate. 
Motion data were examined with time-series analysis to find the principal harmonic at 
that corresponded with the breathing frequency timed during the experiment. After 
filtering that harmonic in the X, Y and Z time-series, a principal-component analysis 
(PCA) was performed. The net motion was computed as 2(λ1)

1/2 where λ1 is the 
principal eigenvalue of the covariance matrix. 

3.2   Experiment 2 

A group of 3 experts and 5 novices in US guided endoscopic interventions were 
requested to localize a predefined list of targets on a fixed time of 5 minutes. The 
users ran this task twice, using the conventional EUS technique and using our Image 
Registered Gastroscopic Ultrasound (IRGUS) system. We interleaved the tasks 
between users, so half used the IRGUS system first and the other half used the EUS 
first. During the experiment, the location and orientation of the probe was recorded 
and we noted which structures were properly identified. Novice users were always 
assisted by an expert. From the positioning data, a kinematic evaluation of the user’s 
motion was performed to characterize performance during the task [9]. Kinematic 
analysis provides measurements for the amount and smoothness of motion that is 
required to achieve the task. Finally, a questionnaire was used at the end of the task to 
assess subjective responses to the navigation system. 

4   Results 

The total registration error was computed for each landmark using 4 US slices where the 
landmarks were visible. The average total error is shown in Fig. 4a. The error upper 
boundary is approximately 5 mm range. Because the landmark features were also of that 
size, the landmarks should have always been visible in the reformatted CT plane. We 
confirmed this by retrospectively evaluating the results: reviewing the data and 
 

Fig. 3. Registration error definitions 
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Table 1. Kinematic analysis comparing our system (IRGUS) and conventional endoscopic 
approach (EUS) 

 Path Length Smoothness of 
Motion 

Depth 
Perception 

Response 
Orientation 

 (cm) d3d/dt3 (cm) (radians) 

EUS 1600.3 12.6 9877.5 52.5 
IRGUS 1245.7 9.2 8174.2 42.3 

 
 

 
(a) 

 

(b) 

 

Fig. 4. Registration error for 4 landmarks. (a) Average error for different US planes where the 
landmarks were visible. (b) Example of one plane used for the evaluation of the error 
corresponding to the celiac branch. 

reconstructing views, we confirmed that all landmarks were visible in both in the US 
plane and the CT oblique at times when the expert reported localizing the landmarks. 

Our data for respiratory-induced kidney motion were acquired during free 
breathing and ventilation with an insufflation of 200ml. The subject’s heart rate was 
steady at 70 beat/s. The principal harmonic of motion was 0.6 Hz, which corresponds 
with the breathing frequency that was timed during the experiment. The total 
displacement in the direction of maximum variance was 1.8mm for forced breathing 
and 1.4mm for free breathing. 

Our second experiment showed that using the conventional EUS, novices 
identified only 29% of the structures and experts 50% within the allotted time. In 
contrast, IRGUS significantly increased to 71% and 80% respectively. In addition, the 
analysis of kinematic data showed that using IRGUS the physicians not only 
identified more structures, but they were more efficient as well (see Table 1). IRGUS 
improved efficiency of conventional EUS by 17-27% in the analyzed characteristics. 
All differences were statistically significant at the level of p<0.05. 
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5   Discussion 

The utility of our system does not depend on absolute spatial precision. Our hypo-
thesis is that the orthogonal distance between the US plane and a target on the 
preoperative data is on an acceptable range (less than 5mm) to allow context 
information. We also found that when targets appeared in both the US plane and in 
the reformatted CT – regardless of the amount of displacement within that plane – 
users found the contextual information very useful in guiding interventions. A major 
concern was that the motion of organs (such as the kidney) induced by respiration 
would compromise the utility of our system, but our experiments showed that this 
motion was limited and was significantly lower than the registration errors  

A key component of our approach is that we have relaxed the accuracy 
requirements for registration of patient’s anatomy given by the US to the preoperative 
volumetric images. This “reference” registration consists on relying on an initial rigid 
registration of the scanner space to the patient space, plus a real time correction of this 
initial rigid registration computed by tracking the patient position with a sensor. By 
complementing real time imaging with closely registered preoperative images, we aim 
to improve the way in which real-time images are interpreted, but without relying on 
high accuracy registration methods needed by traditional image-based navigation 
systems [10]. We claim that reference registration is particularly suited to endoscopic 
abdominal surgery where, by using preoperative data for context and real-time 
imaging for targeting, distortions that limit the use of only preoperative data can be 
overcome. We observed that the accuracy of our approach is within surgically 
acceptable limits and that the contextual information provided by our navigation 
system improved the performance of both expert and novice users. 

Novice clinicians performing US guided endoscopic interventions found the system 
easy to master and improved their confidence in the identification of different structures 
thanks to the closely registration to the CT. The number of structures that they were able 
to correctly identify was double than without the assistance of the system. Even expert 
clinicians found the navigation system of great help, increasing their confidence in the 
imaged structured by the real-time US and reducing their intervention time. 

Our system can assist in the implementation of transgastric interventions. One of 
the major difficulties while performing the intervention is to avoid major stomach 
vessels when puncturing the stomach wall. This puncture can be performed with 
minimal bleeding is those vessels are avoided. However, if the vessel is accidentally 
comprise, fatal iatrogenic injury could lead to the death of the patient. Our system can 
assist in this crucial task by tracking the position of the tip of the instrument in 
relation to the vessels of the stomach and other abdominal structures. 
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