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Abstract

Background Navigation systems potentially facilitate

minimally invasive esophagectomy and improve patient

outcome by improving intraoperative orientation, position

estimation of instruments, and identification of lymph

nodes and resection margins. The authors’ self-developed

navigation system is highly accurate in static environments.

This study aimed to test the overall accuracy of the navi-

gation system in a realistic operating room scenario and to

identify the different sources of error altering accuracy.

Methods To simulate a realistic environment, a porcine

model (n = 5) was used with endoscopic clips in the

esophagus as navigation targets. Computed tomography

imaging was followed by image segmentation and target

definition with the medical imaging interaction toolkit

software. Optical tracking was used for registration and

localization of animals and navigation instruments. Intra-

operatively, the instrument was displayed relative to seg-

mented organs in real time. The target registration error

(TRE) of the navigation system was defined as the distance

between the target and the navigation instrument tip. The

TRE was measured on skin targets with the animal in the 0�
supine and 25� anti-Trendelenburg position and on the

esophagus during laparoscopic transhiatal preparation.

Results On skin targets, the TRE was significantly higher

in the 25� position, at 14.6 ± 2.7 mm, compared with the 0�
position, at 3.2 ± 1.3 mm. The TRE on the esophagus was

11.2 ± 2.4 mm. The main source of error was soft tissue

deformation caused by intraoperative positioning, pneumo-

peritoneum, surgical manipulation, and tissue dissection.

Conclusion The navigation system obtained acceptable

accuracy with a minimally invasive transhiatal approach to
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the esophagus in a realistic experimental model. Thus the

system has the potential to improve intraoperative orien-

tation, identification of lymph nodes and adequate resection

margins, and visualization of risk structures. Compensation

methods for soft tissue deformation may lead to an even

more accurate navigation system in the future.

Keywords Esophagectomy � Image-guided therapy �
Laparoscopy � Navigation

The minimally invasive surgical technique of esophagectomy

for malignant disease aims to improve patient outcome by

reducing intraoperative trauma and blood loss and accelerat-

ing postoperative mobilization of the patient compared with

open surgery [1–6]. However, minimally invasive approaches

are technically more challenging than open surgery [7–11].

They can complicate the exact localization of lymph nodes,

the definition of adequate resection margins, and the avoid-

ance of risk structures [12, 13]. Additional difficulties of the

transhiatal approach compared with open surgery and the

combined thoracoscopic and laparoscopic approaches are the

restricted view through the esophageal hiatus, the challenging

manipulation of the laparoscopic instruments, and the difficult

orientation in the narrow mediastinal space [8, 13].

Navigation systems have the potential to overcome these

difficulties by providing additional information about the

exact location of the instruments in relation to tumor

margins, lymph nodes, and risk structures [14]. They are

already established in surgical disciplines such as neuro-

surgery; ear, nose, and throat (ENT) surgery; and maxil-

lofacial and orthopedic surgery. These surgical disciplines

are related to hard tissue, and the available navigation

systems usually provide high accuracy of about 1–5 mm,

mostly dependent on setup and registration accuracy [15–

17]. In contrast, navigation systems are difficult to establish

in laparoscopic and thoracoscopic surgery due to soft tissue

deformation [15, 18–20].

Our self-developed navigation system for esophagec-

tomy (e.g., for soft tissue surgery) achieved high accuracy,

with a mean error of less than 1 mm during accuracy tests

in a static environment. Visualization of anatomic land-

marks, risk, and target structures in relation to the tracked

instruments was possible in real time in a test setup with a

segmented and highlighted computed tomography (CT)

scan of an esophageal cancer patient [14].

The primary goal of the study was to assess the overall

accuracy of the aforementioned navigation system under

operating room (OR) conditions in an animal model under

conditions comparable with those of human beings. The

secondary goal was to identify different sources of error

relevant to the accuracy of navigation systems during

minimally invasive esophagectomy.

Materials and methods

Navigation system

A vacuum mattress fixed to a stretcher was used as an

immobilization device to reduce displacement in relation to

the planning CT. Preoperative high-resolution CT imaging

with a 2-mm slice thickness and a 1-mm increment

(Somatom Definition 64 Row Dual Energy; Siemens

Medical Corp., Erlangen, Germany) was performed. The

CT data sets were transferred to a conventional personal

computer running the navigation system with the medical

imaging interaction toolkit (MITK) [21]. Semiautomatic

and interactive algorithms of MITK were used for seg-

mentation of registration landmarks and target structures in

the CT data sets (Figs. 1, 2) [21–23].

The navigation system used optical tracking (Polaris,

NDI Inc., Waterloo, Canada), with passive markers attached

to both the navigated instrument and the stretcher for con-

stant localization and calibration during the operation. To

establish the relationship between the preoperative CT

image and the real-world situation in the operating room,

initial landmark-based registration was performed. Self-

developed registration landmarks (Fig. 1) that can be ster-

ilized and reused were applied to the vacuum mattress and

the stretcher with the commercially available NDI tool

(NDI Inc., Waterloo, Canada). In pretests, a total of eight

registration landmarks had proved to be the optimal work-

load-to-performance ratio.

A self-developed navigation tool with optical markers

on two sides of the instrument and a shaft length of 35 cm

was used for laparoscopy (Figs. 1, 2). The additional length

enabled the laparoscopic procedures to be measured

accurately because the NDI tool was too short. Further-

more, because a preliminary version of the laparoscopic

tool with its standard optical marker configuration was

compromised by line-of-sight problems, the additional

markers of the self-developed navigation tool were used to

ensure constant localization by optical tracking.

Accuracy assessment in the experimental model

A porcine model (n = 5; median weight = 28 kg; range =

24–36 kg) was used for the experimental evaluation of the

navigation system (Fig. 2). The animals were kept under

intravenous general anesthesia with muscle relaxation and

machine ventilation during the experiments (tidal volume

median, 320 ml; range, 280–350 ml; frequency, 12–15/

min; maximum pressure, 30 mmHg; positive end-expira-

tory pressure during laparoscopy, 5 mmHg). After the

experiments, the animals were killed by intravenous injec-

tion of potassium chloride under general anesthesia.

3664 Surg Endosc (2013) 27:3663–3670

123



At the beginning of the experiments, hemoclips (Endo-

therapy Short Clip HX-610-090S; Olympus Medical, Tokyo,

Japan) were placed in the esophagus as navigation targets

with a flexible double-channel video endoscope (PKS 13806

and Gastro Pack; Karl Storz Endoscopy, Tuttlingen, Ger-

many) in the high (T1), middle (T2), and lower (T3) thoracic

Fig. 1 A NDI tool and self-

developed landmarks for the

initial registration of the animals

with the computed tomography

(CT) scan in the navigation

system. B Surface rendering of

segmented landmarks placed on

the vacuum mattress and the

stretcher with the animal.

C Self-developed laparoscopic

navigation instrument with a

shaft length of 35 cm and

passive spheres for optical

tracking used to reach the

esophageal targets

Fig. 2 A The operating room setup with the animal on the vacuum

mattress and the self-developed navigation laparoscopic tool (large

white arrow) with optical markers, laparoscopic camera view on the

left screen (small black arrow), and navigation system with risk and

target structures displayed (small white arrow) on the right screen

(large black arrow). B Instrument representation (green) and

measurements (red color, black arrows) in the navigation system in

relation to target markers in the esophagus (yellow color, black

arrows) during measurement of navigation accuracy (Color figure

online)
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esophagus and at the gastroesophageal junction (GEJ)

(Fig. 2B). The nipples of the pigs were used as skin targets.

With the pigs in an expiratory breathhold position, CT

imaging was performed.

Image segmentation was performed in the navigation sys-

tem. Initial landmark-based registration then was performed,

with optical tracking, registration landmarks, and the NDI tool

to match the coordinate systems of the tracking system and the

patient model from the image data [24]. The accuracy of the

navigation system at the targets was measured as the target

registration error (TRE). The TRE was measured as the cal-

culated distance between the instrument tip and the target

structure in the navigation system (Fig. 4B), whereas the tip of

the tracked instrument was precisely placed on the target

structure of the animal in reality [25]. The TRE on the skin

markers was measured with the NDI tool before the operation

with the animal in the 0� supine position to evaluate the setup

error and in the 25� anti-Trendelenburg position to evaluate

the soft tissue shift caused by positioning.

The laparoscopic operation began with the insertion of

four trocars and the introduction of the pneumoperitoneum

(8–12 mmHg). The liver was controlled with a retractor,

and the preparation of the esophageal hiatus began from the

left crus of the diaphragm. The hiatus then was opened

circumferentially and the esophagus dissected transhiatally.

Fluoroscopy control was used for the placement of 10-mm

hemoclips (AutoSuture Endo Clip II ML; Tyco Healthcare,

Norwalk, CT, USA) to the outer wall of the esophagus at

the exact place of the hemoclips on the inner wall of the

esophagus (Fig. 3). This had to be performed to enable

laparoscopic localization of the endoscopic navigation

target clips in the esophagus for TRE measurement.

After the placement of each laparoscopic clip, the nav-

igation instrument was inserted, and the tip was accurately

placed on the laparoscopic clip (Fig. 3A). The TRE on the

esophageal targets was measured as offset from the

instrument tip-to-target center point in the navigation sys-

tem (Fig. 3B). The TRE was measured at all levels of the

esophagus in three dimensions, and the Euclidian distance

was determined as

d ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

X1 � X2ð Þ2þ Y1 � Y2ð Þ2þ Z1 � Z2ð Þ2
n o

r

Control CT scan

At the end of the operation, the trocars were removed, and

the pneumoperitoneum was evacuated. Control CT was

performed with the animals still immobilized on the vac-

uum mattress in a 0� supine position. The distance and

placement error between the endoscopic clips on the inner

wall of the esophagus and the corresponding laparoscopic

clips on the outer wall of the esophagus were measured in

all three axes using manual image segmentation in MITK.

The overall corrected TRE was calculated at the

esophageal targets, with correction for the offset between

the laparoscopic and endoscopic clips in the three axes

from the control CT scan. This was done to account for the

placement error between the laparoscopic clips and the

endoscopic navigation target clips. The change in anatomy

caused by surgical dissection was measured by comparing

the displacement of the endoscopic target clips between the

preoperative planning CT scan and the postoperative con-

trol CT scan using rigid registration and manual segmen-

tation in the registered CT scans.

Fig. 3 A Placement under

fluoroscopic control of

laparoscopic clips (black

arrows) on the outer wall of the

esophagus next to the

endoscopic clips (small white

arrows) on the inner wall of the

esophagus, the laparoscopic clip

applier (large white arrow), the

liver retractor, and the

nasogastric tube in the

esophagus. B Laparoscopic clip

(white arrow) placed on the

esophagus
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Accuracy assessment with different instruments

in a phantom

In addition to the animal experiments, an accuracy evalu-

ation of the navigation system was performed using a static

phantom with 16 defined targets in a volume of 15 9

15 9 9 cm3. This was done to evaluate whether the longer

laparoscopic navigation instrument used in the experiments

caused additional error. The navigation accuracy evalua-

tion setup was used as in the animal experiments, with the

phantom immobilized on the vacuum mattress with the

registration landmarks. A CT scan was acquired, and

landmarks and targets were segmented manually in the

MITK-based navigation software.

Landmark-based registration was performed using the

NDI tool. The TRE for this setting was measured with both

the NDI tool and the self-developed laparoscopic naviga-

tion tool (Fig. 1A, C) three times on each target, and the

average accuracies were calculated.

Ethics and animal rights

The study was approved by the German Committee on

Animal Care, Regierungspräsidium Karlsruhe. All the

animals received humane care in compliance with the

National Research Council’s criteria for humane care as

outlined in the Guide for the Care and Use of Laboratory

Animals prepared by the National Institutes of Health.

Data analysis

Excel version 12.0 (Microsoft Corporation, Redmond, WA,

USA) and SPSS Statistics 19 (IBM Corp., Armonk, NY, USA)

were used for data calculation and analysis. Unless otherwise

specified, descriptive analyses of TRE include mean ± stan-

dard deviation along the medial-lateral (x), dorsal-ventral (y),

cranial-caudal (z) axes and the absolute Euclidean distance in

millimeters. Absolute and dimension-specific TREs for dif-

ferent esophagus levels (T1, T2, T3, GEJ) were compared

using hierarchic linear repeated measures analysis of variance,

with the esophagus level as a fixed factor and random inter-

cepts for the different animals [26]. Two-sided t-tests were

applied to compare errors in the phantom setup. Statistical

significance was set at an a value of 5 % (two-sided).

Results

Accuracy of the navigation system: instrument

and setup error

The navigation system showed significantly lower overall

precision with the laparoscopic navigation tool (TRE of 2.0 ±

0.6 mm) than with the NDI tool (1.0 ± 0.3 mm) (t = 10.33;

df = 92; p \ 0.001) in the phantom setup. The accuracy was

influenced in the operating room setup by positioning of the

animals, with a significantly higher TRE on the skin markers

in the z-axis (cranial-caudal) for the 25� anti-Trendelenburg

position compared with the 0� position (Table 1).

Accuracy of the navigation system on the esophagus

The TRE was measured with the laparoscopic navigation

tool on the esophageal markers. The mean placement error

of the laparoscopic clips on the esophagus compared with

the corresponding endoscopic clips under fluoroscopy

control in the control CT scan was 8.6 ± 3.3 mm. The

placement error for each corresponding pair of clips was

used as a correction factor for the TRE measurement.

The accuracy of the navigation system, measured as

TRE on the esophagus clips, was significantly better for all

axes and levels (t = 2.10; df = 92; p = 0.04) after the

placement error of laparoscopic clips to correspondent

endoscopic clips under fluoroscopy control was corrected.

The average TRE, the Euclidian distance between the

measured positions, and the target positions in all the exper-

iments and esophageal targets was 11.2 ± 2.4 mm. The

average error was lower on the GEJ level (9.7 ± 4.4 mm) and

on the T1 level (8.7 ± 2.1 mm), whereas it was higher on the

T2 level (13.9 ± 0.7 mm) and on the T3 level (12.5 ±

2.3 mm). Figure 4 shows the dimension-specific TREs for the

different esophagus levels and for all levels.

Analysis of variance showed significantly different

mean TREs for the four esophagus levels in the x-axis

(medial-lateral) (v2 = 22.7; df = 3; p \ 0.001) and in the

Table 1 Accuracy measurement of target registration error (TRE) on the skin targets in 0� supine and in 25� anti-Trendelenburg positions as

offset between estimated and actual position with the NDI pointer tool on the skin targets in reality

Position x ± SD y ± SD z ± SD d ± SD

0� Supine position 0.2 ± 1.1 1.5 ± 2.1 1.0 ± 1.0 3.2 ± 1.3

25� Anti-Trendelenburg position 1.1 ± 0.9 2.4 ± 6.8 13.0 ± 1.5 14.6 ± 2.7

p Value 0.10 0.67 \0.001 \0.001

Mean TRE ± standard deviation in millimeters

SD standard deviation, x medial-lateral axis, y dorsal-ventral axis, z cranial-caudal axis, d Euclidian distance

Surg Endosc (2013) 27:3663–3670 3667
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y-axis (dorsal-ventral) (v2 = 23.0; df = 3; p \ 0.001), as

well as for the absolute TRE as Euclidian distance (v2 = 37.8;

df = 3; p \ 0.001), whereas the esophagus levels in the

z-axis (cranial-caudal) did not differ significantly.

Organ deformation caused by surgical dissection

and the resulting change in anatomy

The positions of the endoscopic target clips, from the

preoperative planning CT scan to the postoperative control

CT scan, were measured and compared as offset from the

corresponding targets in the registered CT scans, showing

an average displacement of 8.5 ± 1.9 mm. The displace-

ment was homogeneous in all axes and experiments, with

4.9 ± 1.9 mm in the x-axis (medial-lateral), 3.8 ± 1.7 mm

in the y-axis (dorsal-ventral), and 4.7 ± 2.8 mm in the z-

axis (cranial-caudal).

Discussion

In the current study, our self-developed navigation system

applied in an experimental operating room setup for min-

imally invasive porcine esophagectomy showed a mean

overall error, expressed as TRE, of little more than 1 cm on

the esophagus. With this accuracy obtained, the system

could already provide improved orientation in the thorax

and could facilitate the detection of lymph nodes as well as

the definition of resection margins intraoperatively.

Accordingly, to provide for the safety of risk structures

around the esophagus, a safety corridor of at least 1 cm

would have to be used. However, in the narrow mediasti-

num, this seems to be too much. The accuracy should

therefore be higher for safe reliance on the visualized

information regarding risk structures.

The identified sources of error included system-based

errors and setup errors as well as iatrogenic sources of error

under operating room conditions. The navigation system

was more accurate in a static phantom than in the porcine

model, although the same system components and instru-

ments were used. The accuracy in the static phantom

measurements was influenced by the localization errors of

the instruments and the registration error but not by soft

tissue deformation.

The self-developed laparoscopic navigation tool was

less accurate overall than the NDI tool, but it was nev-

ertheless necessary because the NDI tool was too short

for laparoscopic use and hindered by line-of-sight prob-

lems. In the animal model, the system was more accurate

in the skin markers than in the esophageal targets. Putting

the animals in a 25� anti-Trendelenburg position signifi-

cantly added error in the z-axis (cranial-caudal) compared

with the 0� position during the skin marker measure-

ments. Whereas the error of the navigation system in the

esophagus was generally low at the GEJ level, it is evi-

dent that the error in the x-axis (medial-lateral) and y-axis

(dorsal-ventral) was rather pronounced at level T2 and

that the error in the y-axis (dorsal-ventral) was high at

level T3 (Fig. 4). Errors at T2 presumably resulted from

the vicinity of soft tissue structures, such as heart and

lung, whereas iatrogenic manipulations might have

influenced the measurement at level T3. Errors in the

cranial-caudal dimension (z-axis) seem to be rather uni-

form across levels and appear to be affected by the

positioning of the animals, as seen in the skin marker

measurements.

The organ deformation and shift in the x-axis (medial-

lateral) and the y-axis (dorsal-ventral) were mainly influ-

enced by surgical tissue dissection, as seen in the com-

parison of the planning and control CT scans. Instrument

manipulation during the operation was most likely the

cause for the remaining organ deformation and resulting

inaccuracy. Other potential sources of error include the

pneumoperitoneum and lung ventilation.

The navigation system in our study was a static system.

Soft tissue deformation between the planning CT and the

intraoperative situation was minimized in our experimental

setup by the use of a vacuum mattress as an immobilization

device. A dynamic navigation system that includes com-

pensation for organ deformation could improve the accuracy

of the navigation system. Respiratory organ deformation of

Fig. 4 Navigation target registration error (TRE) for each esophagus

level in millimeters. x = medial-lateral axis; y = dorsal-ventral axis;

z = cranial-caudal axis. Plots show median, 50th percentile, and

whiskers, with 95th percentile of errors in the high thoracic (T1),

middle (T2), and lower (T3) esophagus and at the gastroesophageal

junction (GEJ) as well as the overall error for all levels

3668 Surg Endosc (2013) 27:3663–3670
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the esophagus approximating 1 cm in humans is reported

[27, 28].

Respiratory organ deformation can potentially be com-

pensated by indirect organ tracking using skin markers,

respiratory belts or data from ventilation machines because

esophageal deformation has been shown to correlate with

respiration and external motion in other studies. Imple-

mentation of algorithms in the navigation system for the

use of preoperative four-dimensional imaging to include

respiratory motion could be another option, as could cal-

culation and estimation of the pneumoperitoneum-induced

organ shift and estimation of the best respiratory position

for the preoperative CT scan used for navigation.

The influence of pneumoperitoneum and machine ven-

tilation during laparoscopic surgery on esophageal organ

deformation and position has not been studied to date and

will be the focus of other studies. Compensation for iat-

rogenic manipulation as well as organ and tumor dis-

placement can be achieved with direct tracking of the

organ and tumor location by placement of electromagnetic

tracking (EMT) sensor coils into the organ at the tumor site

and implementation of a deformation algorithm in the

navigation system that uses the updated information of

the organ and tumor position together with registration of

the patient’s body and the instrument in real time.

We did not use EMT in the current study because the

optical tracking system fulfilled all the requirements. Fur-

thermore, EMT has the disadvantage of being less accurate

overall than optical tracking and being susceptible to fer-

romagnetic field distortion [29]. However, recent studies

have shown the feasibility of using EMT in the operating

room with acceptable accuracy [30].

Several limitations of this study must be taken into

account. It was not possible to test the accuracy of our

navigation system with patients in a clinical setting because

this not only would have prolonged and hindered the

operation but also would have limited the possibilities of

precise and repeated accuracy measurements. The accuracy

of our developed navigation system was therefore tested in

an experimental model with an organ size of the esophagus

similar to that of humans. The animal model organ size was

validated in an unpublished study from our institution.

A CT analysis with manual image segmentation showed a

median esophageal length in the porcine model (n = 10) of

27.4 cm (range, 24.5–28.4 cm). This is in line with the size

of the esophagus from data in human studies showing a

mean length of 22–28 cm [31–33].

Organ deformation due to intraoperative surgical manipu-

lation is influenced by the surgical technique. We used a stan-

dardized laparoscopic transhiatal approach to the mediastinum

and the esophagus. On the GEJ level, the esophagus can be

considerably deformed and shifted after surgical mobilization.

However, we were able to perform the accuracy measurements

on the GEJ level without the need to mobilize the organ from its

normal anatomic position. On the thoracic levels, the esophagus

required manipulation to reach the esophageal targets laparo-

scopically using the navigated instrument for the accuracy

measurement. With transthoracic surgical techniques, organ

deformation might well be different compared with the trans-

hiatal approach used in the current study.

In the current study, the method for measuring the

accuracy of the navigation system relied on visual control

over the exact placement of the navigated instrument tip on

the target. Direct visual control of the laparoscopic

instrument tip placement on the endoscopic clips was not

possible. Therefore, the indirect measurement method

involving the laparoscopic clips placed relative to corre-

sponding endoscopic clips on the esophagus under fluoro-

scopic control was necessary to enable the laparoscopic

accuracy measurement of the navigation system. The

resulting placement error derived from both the wall

thickness of the esophagus and the lack of the third

dimension for clip placement under fluoroscopic control.

The use of rotatable fluoroscopy was tried initially.

However, it proved difficult to integrate into the laparo-

scopic workflow during the experiments and could there-

fore not be used for three-dimensional control of the

laparoscopic clip placement during the experiments. Post-

operative correction of the TRE measurement was applied

from the control CT scan for the placement error between

the endoscopic and laparoscopic clips.

In summary, navigation at the esophagus is possible with

an average error of approximately 1 cm in an experimental

setting. This could already allow for better orientation in the

thorax, facilitating the detection of lymph nodes and the

definition of resection margins during minimally invasive

esophagectomy. However, to avoid risk structures in the

narrow mediastinum under operating room conditions with

surgical manipulation of the organs in the operation field,

the accuracy of the navigation system should be higher for

safe reliance on the information from the navigation system.

The identified sources of soft tissue deformation were

the positioning of the animals in the 25� anti-Trendelen-

burg position, the surgical manipulation with grasping

forces to expose organs during the procedure, and the

change of anatomy by surgical tissue dissection. To

achieve higher precision of the navigation system, further

improvements must be made by implementing compensa-

tion mechanisms for soft tissue deformation.
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