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Three-dimensional analysis of the surface registration 

accuracy of electromagnetic navigation systems in live 

endoscopic sinus surgery*

Summary 

Background: Studies on the performance of surface registration with electromagnetic tracking systems are lacking in both live 

surgery and the laboratory setting. This study presents the efficiency in time of the system preparation as well as the navigational 

accuracy of surface registration using electromagnetic tracking systems.

Methodology: Forty patients with bilateral chronic paranasal pansinusitis underwent endoscopic sinus surgery after undergoing 

sinus computed tomography scans. The surgeries were performed under electromagnetic navigation guidance after the surface 

registration had been carried out on all of the patients. The intraoperative measurements indicate the time taken for equipment 

set-up, surface registration and surgical procedure, as well as the degree of navigation error along 3 axes.

Results: The time taken for equipment set-up, surface registration and the surgical procedure was 179 ± 23 seconds, 39 ± 4.8 

seconds and 114 ± 36 minutes, respectively. A comparison of the navigation error along the 3 axes showed that the deviation in 

the medial-lateral direction was significantly less than that in the anterior-posterior and cranial-caudal directions.

Conclusion: The procedures of equipment set-up and surface registration in electromagnetic navigation tracking are efficient, 

convenient and easy to manipulate. The system accuracy is within the acceptable ranges, especially on the medial-lateral axis.
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Introduction

Endoscopic sinus surgery (ESS) for the treatment of sinus disease 

has been a common otorhinolaryngological surgical procedure 

since the mid-1980s, with an expanding role in the management 

of orbital, facial bone and skull base diseases (1). Computer-aided 

surgery (CAS) technology has been developed to assist surge-

ons in achieving better anatomical localization since the 1980s 
(2,3), and may help prevent potential sinus complications such as 

orbital damage, cerebrospinal fluid leakage and carotid artery 

injury (4). Based on real-time image guidance in association with 

endoscopy, CAS systems may help to improve the intraoperative 

precision of orientation (5,6) using either MRI or CT imaging (7). 

Among the commercially available CAS systems, both optical 

and electromagnetic tracking systems have become popular, as 

they are more accurate and convenient than electromechanical 

or sonic tracking systems. The optical tracking system was deve-

loped earlier than the electromagnetic system and was the first 

to be widely adopted in the clinical setting (1). Numerous studies 

have analyzed its performance under both clinical and laborato-

ry conditions. Conversely, the development of electromagnetic 

tracking systems for surgical use was limited by ferromagnetic 

distortion that adversely affected system accuracy until certain 

hardware and software advances were recently reported (8,9). 

Currently, the electromagnetic system is much more popular in 
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North America.

Navigation accuracy is highly dependent on the registration 

process, which establishes the correlation between specifi c 

landmarks and stored image data. Various registration methods 

have been proposed, based on external fi ducial markers, anato-

mical landmarks and contour-based registration, respectively. 

The surface registration procedure that aligns the unique facial 

contours eliminates the long preparation time of the usual regis-

tration technique and is thus clinically convenient (10,11). Thus far, 

the accuracy of surface registration for optical tracking systems 

has been shown to be satisfactory in a variety of studies (10-12). 

Nevertheless, the data for electromagnetic systems using 

surface registration is lacking for both live surgery and cases of 

cadaveric dissection. Accordingly, the precision of the surface re-

gistration used in electromagnetic tracking systems needs to be 

further evaluated. We therefore present this study in which we 

investigate the effi  ciency of system preparation and the three-

dimensional accuracy of the surface registration used in electro-

magnetic tracking systems in live endoscopic sinus surgery.

Materials and methods

Patients

Forty patients (20 men and 20 women) with chronic parana-

sal pansinusitis were enrolled in this study between July and 

December 2011. The severity of disease was classifi ed according 

to the Lund-Mackay endoscopic grade and CT scan classifi cation 

systems of chronic rhinosinusitis. All patients were scored as 

Grade III-IV nasal polyposis according to the endoscopic grade 

system proposed by Meltzer et al.  (13). The total score was more 

than 15 in the Lund-Mackay CT scan classifi cation system. We 

excluded patients younger than 18 years, patients with conco-

mitant external sinus surgery, unusual soft tissue sensitivity or 

damaged tissue at the intended mounting area. We also exclu-

ded those with any circulatory disease of the skin that might 

make it prone to damage by pressure from the silicone contact 

pad of the head frame used as the navigation reference. Prior 

to surgery, physicians performed CT scans of the sinus area to 

obtain images at a 0.75 mm slice thickness. The image data were 

then transferred to the navigation unit using a compact disc. 

The same medical team performed bilateral ESS using the Med-

tronic S7 navigation system (Medtronic Navigation, Minneapolis, 

MN, USA) on all patients. The intraoperative measurements in 

this study indicate the time taken for equipment set-up, surface 

registration, and surgical procedure, as well as the navigation 

errors (NEs) along the 3 axes. 

Equipment set-up

After the induction of general anesthesia, a head frame was at-

tached to the patient’s forehead using an elastic strap. The head 

frame was equipped with a headset patient tracker to provide 

a continuous point of reference for the navigation system. The 

head frame was placed at the center of the forehead (20-50 

mm above the supraorbital foramen nerve), and was manipu-

lated gently to ensure that it was attached securely and that its 

position relative to the head would be maintained throughout 

the course of the surgical procedure. A low-energy electromag-

netic fi eld emitter was fi xed on a holder and attached to the 

operating table bed frame (Figure 1). The emitter holder was 

positioned at least 20 cm above the operating table and pointed 

directly at the patient’s nose from a distance of 20 cm. No part 

of the holder was extended into the emitter’s electromagnetic 

fi eld. All of the instrument tracker cables for intraoperative navi-

gation were connected to the navigation unit ports. The time for 

equipment set-up was recorded for all of the steps.

Surface registration

Synergy Cranial Software (Medtronic, Minneapolis, MN, USA) 

was employed for both registration and measurement. Surface 

registration method was used in this study. The points that were 

used for the surface scanning were distributed at various loca-

tions along the nose, forehead and orbital rim. After collecting 

a suffi  cient number of points on the scanned area for computer 

calculation, the three-dimensional location information was 

automatically matched with the CT image. After completing the 

registration procedure, the correlation between the position 

of the instrument in the surgical fi eld and the corresponding 

location on the CT images was established to allow real-time 

orientation during surgery. No additional registration processes 

were needed during the operation to adjust for anatomical drift. 

The time taken for surface registration was recorded.

Figure 1.  The set-up of the electromagnetic navigation system in endo-

scopic sinus surgery.
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Navigation error 

During the operation, the patient’s head as well as the operating 

table may sometimes be moved or tilted, and bulb press testing 

was performed to check the integrity of the lamina papyracea. 

However, the reference position of the head-tracking system 

on the forehead must remain unchanged to ensure an accurate 

navigational reading. We cleared the abnormal sinonasal tissue 

on both sides to achieve adequate exposure of the skull base, 

lamina papyracea and sphenoid sinus. A navigational probe was 

then used to determine the NE. The probe was used to touch a 

predetermined landmark in the patient. The NE was measured 

as the vertical distance from the navigated tip of the probe (i.e. 

the crosshairs) to an imaginary line passing the predetermined 

CT landmark and perpendicular to the measuring axis (Figure 2) 
(12,14,15). The NE in the anterior-posterior (AP) direction was mea-

sured on the axial plane of the CT scan relative to the nasop-

harynx (NP) and opening of the sphenoid sinus (OS) reference 

points, whereas the NE in the cranial-caudal (CC) direction was 

measured on the sagittal plane using the central points of the 

anterior and posterior ethmoid roofs (AER, PER, respectively). 

The NE in the medial-lateral (ML) direction was measured on the 

coronal plane with the insertion point of the superior turbinate 

(ST) and the most medial point of the lamina papyracea (LP). For 

all patients, the measurements of the distance were performed 

3 times without repeating the registration process. The mean of 

these values was considered the NE for specifi c locations. All the 

NE results were expressed as absolute values, and those on both 

sides were averaged for the purposes of statistical analysis.

Statistical methods

The time of equipment set-up, surface registration and surgical 

procedure, as well as the NE in the AP, CC and ML directions, 

are expressed as mean values ± standard deviations. One-way 

ANOVA followed by the Bonferroni test was employed for 

multiple comparison tests. The level of signifi cance was set at p 

< 0.05. The statistical package SPSS 16.0 for Windows (SPSS Inc., 

Chicago, IL, USA) was used for all statistical analyses.

Ethical considerations

This study was approved by the institutional review board of Far 

Eastern Memorial Hospital, and written informed consent was 

obtained from all of the patients.

Results

Forty patients aged between 24 and 75 years (mean 51.3) 

underwent bilateral endoscopic sinus surgery. The surgery was 

primary for 34 patients (85 %) and a revisionary procedure for 6 

(15 %). The mean score on the Lund-Mackay CT scan classifi cati-

on system for all of the patients was 19.5 points. The time for the 

equipment set-up, surface registration and surgical procedure 

ranged between 141 and 212 s (mean ± standard deviation: 

179 ± 23), 30 and 50 s (39 ± 4.8), and 60 and 190 min (114 ± 36), 

respectively. In other words, the equipment set-up and surface 

registration, respectively, took 2.6 % and 0.6 % of the entire pro-

cedure time. There were no cases of operative complications. 

The NE of the NP, OS, AER, PER, ST and LP was 1.7 ± 0.9, 1.7 ± 0.9, 

2.1 ± 1.0, 1.7 ± 1.2, 1.0 ± 0.7 and 0.8 ± 0.6 mm, respectively, with 

a signifi cant diff erence for these 6 groups (p < 0.05, one-way 

ANOVA test, Figure 3). In comparison to the NE for the 6 location 

groups, the distance deviation in the ST and LP groups was sig-

nifi cantly less than that in the other groups (p < 0.05, Bonferroni 

test, Figure 3). No signifi cant diff erences were observed in any 

paired comparison between the NP, OS, AER and PER groups (p 

> 0.05, Bonferroni test, Figure 3). Furthermore, there was also no 

signifi cant diff erence between the NE in the ST and LP groups (p 

> 0.05, Bonferroni test, Figure 3).

Figure 2. The measurements of the navigation errors at (a) the nasophar-

ynx (NP) and opening of the sphenoid sinus (OS), (b) the central points 

of the anterior and posterior ethmoidal roofs (AER, PER, respectively) 

and (c) the insertion point of the superior turbinate (ST) and the most 

medial point of the lamina papyracea (LP). Dotted lines indicate imagi-

nary lines passing the predetermined CT landmarks and perpendicular 

to the measuring axes.

(a)

(b)

(c)
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Discussion

CAS performed by means of image-guided navigation systems 

has been widely used in sinus and skull base surgeries over 

the past decade to improve intraoperative orientation, reduce 

intraoperative complications and enable more precise surgical 

removal of diseased tissue. The navigation system displays 

real-time positional information for each tracked instrument on 

preoperatively acquired images after the registration process, 

thereby improving an understanding of the patient’s anatomy 

and improving the surgeon’s awareness. Surgeons can avoid 

accidental damage to vital structures in proximity to surgical 

fi elds by referencing an exact anatomical orientation, especially 

in cases in which there is anatomical complexity or intraopera-

tive heavy bleeding (5,12,16). Currently, optical tracking systems are 

popular because of their availability and relative accuracy (17,18). 

They use active light-emitting diodes or passive refl ecting sphe-

res that are attached to the tracked instruments and reference 

points on the patient’s head so as to localize the position follo-

wing triangulation using an infrared camera system. Numerous 

studies have shown that these systems achieve superior spatial 

resolution and accuracy compared to electromagnetic tracking 

systems (19,20). However, the direct line of sight between the navi-

gation instrument and infrared camera system may be impeded 

by the surgeon or instruments, thereby interrupting its ongoing 

use during the course of an operation, especially in a crowded 

operative fi eld. Electromagnetic tracking can solve this problem, 

because trackers composed of coil arrays can detect changes 

in the electromagnetic fi eld while moving. The instrument’s 

position can be further localized after calculating the relation-

ship between the surgical anatomy and preoperative imaging 

information. Moreover, electromagnetic tracking systems have 

improved the accuracy by means of advances in technology and 

have become more popular in clinical use (8). Nowadays, optical 

and electromagnetic tracking systems have both come to be 

accepted as suitable for CAS (1,18,21).

Kral et al. (20) reported that the mean NE of electromagnetic 

tracking systems in human cadavers was 0.37 mm, which was 

more precise than the results in this study (0.8 - 2.1 mm). This 

may be explained by the use of externally fi xed fi ducial markers 

for paired-point matching registration and immediate measure-

ment following registration in the previous study. Furthermore, 

unlike cadavers, intraoperative stretching of the skin/soft tissue 

may occur easily and result in a displaced reference frame, which 

appears to have been the case in our study (18). The fi xation of an 

endotracheal tube on the patient’s face with adhesive tape may 

also have contributed to the distortion of the facial contours and 

caused surface registration discordance in the preoperative CT 

images. All of these factors infl uence the navigational accuracy 

during surgery. In this study, we measured the NE during the 

course of surgical procedures on patients diagnosed with severe 

sinus diseases. These patients were suitable candidates for na-

vigation surgery and fi t the recommendation for CAS proposed 

by the American Academy of Otolaryngology-Head and Neck 

Surgery. In contrast to the optimized conditions of laboratory 

settings, in clinical practice, the conditions tend to reduce sys-

tem accuracy, especially when long periods have elapsed since 

surface registration. It may be appropriate to repeat surface 

registration in consideration of intraoperative anatomical drift to 

overcome the increased NE in longer operations (6,22). However, 

we performed surface registration just once, at the beginning of 

surgery, and defi ned the NE value intraoperatively to evaluate 

whether it remained acceptable at the time the ESS was com-

pleted.

Although surface registration has been shown to be less ac-

curate than the other registration methods in cadaveric heads, 

the errors are still within that which is typically deemed the 

acceptable ranges for navigation (12,23). To our knowledge, this 

is the fi rst study to measure the NE of the surface registration 

obtained with an electromagnetic system in live surgery. The 

results show that the NEs in the 6 location groups have a maxi-

mal mean value of 2.1 mm; such variation may be important 

to surgeons if they, for example, want to assess the anatomical 

position in relation to the optic nerve or carotid artery. Although 

there is general agreement that the navigation system may 

be used for clinical purposes when the error is less than 3 mm 
(24,25), the acceptable range of the error may still depend on the 

location at which the operation is being carried out. Regarding 

the additional time (mean 218 s) for equipment set-up and 

surface registration, only a small proportion (3.2%) of the total 

operation time was spent on system preparation. That is, the 

extra procedures of preparation for navigation surgery are not 

time-consuming. 

Figure 3. The navigation error (NE) in the 6 location groups. The NE in 

ST and LP groups (medial-lateral axis) was significantly less than that in 

the other 4 location groups (anterior-posterior and cranial-caudal axes). 

Open circles and bars represent the maximum values and upper limits of 

95% confidence intervals, respectively. Top edges of the boxes indicate 

mean values.
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be aware that the navigational instrument may have touched 

the critical site, in which case its location may not be correctly 

displayed on the monitor. Because the navigational accuracy is 

less reliable in the AP and CC directions than in the ML direction, 

dissections near the skull base are of greater risk than those 

closer to the lamina papyracea. In addition, sinus surgeons in 

training tend to have an excessive level of trust in the navigation 

system (26); such an excessive reliance on the navigation system 

can lead to a neglect of personal anatomical knowledge on 

the part of the surgeon and result in needless surgical compli-

cations. Although substantial, but acceptable NE levels were 

confirmed in this study, it emphasized that CAS is only a useful 

adjunct to surgical experience and anatomical knowledge when 

it is applied properly (26).

In conclusion, electromagnetic navigation systems using surface 

registration are a suitable adjuvant tool for ESS. It takes less 

than 4 minutes to complete the equipment set-up and sur-

face registration, and it offers invaluable real-time information 

on location with sufficient accuracy. In the three-dimensional 

analysis of surface registration accuracy, the deviations in the ML 

direction are significantly less than those for the other two axes. 

This finding suggests that surgeons should be more cautious 

when dissecting in the AP or CC direction during the course of 

navigation for sinus surgery.
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