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dians were in the range from 1.87 to 2.21 mm. For the auto-
matic registration we obtained median localization errors 
between 0.88 and 2.13 mm. In 6 of the 8 samples that were 
compared the automatic registration showed an application 
accuracy that was highly significantly better (p  !  0.001 in 
most cases) than that of fiducial-based standard registra-
tion.  Conclusion:  The application accuracy found for auto-
matic referencing is at least not worse than that for standard 
registration no matter whether 4 or 7 fiducial markers were 
used. Therefore, its use in the operating room is feasible. In 
combination with intraoperative MRI it may become a favor-
able alternative to standard fiducial-based registration es-
pecially when an intraoperative update of navigation data is 
necessary.  Copyright © 2006 S. Karger AG, Basel 

 Introduction 

 In the field of neurosurgery stereotactic techniques are 
well known and have been widely used for a long time. In 
the context of stereotaxy, ‘registration’ basically means 
correlating extracranial markers to intracranial points 
and the history of stereotaxy has always been a history of 
registration, too. So, assuming a fixed relationship be-
tween extracranial landmarks and intracerebral struc-
tures, in 1908 Horsley and Clarke  [1]  developed a system 
for precise placement of intracerebral electrodes that was 
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 Abstract 
  Objective:  We compared the application accuracy of an in-
frared-based neuronavigation system when used with a 
novel automatic registration with its application accuracy 
when standard fiducial-based registration is performed. 
 Methods:  The automatic referencing tool is based on mark-
ers that are integrated in the headrest holder we routinely 
use in our intraoperative magnetic resonance imaging (MRI) 
setting and can be detected by the navigation software au-
tomatically. For navigation targeting we used a Plexiglas 
phantom with 32 notched rods of different heights. The 
phantom was fixed in the head holder and multiple opti-
mized gradient echo slices containing the clamp-integrated 
markers were acquired. After that we measured a T 1  MPRAGE 
sequence with a slice thickness of 1.0 mm for navigation. The 
deepest points of the surface of the rods were defined as 
target points in image space. In three measurement series 
we referenced the phantom once with 4, once with 7 fidu-
cials and twice automatically. In one series we performed 
only one automatic registration. The localization error was 
measured 3 times per rod and registration.  Results:  The 
 median localization errors for standard registration with 7 fi-
ducials were between 1.2 and 3.05 mm. With 4 fiducials, me-
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fixed to landmarks of the skull of animals. In 1947 Spiegel 
and Wycis  [2]  created their stereotactic apparatus, which 
was the first one for the use in human beings. Leksell  [3]  
as well as Talairach et al.  [4]  followed with their own sys-
tems. All these systems were based on a stereotactic frame 
mounted on the patient’s head. ‘Registration’ was achieved 
by correlating frame-markers with intracranial struc-
tures seen on pneumoencephalograms and ventriculo-
grams. The era of computed tomography led to a renais-
sance of stereotaxy accompanied by the development of 
new frame-based systems, for example by Goerss et al. 
 [5] , Brown  [6] , and Leksell and Jernberg  [7] . With these 
systems abscesses can be drained, biopsies and function-
al neurosurgery can be performed. In an enhanced ap-
proach Kelly et al.  [8]  transposed volumetric information 
derived from CT imaging into stereotactic space. Thus, a 
method of computer-assisted stereotactic volumetric re-
section of intracranial tumors was created that showed its 
benefit in a number of studies  [9–12] . But serious draw-
backs remained: the devices are cumbersome to use and 
handicap open craniotomies. Furthermore, they have to 
be fixed to the patient’s head invasively and do not allow 
interactive, image-guided surgery in real time. These 
facts and technical progresses, especially in computer sci-
ence, at the end of the 1980s encouraged several research 
groups  [13–15]  to develop systems that work without the 
use of rigid frames and offer interactive, image-guided 
surgery in (near) real time, so-called frameless stereo-
taxy. These systems correlate physical space with image 
space (registration) in different ways. On the one hand, 
there are ‘marker-fit’ techniques using either extrinsic 
markers (self-adhesive or implanted in the skull bone) or 
anatomical landmarks for registration. On the other 
hand, there are ‘surface-fit’ techniques using the outer 
contour of the face and skull for the referencing process. 
Several studies  [16–19]  confirmed the reliability of these 
registration methods, and rapid progress was made to-
wards automatic marker detection in image space and 
semiautomatic registration  [20] . Nevertheless, the regis-
tration process itself still had to be performed manually 
and therefore remained time-consuming and prone to er-
ror. For this reason, a fast and reliable tool for automated 
registration is desirable. Besides registration, in the con-
text of frameless stereotaxy ‘accuracy’ is another crucial 
issue. The phenomenon of intraoperative brain deforma-
tion caused by brain swelling, tumor removal, loss of CSF 
or insertion of retractors is known as ‘brain shift’. This 
results in a considerable loss of accuracy. Without com-
pensation for brain shift, neuronavigation systems can-
not be trusted at critical steps of the surgical procedure 

 [21, 22] . Brain shift can be reliably compensated for by 
updating the neuronavigation data with intraoperative 
image data  [23] . From this follows that a registration 
method is needed that allows fast and safe intraoperative 
re-referencing using up-to-date intraoperative scans. The 
aim of this study was to develop and evaluate an auto-
matic registration method that is based on integrated fi-
ducial markers in a head holder that can be identified in 
pre- or intraoperative images automatically. 

 Materials and Methods 

 The automatic registration hardware, developed by BrainLab 
Inc., Heimstetten, Germany, in cooperation with our department, 
consists of a rigid geometrical distribution of 5 MRI markers 
within the MRI-compatible headrest holder we use in our intra-
operative MRI setting  [24]  ( fig. 1 ). The markers are spherical glass 
cells embedded in the headrest holder which are fixed by the MR 
marker support and contain an MRI contrast enhancement solu-
tion (gadolinium ratio 1:   63,  fig. 2 ). The contrast agent is sealed 
within the spherical volume with a double layer of silicone.
The headrest holder provides two reproducible positions for the 
reference array (‘left-feet’ and ‘left-head’) that defines the origin 
of the coordinate system for navigation. For visualization of the 
5 MRI markers, axial (thickness: 220 mm, FoV: 300 mm, scan 
time: 27 s), coronal (18 mm, 300 mm, 27 s), and sagittal (25 mm, 
300 mm, 33 s) slices are acquired with an optimized gradient echo 
sequence ( fig. 3 ,  4 ). After data transfer of the gradient echo se-
quences followed by one or multiple datasets for navigation, the 
navigation software automatically detects the navigation data 
with the MRI marker spheres and calculates the registration ma-
trix. This matrix correlates image space to physical space linked 
by the reference array origin. Through a unique identifier referred 
to as ‘frame of reference’ all image datasets acquired during one 
imaging session, regardless of its modality such as T 1 - or T 2 -
weighted images, share the same virtual origin and thus can be 
used for navigation purposes. 

 This automatic registration method is based on the isometric 
match of a list of unsorted points. The relationship between the 
coordinate system of the acquired images (= virtual space) and 
the coordinate system of the patient or more specifically the co-
ordinate system of the reference array used for navigation (= real 
space) is described by an affine transformation matrix. Here the 
affine transformation matrix describes the difference in transla-
tion and rotation between the virtual space and real space. In or-
der to calculate the transformation matrix one can for example 
identify at least three points both in virtual space and in real space 
and try to match them optimally using translation and rotation. 
Using this automatic registration method a list of points for the 
virtual space is extracted from the dedicated gradient echo se-
quences in transversal, coronal and sagittal direction and matched 
with a list of corresponding points in real space. Since the slices 
created by the dedicated gradient echo sequences are rather thick 
in one dimension, the information of at least two of these sequenc-
es has to be combined to extract a valid point in virtual space. 
Assuming we just have a gradient echo sequence in transversal 
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  Fig. 1.  Headrest holder with implemented MRI markers and reference array. 

  Fig. 2.  MR markers within the headrest holder. 
  Fig. 3.  Positioning of gradient echo sequence (GRE) slices for au-
tomatic registration. 
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direction, the spatial resolution would only be 0.60  !  0.60  ! 
80 mm, hence the z- coordinate can only be determined to about 
 8 80 mm. This is where the combination of at least one more ded-
icated gradient echo sequence is important, e.g. the coronal di-
mension with a spatial resolution of 0.60  !  25  !  0.60 mm, where 
the inaccuracy lies in the y component, but the z component has 
good spatial resolution. Identifying the same points in the trans-
versal and coronal gradient echo images will result in an overall 
resolution of 0.60  !  0.60  !  0.60 mm. The first step of the algo-
rithm to extract valid points in virtual space is the automatic de-
tection of the MRI marker spheres embedded in the headrest 
holder. Essentially, the automatic marker detection algorithm is a 
sophisticated image-processing function tuned to extract mark-
ers in the dimension of circles of known sizes in all slices of the 
dedicated gradient echo sequences. Then the correlation process 
of the detected MR markers takes place to combine the spatial 
information from the different gradient echo images. It is impor-
tant to note that the position of the MRI marker spheres in the 
headrest holder was designed in that way that the identification 
of MR markers from the different dedicated gradient echo se-
quences is distinct. The last step is to find the optimal isometric 
match between the list of points extracted from the dedicated gra-
dient echo sequences and the list of points of the MRI marker 
spheres in relation to the reference array, which again is well 
known according to the construction drawings of the headrest 
holder. By combining the information of different ‘thick’ slices as 
described above, scan time is reduced. Furthermore, a large area 
can be covered making it impossible to miss the MRI marker 
spheres in the imaging process. The user simply starts these ded-
icated sequences and does not have to worry about positioning. 

 The aim of our accuracy tests was to compare the application 
accuracy of the BrainLab VectorVision neuronavigation system 
(BrainLab Inc., Heimstetten, Germany) when used with the auto-
matic registration (BrainLab internal denomination: iMRI 

TREGS S15T) with its accuracy when standard fiducial-based 
registration is performed. The study was designed to evaluate if 
the new tool provides accuracy and safety that are comparable to 
the standard method, thus allowing its clinical use in the operat-
ing room. For navigation targeting we used a Plexiglas phantom 
that we had utilized in a previous study  [25] . The phantom con-
sists of a square baseplate and a cylindrical cap which can be re-
moved from the base (diameter: 168 mm, height: 63 mm). Thirty-
two rods of different heights with a funnel-shaped surface are 
mounted on the baseplate ( fig. 5 ). The deepest point of the surface 
of each rod, i.e. the base of the superficial funnel with an approx-
imate diameter of 1 mm, was defined as the target point in image 

  Fig. 4.  Coronal ( a ) and axial ( b ) gradient echo sequence slice with patient’s head. 

  Fig. 5.  Baseplate of the phantom with 32 Plexiglas rods used for 
navigation targeting. 
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space ( fig. 6 ). When the transformation matrix was established, 
all measurement points were targeted with the pointer in a certain 
order. The pointer tool tip hereby represented the actual value 
with respect to the (0/0/0) origin of the reference array. As soon 
as the pointer tool tip was positioned and the image map of the 
Plexiglas phantom rod appeared on the navigation screen ( fig. 6 ), 
the freeze function was activated. The nominal value of the target 
point (the view center) was positioned exactly in the center of the 
deepest point of the funnel-shaped surface of the rod. Positioning 
was done by the manual alignment function of the image data set 
in the transversal, sagittal and coronal planes. On the screen the 
deviation (distance) was displayed as the Euclidean distance be-
tween the view center (nominal value) and the pointer tool tip 
(actual value) in millimeters. Finally the screenshot function was 
activated and the image map of the navigation screen was stored 
in the system. At the same time a log file containing the coordi-
nates was created. For MR imaging the phantom was filled with 
a gadolinium water solution (ratio 1:   200). Localization was based 
on a three-dimensional magnetic resonance dataset (MPRAGE; 
slice thickness, 1.0 mm; FOV, 250 mm; TR, 2,020 ms; TE, 4.38 ms) 
which was acquired with a 1.5-tesla Magnetom Sonata Maestro 
class scanner (Siemens Medical Solutions, Erlangen, Germany). 
For standard registration 7 standard, self-adhesive fiducials were 
attached to the cylindrical cap of the phantom in a diffusely scat-

tered pattern. The phantom itself was fixed tightly in the headrest 
holder, thus forming a rigid system. In total we performed four 
series of measurements, each with new MR datasets: in three of 
them we referenced the phantom once with 4, once with 7 fidu-
cials (reference array in ‘left-feet’ position) and twice automati-
cally with ‘TREGS’ (reference array once in ‘left-feet’ position, 
once in ‘left-head’ position). In one series we did not reference 
automatically with the reference array in ‘left-head’ position. In 
each test series each target point was measured 3 times, thus ob-
taining a total number of error values of 1,440 (= 32 rods mea-
sured 3 times with 4 different registrations in three series plus 32 
rods measured 3 times with 3 different registrations in one series). 
All localization error values were imported into two statistical 
software packages (Statgraphics Plus for Windows and SPSS 12.0 
for Windows), thus allowing cross-checking of the results. The 
most important statistical values were calculated, and tests for 
determining the type of distribution as well as for comparing dif-
ferent samples were performed. Furthermore, we analyzed the 
spatial distribution of the error values over the phantom. 

  Fig. 6.  Definition of target point in image 
space: the target point is represented by the 
deepest point of the surface of the Plexiglas 
rod. Oblique line depicting probe, in phys-
ical space centered on the deepest point of 
the surface of the corresponding rod and 
thus revealing the localization error. 
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 Results 

 The automatic registration could be established quick-
ly and without any technical problems in each of the mea-
surements. The most important statistical values are 
shown in  table 1 . Chi-square as well as Shapiro-Wilks 
tests were performed to determine whether the samples 
come from a normal distribution. Twelve of the 15 sam-
ples definitely did not fit a normal distribution, but 
showed a positively skewed distribution (example in 
 fig. 7 ). Therefore, for comparison of the samples the 
Mann-Whitney (Wilcoxon) W test was used and p values 
less than 0.05 were regarded as statistically significant at 
the 95% confidence level. With the reference array in 
‘left-feet’ position, in 6 of 8 compared registrations the 
automatic registration showed a significantly better ap-
plication accuracy than standard registration, no matter 
whether 4 or 7 fiducials were used ( table 2 ). In one com-
parison no significant difference was seen (fourth series, 
4 fiducials vs. automatic referencing), whilst in the third 
series standard registration with 7 fiducials was superior 
to automated referencing. Changing the reference array 
to the ‘left-head’ position whilst leaving the ‘left-feet’ po-
sition for fiducial-based registration affected these results 
only minimally. The schematic representation of the lo-
calization error over the phantom revealed an almost 
identical pattern for all registration variations (represen-

tative example in  fig. 8 ), the smallest localization error 
being found in the central areas of the phantom, espe-
cially in the left parts which are nearest to the reference 
array. By contrast, with growing distance from the center 
of the phantom localization error increases, especially in 
the posterior parts, which are the remotest ones from the 
camera. 

  Table 1.  Most important descriptive values  

Registration Series Mean
mm

Median
mm

SD
mm

Min.
mm

Max.
mm

95th percentile
mm

Standard, 4 fiducials 1 2.19 2.07 0.69 0.43 3.89 3.39
Standard, 7 fiducials 1 1.48 1.34 0.55 0.57 2.80 2.55
Automated, left-feet1 1 1.00 0.96 0.38 0.25 2.04 1.85
Standard, 4 fiducials 2 2.25 2.21 0.93 0.64 4.57 4.03
Standard, 7 fiducials 2 3.01 3.05 0.92 0.0 4.94 4.33
Automated, left-feet1 2 0.99 0.88 0.48 0.15 2.53 1.85
Automated, left-head2 2 1.13 1.07 0.43 0.30 2.51 1.92
Standard, 4 fiducials 3 1.88 1.87 0.80 0.21 3.79 3.20
Standard, 7 fiducials 3 1.16 1.20 0.58 0.13 3.16 2.14
Automated, left-feet1 3 1.60 1.63 0.54 0.37 3.07 2.53
Automated, left-head2 3 1.44 1.42 0.40 0.69 2.94 2.19
Standard, 4 fiducials 4 2.14 2.07 1.01 0.27 4.57 3.88
Standard, 7 fiducials 4 2.56 2.36 1.02 0.0 4.73 4.02
Automated, left-feet1 4 2.11 2.13 0.44 0.83 3.04 2.71
Automated, left-head2 4 1.75 1.72 0.50 0.88 3.30 2.59

1 Reference array in ‘left-feet’ position. 
2 Reference array in ‘left-head’ position.
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  Fig. 7.  Representative frequency histogram (standard registration 
with 7 fiducials). 
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 Discussion 

 Concerning neuronavigation, Steinmeier et al.  [25]  
suggested defining the type of accuracy that is deter-
mined by imaging, technical accuracy of the system itself 
and registration as ‘application accuracy’. Application ac-
curacy combined with intraoperative factors such as 
brain shift or positional shift is defined as ‘clinical accu-
racy’. In this study we wanted to evaluate a new tool for 
an automated registration process. Naturally, in this con-
text intraoperative events have to be neglected and appli-
cation accuracy is the technical feature to be tested. For 
this purpose we decided on a phantom study using a 
Plexiglas phantom. Compared to phantom studies inves-
tigating the application accuracy of frameless stereotactic 
systems by other groups  [26–28] , our results are in the 
same range for all relevant parameters, such as 95th per-
centile, median and mean. This is true for the standard, 
fiducial-based registration as well as for the new auto-
mated process. Furthermore, in most of our measure-
ments the automatic registration showed statistically sig-
nificant lower localization errors than standard registra-
tion. Particularly with regard to the  95th percentile that 
is considerably lower in most cases, which is an important 
measure from a clinical point of view, there might even 
be relevant superiority over conventional registration. 
Only in the third measurement series the standard meth-

od using 7 fiducials yielded better results. In this series 
we observed an extraordinarily low localization error for 
this variation whilst the results for the automated process 
were fair. The exact reason for this phenomenon is not 
known, most probably we are dealing with an accidental, 
nonrepresentative effect. Another interesting phenome-
non is the spatial heterogeneity of the distribution of lo-
calization errors over the phantom. As this spatial pat-
tern is identical in all series independent of the type of 
registration, any influence of the distribution pattern of 
fiducials on this special effect is unlikely. Regarding the 
properties of the pattern and the whole setup, an influ-
ence of the distance of the target points to the reference 
array and to the camera seems possible. On the other 
hand, relevant spatial distortion of MR images is a well-
known phenomenon. The two main sources for this are 
gradient field nonlinearities (including ‘barrel aberra-
tion’, ‘potato chip’ and ‘bow tie’ effect) and resonance off-
sets (chemical shifts and magnetic field inhomogeneities) 
 [29] . As the evaluation of geometric distortion in MR im-
ages was not part of this study, it was not assessed for the 
images used in the accuracy measurements. On the basis 
of our data a definitive statement as to whether the ob-
served spatial heterogeneity of localization errors is 
caused by distorted MR images or the navigational sys-
tem itself is therefore impossible. To answer this question, 
another study would be necessary. The occurrence of 

  Table 2.  Comparison between standard and automatic registra-
tion, Wilcoxon test for comparison of medians (for standard reg-
istration, reference array always in ‘left-feet’ position) 

Se-
ries

Standard 
registration 
with

Automatic 
registration
with refer-
ence array

Result p value

1 4 fiducials left-feet automatic more accurate <0.001
1 7 fiducials left-feet automatic more accurate <0.001
2 4 fiducials left-feet automatic more accurate <0.001
2 7 fiducials left-feet automatic more accurate <0.001
2 4 fiducials left-head automatic more accurate <0.001
2 7 fiducials left-head automatic more accurate <0.001
3 4 fiducials left-feet automatic more accurate 0.010
3 7 fiducials left-feet standard more accurate <0.001
3 4 fiducials left-head automatic more accurate <0.001
3 7 fiducials left-head standard more accurate <0.001
4 4 fiducials left-feet no difference
4 7 fiducials left-feet automatic more accurate 0.002
4 4 fiducials left-head automatic more accurate 0.012
4 7 fiducials left-head automatic more accurate <0.001

  
  

  Fig. 8.  Spatial distribution of localization errors over the phan-
tom, each column representing one Plexiglas rod on its corre-
sponding site on the baseplate (standard registration with 7 fidu-
cials, average of all localization errors obtained with this configu-
ration, example representative for all distributions). 
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brain shift and the associated loss of accuracy is a serious 
limitation of the safe use of neuronavigation systems  [21, 
30] . So, several strategies for the detection and compen-
sation of this phenomenon have been developed. Most of 
them are based on intraoperative images obtained by MR 
 [22, 23] , CT  [31]  ,  or ultrasound  [32, 33] . We favor the con-
cept of intraoperative MR imaging and updating the
frameless stereotactic system with these data  [21, 23, 24] . 
Particularly, because MRI provides excellent, unsur-
passed image quality, there is no X-ray contamination 
and, in the hands of the experienced worker, imaging can 
be performed safely and quickly. On the other hand, after 
image acquisition with the patient’s opened skull under 
the sterile draping true re-referencing is difficult. Previ-
ously, intraoperative navigation updating necessitated 
the application of bone fiducials around the craniotomy 
opening, a time-consuming and cumbersome process 
 [23] . The development of the automatic registration 
method (TREGS) described in the present study solved 
this problem. As the reference markers are integrated in 
the head holder and are detected automatically by the 
navigation software without the necessity of a process of 
pointing at extrinsic or intrinsic markers with an instru-

ment or the focus point of the microscope, the special 
circumstances of an intraoperative situation no longer 
pose an obstacle for re-referencing and updating the nav-
igation data.  

 Conclusion 

 Automatic registration is safe and reliable. The appli-
cation accuracy found for the new tool is at least not worse 
than that for standard registration, its intraoperative use 
is therefore feasible. In combination with intraoperative 
MRI it may become a favorable alternative to standard, 
fiducial-based registration especially when an intraop-
erative update of the navigation data is needed.  
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