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Abstract
Purpose MRI has been utilized to localize the electrode
after deep brain stimulation, but its accuracy has been
questioned due to image distortion. Under the hypothesis
that MRI is not adequate for evaluation of electrode
position after deep brain stimulation, this study is aimed
at validating the accuracy of MRI in electrode localization
in comparison with CT scan.
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Methods Sixty one patients who had undergone STN DBS
were enrolled for the analysis. Using mutual information
technique, CT and MRI taken at 6 months after the
operation were fused. The x and y coordinates of the
centers of electrodes shown of CT and MRI were compared
in the fused images to calculate average difference at five
different levels. The difference of the tips of the electrodes,
designated as the z coordinate, was also calculated.
Results The average of the distance between the centers of
the electrodes in the five levels estimated in the fused image
of brain CT and MRI taken at least 6 months after STN
DBS was 1.33 mm (0.1–5.8 mm). The average discrepancy
of x coordinates for all five levels between MRI and CT
was 0.56±0.54 mm (0–5.7 mm), the discrepancy of y
coordinates was 1.06±0.59 mm (0–3.5 mm), and for the z
coordinate, it was 0.98±0.52 mm (0–3.1 mm) (all p values
<0.001). Notably, the average discrepancy of x coordinates
at 3.5 mm below AC–PC level, i.e., at the STN level
between MRI and CT, was 0.59±0.42 mm (0–2.4 mm); the
discrepancy of y coordinates was 0.81±0.47 mm (0–2.9 mm)
(p values<0.001).
Conclusions The results suggest that there was significant
discrepancy between the centers of electrodes estimated by
CT and MRI after STN DBS surgery.
Keywords CT . DBS . Electrode localization .
Image fusion . MRI . Parkinson's disease
Introduction
Deep brain stimulation (DBS) of the subthalamic nucleus
(STN) has been proven as effective for the management of
the advanced Parkinson's disease (PD) patients treated with
long-term use of anti-PD drugs [12, 13]. The accurate
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targeting of STN during the operation is important for a
good clinical outcome after STN DBS. Determining the
location of the electrode is also important for the estimation
of clinical outcome of the patients with advanced PD after
STN DBS surgery [25, 28]. MRI has been frequently
utilized to target the STN during the operation and estimate
the DBS electrode positions after STN DBS in the literature
[1, 2, 4, 5, 7, 16, 17, 19, 21, 22, 31, 34–37].
Although MRI is a good tool to visualize the anatomical
details of the brain with good resolution, image distortion
caused by the local magnetic field inhomogeneity of
electrodes could be a concern for the accuracy of the MR
images in the estimation of electrode position in the patients
treated with STN DBS [21, 29].
In a recently published article, we have evaluated the
usefulness of reprogramming guided by the fused images of
MRI and CT in STN DBS of PD patients. Clinical improvement was clearly shown by comparing the patient outcomes
before and after reprogramming [11]. Through this study,
numerical data comparing the center of the electrodes
estimated by MRI and CT taken at 6 months after STN
DBS was evaluated to validate accuracy of MRI as a reliable
tool to estimate the electrode position after STN DBS.

Patients and method
Among 91 patients who underwent DBS between March
2005 and October 2006, 61 patients who had taken both
MRI and CT at least 6 months after bilateral STN DBS
were enrolled for the analysis. Thirty patients were excluded
from the study, 15 of them had diseases other than PD, such as
essential tremor or dystonia, seven patients had no follow-up
images, another five patients had taken follow-up images but
the uppermost level for the analysis was not included, and
three patients had not taken the postoperative MRI or CT.
This study was reviewed and permitted by the Institutional
Research Board of Seoul National University Hospital
(SNUH IRB). Informed consent was received from the
patients for the examination of postoperative MRI. Bilateral
DBS was done in 52 patients and unilateral in nine patients.
The quadripolar DBS electrode model 3389 (Medtronic
Sofamor Danek, Minneapolis, MN, USA), with four platinum
iridium cylindrical surfaces (1.27 mm in diameter and 1.5 mm
in length and 0.5 mm center-to-center separation) and Soletra
model 7428 implantable pulse generator (Medtronic Neurological Division, Minneapolis, MN, USA) were implanted in
a single session.
On the day of the surgery, stereotactic MRI was performed
for the patient with the Leksell G frame (Elekta Instruments
AB, Stockholm, Sweden) on, which was applied under local
anesthesia. The stereotactic MRI was a 1.5-tesla MR imaging
system (General Electric Medical Systems, Milwaukee, WI,
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USA) using an eight-channel head coil with 2 mm contiguous
axial proton density T2-weighted images and 1.5 mm
interleaved contiguous axial T1-weighted images with and
without contrast gadolinium enhancement. The MRI was
performed with the same protocols as the preoperative MRI
and 3D spiral brain CT (64-channel Brilliance CT, Philips,
Eindhoven, the Netherlands) with a 1-mm slice thickness at
least 6 months after STN DBS surgery. The MRI and CT
scans were not performed on the same day.
Image fusion of MRI and CT scan taken at least 6 months
after STN DBS surgery was performed by using mutual
information technique previously described elsewhere [14].
We utilized the Lucion® software (Cybermed, Seoul, Korea)
based on the Windows operating system allowing simultaneous movement of the cursor in 3D orthogonal planes. The
T2-weighted axial images are fused with 3D spiral CT scan
images at the data set of 1 mm thickness reformatted images,
aligned to anterior commissure–posterior commissure (AC–PC)
line. The midline of reformatted coronal images also intersects
the midsagittal plane for the correction of head-rotation error.
On the reformatted axial view, the position of electrode
center is localized as a dot by adjusting window level in CT
scan. In contrast, on the brain MRI, the position of electrode
center is estimated as an imaginary center of image artifact of
the electrode caused by local magnetic field inhomogeneity.
The distance between the center of the dot-like electrode in the
brain CT and imaginary center of electrode artifact in the
brain MRI was calculated as shown in Fig. 1. The x and y
coordinates of the centers of electrodes in CT and MRI were
compared to calculate the average discrepancy of electrode
position estimated in CT/MRIs, and the z coordinates of the
tips of the electrodes were also compared. Such measurement was done for five levels, 30 mm (centrum semiovale),
20 mm (corpus callosum), 10 mm (septum pellucidum)
above the level of the AC–PC line, at the level of AC–PC
line, and 3.5 mm below the level of AC–PC line (at the level
of STN) considering the irregular contour of the electrode
from proximal to distal causing the shape of the artifact on
MRI different at each level, as shown in Fig. 2.
For all the measurements including the distance between
the two centers and x, y coordinates, only the absolute
values were recorded, meaning all measurements had a
positive value. The directions of each coordinate were not
considered since this study was intended to show the
absolute length of difference between the two centers
regardless of its direction.
To investigate the interobserver reliability, calculations
were repeated by another engineer for all of the patients.
Statistical analysis
To assess the differences between the two kinds of imaging
techniques, measurements of the x, y, and z coordinates at
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Fig. 1 Image fusion of brain
CT and MRI taken at 6 months
after STN DBS by using mutual
information technique. The
electrode is seen as an irregular
round shape in the T2WI axial
view at the STN level (3.5 mm
below the AC–PC plane)
(a). The electrode extracted
from the CT is marked in red
spheres in the axial view after
fusion with MRI by using
mutual information technique
(b). The white line is connecting
the center of the artifact on the
MRI and CT. It is depicted as
1.1 mm, which is the distance
between the center of the
electrode on CT and MRI. The
inset on the left upper corner
shows the x and y values
measured from the distance (c).
The difference of the tip of
electrode position is measured
on the coronal plane as
z coordinates (d)

each level were compared using the linear mixed model,
allowing for correlations between measurements such as the
level and laterality. Intraclass correlations (ICC) with 95%
CI were obtained for two observers for interobserver
reliability. Statistical significance was set at p value less
than 0.05. All statistical analyses were performed using
SPSS® ver 12.0 (SPSS, Chicago, IL, USA).

Results
The patients were 29 men and 32 women, with a mean age
of 57.7 years (range: 26–73). A total of 113 electrodes were
analyzed. All patients had follow-up images of MRI and
CT, taken at least 6 months after the operation (range: 6–
30 months, mean: 10.4 months).
Average distances between the center of electrodes shown
on MRI and CT were 1.40±0.74 mm (0.2–5.8 mm) at 30 mm
above the AC–PC plane, 1.35±0.65 mm (0.2–3.9 mm) at
20 mm above, 1.32±0.61 mm (0.1–3.6 mm) at 10 mm above,
1.31±0.59 mm (0.2–3.5 mm) at the level of AC–PC plane,

and 1.08±0.47 mm (0.1–2.7 mm) at the level of STN, which
was measured 3.5 mm below the AC–PC plane (Fig. 3). As
explained before, for all the measurements, direction was not
considered and the average of the absolute values was
calculated. The values for x, y, z coordinates for the five
levels are listed in Table 1. Statistic analysis showed
significant difference in the x, y coordinates of all five levels
and z coordinates (p<0.001).
The two-reader interobserver ICC was not high, 0.45
(95% CI) (0.35 to 0.54). The average distance for each
level, as measured by the second reader, is shown in
Table 2.

Discussion
In this study, we found that the direct fusion of brain MRI
and brain CT scan taken at 6 months after STN DBS
revealed a significant discrepancy of the centers of electrodes estimated by each modality. The method of evaluation
in this study is different from the previous reports in that
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Fig. 2 Visualization of electrodes in the fused image of brain
CT and MRI. T2WI sagittal
view showing the AC–PC line
(horizontal blue line), and the
five levels are marked in vertical
blue lines (a). At the lowest
level, 3.5 mm below the AC–PC
line, the STN is well visualized
along with the red nucleus and
putamen (b). At the level of the
AC–PC line, putamen is usually
seen in this level (c). At the
level 10 mm above the AC–PC
line, the septum pellucidum,
thalamus, and the caudate
nucleus, third ventricle, fornix
are well visualized (d). At
20 mm above the AC–PC line,
where the corpus callosum,
caudate nucleus, and lateral
ventricles are usually visible (e)

direct comparison of the centers of electrodes estimated on
MRI and CT was performed instead of comparing the
specific anatomical landmarks, such as AC or PC.
Despite the wide use of MRI in stereotactic neurosurgical
procedures, the distortion of normal anatomical structures in
MRI was questioned in comparison with brain CT scans. Such

studies focused on the reliability of MRI in target localization.
Such reports concluded that, though some differences were
identified, they were not significant and that MRI alone may
be used for target localization [8, 9].
Relatively less attention has been paid to the accuracy of
MRI in localization of the electrode, and the results have
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Fig. 3 3D visualization of electrodes in the fused image of brain CT
and MRI. The electrodes on CT have been reconstructed and are
shown as the red lines and fused onto the MRI images and visualized

in 3D. Coronal cut viewed from anterior (a), from above (b) and from
oblique position (c); all clearly show the discrepancy of the red line
and the blurry black line, which is how the electrode is shown on MRI

been controversial. In one phantom study, in vitro and in
vivo lengths between the proximal and distal end of the
electrode contacts were measured and compared [20]. They
concluded that the center of the artifact was concordant
with the actual center of the electrode. A recent study
comparing ventriculography and MRI also suggested that it
was not crucial for electrode contact localization, though
there was a translation of the electrode location induced by
MRI scanning [5].
However, another study showed, by calculating the
magnetic field perturbations using a Fourier-based method
for various wire microelectrodes, that significant amount of
artifact is produced depending on the magnetic susceptibility of the material used, the size, shape, and orientation of

the electrodes with respect to the main magnetic field [15].
They concluded that the platinum–iridium microwire,
commonly used for DBS, shows a complete signal loss
that covers a volume 400 times larger than the actual
volume occupied by the microelectrode [15].
The results of this study showed there was, in average, a
1.33-mm difference (0.1–5.8 mm) between the electrodes in
the fused images of the MRI and CT by using mutual
information technique. At the level of the STN, the average
of difference between the electrode on the CT and the
center on the MRI was 1.08 mm (0.1–2.7 mm). At the level
of the STN (3.5 mm below the AC–PC plane), it was hard
to delineate the center of the MRI artifact, since, on T2WI
the STN had low signal, as well as the artifact. The range of

Table 1 Linear mixed model
analysis for distance, x, y, z
coordinates between the center
of electrode on CT and MRI for
five different levels

Level
D

x

y

D distance

z

Average±SD (mm)

Range (mm)

p value

30 mm above AC–PC plane
20 mm above AC–PC plane
10 mm above AC–PC plane

1.40±0.74
1.35±0.65
1.32±0.61

0.2–5.8
0.2–3.9
0.1–3.6

<0.001
<0.001
<0.001

0 mm above AC–PC plane
3.5 mm below AC–PC plane
30 mm above AC–PC plane
20 mm above AC–PC plane
10 mm above AC–PC plane
0 mm above AC–PC plane
3.5 mm below AC–PC plane
30 mm above AC–PC plane
20 mm above AC–PC plane
10 mm above AC–PC plane
0 mm above AC–PC plane
3.5 mm below AC–PC plane

1.31±0.59
1.08±0.47
0.56±0.70
0.54±0.56
0.52±0.47
0.57±0.51
0.59±0.42
1.14±0.59
1.14±0.61
1.13±0.60
1.07±0.58
0.81±0.47
0.98±0.52

0.2–3.5
0.1–2.7
0–5.7
0–3.9
0–2.1
0–2.9
0–2.4
0–3.0
0–3.5
0–3.5
0–2.9
0–2.9
0–3.1

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
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Table 2 Distance calculated by two different raters at five levels
Level

30 mm above AC–PC plane
20 mm above AC–PC plane
10 mm above AC–PC plane
0 mm above AC–PC plane
3.5 mm below AC–PC plane

D (1st reader)
(mm)

D (2nd reader)
(mm)

1.40±0.74
1.35±0.65
1.32±0.61
1.31±0.59
1.08±0.47

0.95±0.50
1.00±0.52
1.00±0.52
0.93±0.51
0.80±0.33

D distance

measurement was wide, from 0.2 to 5.8 mm. Such results
suggest the variability and inconsistency in the estimation
of the electrode position based on the MRI compared to CT.
Such inconsistent estimation was also suggested by how
the shape of the artifact varied on each level, making it
difficult to decide where the center of the artifact was. For
example, in one level, it looked like a round sphere, where
as in another level, the same electrode had the appearance
of a figure of eight (Fig. 2). The difference can be explained
by the angle in which the electrode is placed in relation to
the magnetic field in the MR instrument, since the electrode
causing local magnetic inhomogeneity is not parallel but in
a slanted angle in reference to the axis of the magnetic field.
The discrepancy between CT and MRI can be clearly
visualized on the 3D reconstructed, fused images of the two
modalities (Fig. 3). Another point in inconsistent estimation
is shown by the low ICC, meaning the measurements were
variable when a different observer performed the measurements. We saw that the major component of this “unreliability” came from the fact that, due to such variable shape
of the electrode on the MRI, the center could not be defined
without variation. Though the measurements were not
reliable, the discrepancy between the center of electrodes
on MRI and CT is repetitively shown in the measurements
of the second observer, as in Table 1. The average distance
is about 1 mm in all levels.
To our knowledge, this is the first attempt of direct
comparison of the location of the center of DBS electrodes
estimated in the brain CT and MRI by using mutual
information technique. The supposed center estimated
based on the brain MRI is too variable to count on for
accurate estimation of position of electrodes in relation to
deep brain structures such as STN. Thus, we suggest that
using postoperative brain CT in fusion with preoperative
brain MRI is better for the accurate localization of STN
DBS electrodes with surrounding anatomical details in the
patients treated with STN DBS surgeries.
In taking the MR images of the patients with advanced
PD several months after STN DBS, the safety issue is
another concern in terms of local heating of the electrode
located in the deep brain by RF pulse during the MRI

scanning. With this study, the safety issue of brain MRI in
the patients treated with STN DBS is worthy of note again.
The public health notification issued on May 10, 2005
by the Food and Drug Administration (FDA) of the USA
was sent to neuro-radiologists all over the world. It notified
that the FDA had received several reports of serious injury,
including coma and permanent neurological impairment, in
patients with implanted neurological stimulators who
underwent MRI procedures. However, there have been
numerous reports in which careful following of the guidelines provided by the manufacturer resulted in safe
performance of MRI in patients with neurostimulator
electrodes implanted [3, 6, 23, 24, 26, 27, 32, 33, 38]. A
recent report also summarized the complications after 3,304
PD patients underwent MRI after electrode insertion, which
revealed just one IPG failure without neurological sequelae
[30]. We previously reported our results regarding examination of brain MRI in the advanced PD patients treated
with STN DBS [10, 18]. Along with the same protocol
taken in the previous report, this study mostly had followed
the guidelines from the manufacturers, except the notification of SAR, which was 0.1 W/kg or less. Nevertheless,
none of the patients experienced any adverse effects in
performing the postoperative 1.5-T brain MRIs taken
6 months later. Out of the 61 patients, six patients had
taken lumbar spine MRIs after the operation. Though the
manufactures had not set guidelines for MRIs other than
brain MRI, we got informed consent and permission for
lumbar spine MRI also. We had set the stimulation setting
to the default values before taking the MRI, and then reset
it back to the patient's settings. No patient experienced any
discomfort or complications after the MRI.
The limitation of this study is that it lacks correlation
with clinical outcome. The significance of “1 mm” would
be accepted only with clear difference in the surgical
outcome of the patients. We would like to point out that,
although statistically significant inaccuracy of MRI was
shown, this does not mean that all the previous clinical
practices or studies using MRI were inaccurate. Indeed, we
have published a paper evaluating the clinical outcome in
relation to the accuracy of insertion of electrode into the
target [18]. We have used the “incorrect” modality of MRI
in evaluating the electrode position. Additionally, we also
recently published another paper on reprogramming results
using the rather “correct” modality of postoperative CT in
the same group of patients [11]. We have noted in general
that the clinical outcome was not much different. Therefore,
the conventional method of using MRI as a tool that may
have a significant error of “1 mm” may be tolerated for the
majority of the patients. The clinical significance of
“1 mm” may be found in cases where the electrode is
positioned at the margin of the target. In such cases, the
position of the electrode may be inaccurately assessed as

Acta Neurochir (2010) 152:2029–2036

being “inside the target” when it is actually “off the target.”
Then the patient with poor outcome may lose the chance of
reprogramming or even repositioning of the electrode and
be regarded as having “unexplained” poor outcome.

Conclusion
Our findings suggest that the electrode location evaluated
by postoperative MRI may have significant discrepancy
with the location estimated by brain CT scan. To localize
the electrode position in relation with the deep brain structures,
such as STN after surgery, a fusion of the preoperative MRI
and postoperative CT may help the physicians by providing
ease and confidence for postoperative assessments, such as
reprogramming of stimulation parameters.
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