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Abstract
Objective We compared the electrode positions of subtha-
lamic nucleus (STN) deep brain stimulation (DBS) esti-
mated at the immediate postoperative period with those
estimated 6 months after surgery.
Methods Brain CT scans were taken immediately and
6 months after bilateral STN DBS in 53 patients with
Parkinson’s disease. The two images were fused using the
mutual information technique. The discrepancies of elec-

trode positions in three coordinates were measured in the
fused images, and the relationship with the pneumocepha-
lus was evaluated.
Results The average discrepancy of x- and y-coordinates of
electrode positions at the level of STN (3.5 mm below the
anterior commissure–posterior commissure line) were 0.6±
0.5 mm (range, 0~2.1 mm) and 1.0±0.8 mm (range,
0~5.2 mm), respectively. The average discrepancy of
z-coordinates of the electrode tips of the fused images was
1.0±0.8 mm (range, 0.1~4.0 mm). The volume of pneumo-
cephalus (range, 0~76 ml) was correlated with the
y-coordinate discrepancies (p<0.005).
Conclusion The electrode positions in the immediate
postoperative CT might have significant discrepancies with
those in the CT taken at a stable period after STN DBS
especially when there is a large amount of pneumocephalus.
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Introduction

The subthalamic nucleus (STN) deep brain stimulation
(DBS) has become one of the standard practices to alleviate
intolerable symptoms and signs of the advanced Parkin-
son’s disease (PD) [13, 14]. Due to the peculiar shape and
size as well as the characteristic anatomical location of the
STN, it is very difficult to precisely localize the electrodes
and is painstaking to adjust the parameters of the pulse
generator to best improve the parkinsonian symptoms and
least provoke side effects without knowledge about
anatomical location of the electrodes and contacts [2, 7,
18, 31].
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Fig. 1 The comparisons of electrode positions at five different sites
between the immediate postoperative brain CT and the brain CT taken
6 months after bilateral STN DBS. After image fusion by using the
mutual information technique, the marked discrepancy of electrode
positions is shown distinctly. a The sagittal view of fused image of the
immediate postoperative brain CT (red) and the brain CT taken
6 months after surgery showing the AC–PC line (horizontal yellow
line), and the five levels are marked in horizontal red lines. b The
axial view at the lowest level, 3.5 mm below the AC–PC line, where
the subthalamic nucleus is well visualized along with the red nucleus
and putamen. (a) Immediate postoperative brain CT in red. (b) Brain
CT taken 6 months later. (c) Fused image of (a) and (b). c The axial
view at the level of the AC–PC line, where the putamen is well
visualized; (a) immediate postoperative brain CT in red; (b) brain CT

taken 6 months after bilateral STN DBS; (c) fused image of (a) and
(b). d The axial view at the level of 10 mm above the AC–PC line,
where the septum pellucidum, thalamus, and the caudate nucleus, third
ventricle, fornix are well visualized; (a) immediate postoperative brain
CT in red; (b) brain CT taken 6 months after bilateral STN DBS; (c)
fused image of (a) and (b). e The axial view at the level of 20 mm
above the AC–PC line where the corpus callosum, caudate nucleus,
and lateral ventricles are usually visible; (a) immediate postoperative
brain CT in red; (b) brain CT taken 6 months after bilateral STN DBS;
(c) fused image of (a) and (b). f The axial view at the level of 30 mm
above the AC–PC line, where the lateral ventricle and centrum
semiovale are visible; (a) the immediate postoperative brain CT in red;
(b) the brain CT taken 6 months after bilateral STN DBS; (c) the fused
image of (a) and (b)
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Therefore, the estimation of the electrode positions in
relation with STN on the fused images of the preoperative
brain MRI and postoperative brain MRI or CT by using
fusion techniques deserves to be investigated to better
adjust stimulation parameters after STN DBS surgery [9,
26, 28].

Regarding the image fusion, the lack of image
distortion makes brain CT preferable to brain MRI for
the estimation of the electrode positions after DBS
surgery despite its poor details of anatomical structures
[1, 22]. In the stance of such expectations, brain CT scans
taken immediately or less than 1 week after DBS surgery
has been frequently utilized to estimate the DBS electrode
positions often fused with the images of preoperative CT

or MRI in the literatures [3–6, 8, 16, 17, 23–25, 29, 31–
34]. However, unexpected circumstances during the
surgery such as the possible brain shift due to CSF
leakage and electrode bendings might be concerns of the
accuracy in the estimation of the electrode position based
on the images taken at the short-term period after surgery.
Until now, there has been little reported in the literature on
the issue regarding the long-term validation of the
estimated electrode positions from the postoperative brain
CT scans taken immediately after surgery.

In order to validate the electrode positions estimated at
the short-term period after surgery, we estimated the DBS
electrode positions on the two brain CT scans taken
immediately and 6 months after bilateral STN DBS surgery,

Fig. 1 (continued)
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and conducted an analysis of the discrepancies between
them using image fusion techniques.

Methods

Patients and procedures

Fifty-three advanced PD patients, who had underwent
bilateral STN DBS at the Movement Disorder Center of
Seoul National University Hospital between March 2005
and October 2006, and had taken brain CT scans both at
the immediate postoperative period and 6 months after
surgery, were enrolled in this study. The male to female
ratio of the patients was 20–33 with the mean age of
60.4±8.6 years (range, 29~75). This study was approved
by the Institutional Review Board of SNUH. The surgical
procedures were described elsewhere [11, 12]. On the day
of the surgery, stereotactic MRI was performed for patients
with the Leksell G frame (Elekta Instruments AB, Stock-
holm, Sweden), which was applied under local anesthesia.
The stereotactic MRI was a 1.5-tesla MR imaging system
(General Electric Medical Systems, Milwaukee, WI) using
an eight-channel head coil with 2 mm contiguous axial
proton density T2-weighted images and 1.5 mm inter-
leaved contiguous axial T1-weighted images with and
without contrast gadolinium enhancement. Surgery was
performed under local anesthesia with utilization of the
stereotactic coordinates in the Schaltenbrand Wahren
human brain atlas and direct visualization of the STN in
MRI by using Surgiplan® (Elekta Instruments AB, Stock-
holm, Sweden) as well as the microelectrode recording
and macrostimulation. The entrance point into the skull
was made 2–2.5 cm lateral to the midline at the level of
the coronal suture, which provides an orthogonal
approach. The angle of ring in the Leksell arc system
(anteroposterior angle) was between 70° and 80°, and the
angle of arc was between 85° and 95°. The quadripolar
DBS electrode model 3389 (Medtronic Sofamor Danek,
Minneapolis, MN, USA), with four platinum iridium
cylindrical surfaces (1.27 mm diameter and 1.5 mm in
length and 0.5 mm center-to-center separation) and Soletra
model 7428 implanted pulse generator (Medtronic Neuro-
logical Division, Minneapolis, MN, USA) were implanted
in a single session.

The 3-D spiral brain CT scans (64-channel Brilliance CT,
Philips, Eindhoven, Netherlands) with a 1-mm slice thickness
were performed both immediately and 6 months after bilateral
STN DBS surgery. The amount of pneumocephalus in the
brain CT taken at the immediate postoperative period after
surgery was measured in each patient with OSIRIS program®
(version 4.8; Service of Medical Informatics, Geneva Univer-
sity Hospital, Geneva, Switzerland).

Image fusions

The images of the two brain CT scans taken immediately
and 6 months after DBS surgery was fused by using mutual
information technique which was previously described
elsewhere [10, 15]. We utilized the Lucion software
(Cybermed, Seoul, Korea) based on the Windows operating
system, allowing the simultaneous movement of the cursor
in 3-D orthogonal planes. The fused image of the two 3-D
spiral CT scans were aligned to anterior commissure (AC)–
posterior commissure (PC) line. The midline of reformatted
coronal images was also realigned to intersect the midsag-
ittal 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 the brain
CT scans (Fig. 1).

The distance between the centers of electrodes from the
two CT scans, and x-, y-coordinates of the centers of the
electrodes and z-coordinates of the tips of the electrodes
were measured from the fused images, and the average
discrepancy was calculated (Fig. 1). The measurement was
done at five different axial levels: 30 mm (centrum
semiovale level), 20 mm (corpus callosum level), 10 mm
(septum pellucidum level) above the level of the AC–PC
line, at the level of the AC–PC line, and at the level of
3.5 mm below the AC–PC line (STN level). To minimize
the discrepancy due to the observer, calculations were
repeated by the same person twice with time interval of at

Fig. 2 Three-dimensional illustration of discrepancy of electrode
position in the oblique lateral plane of the fused image of immediate
postoperative brain CT and the brain CT taken 6 months after bilateral
STN DBS surgery. The electrodes extracted from the immediate
postoperative brain CT are marked in yellow, whereas the electrodes
extracted from the brain CT taken 6 months after bilateral STN DBS
are marked in sky blue. The marked discrepancy between the positions
of both electrodes is shown. Especially, tips of both electrodes (sky
blue) in the brain CT taken 6 months after bilateral STN DBS are
more anteriorly and deeply positioned compared with those (yellow) in
the immediate postoperative brain CT
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least 1 week. The discrepant direction between two
electrode on fused image in same coordinate, such as
medial or lateral in x-coordinate and rostal or caudal in
z-coordinate, was not considered in the measurement.

Statistical analysis

To assess the differences between the two kinds of imaging
techniques, measurements of the x-, y-, and z-coordinates at
each level were compared using mixed model. The
correlation of the pneumocephalus with the discrepancies
of the electrode positions was also evaluated using one-way
analysis of variances (ANOVA) and simple correlation
analysis. Statistical significance was set at p value less than
0.05. All statistical analyses were performed using SPSS
ver 12.0 (SPSS Inc., Chicago, IL, USA)

Results

Discrepancy of the electrode positions

Total 106 electrodes in 53 patients treated with bilateral
STN DBS were analyzed. Average distances between the
electrodes on the immediate and 6 months postoperative
brain CT scans were 1.8±1.3 mm (range, 0.1~7.3 mm) at
30 mm above the level of the AC–PC line, 1.6±1.3 mm
(range, 0.1~6.2 mm) at 20 mm above the level of the AC–
PC line, 1.5±1.0 mm (range, 0.1~5.0 mm) at 10 mm above
the level of the AC–PC line, 1.4±0.9 mm (range,
0.1~4.4 mm) at the level of the AC–PC line, and 1.3±
0.8 mm (range, 0.1~5.4 mm) at 3.5 mm below the level of
the AC–PC line. The three-dimensional illustration of the
average discrepancy of electrode positions in the oblique
lateral plane of the fused image is shown (Fig. 2). The
electrode tips on the postoperative 6 months brain CT were
located more anteriorly and deeper compared with those on
the immediate postoperative CT scan.

The average discrepancy of x-coordinates were 0.8±
0.6 mm (mean±standard deviation, range, 0~3.1 mm) at
30 mm above the level of the AC–PC line, 0.7±0.5 mm
(range, 0~2.4 mm) at 20 mm above the level of the AC–PC
line, 0.6±0.5 mm (range, 0~2.6 mm) at 10 mm above the
level of the AC–PC line, 0.6±0.5 mm (range, 0~2.8 mm) at
the level of the AC–PC line, and 0.6±0.5 mm (range,
0~2.1 mm) at 3.5 mm below the level of the AC–PC line.
The distance between two electrode on fused image was not
zero, statistically (p<0.001). And, the side of electrode (left
or right) had the interaction with the level of measurement
in the statistical analysis (p<0.001). The estimate values
and standard deviations of each levels were summarized in
Table 1 and illustrated (Fig. 3).

Fig. 3 Box plot of distance between two electrodes on axial fusion
image. The distance was different according to the location of the
electrode

Table 1 The discrepancies of x-coordinate between the electrodes on the immediate and 6 months postoperative brain CT scans according to the
levels of measurement analyzed by the mixed model

Left electrode Right electrode

Estimate
(mm)

Standard error
(mm)

p valuea Estimate
(mm)

Standard error
(mm)

p valuea

Level of measurement
(from AC–PC line)

30 mm 0.9 0.1 <0.001 0.7 0.1 <0.001

20 mm 0.8 0.1 <0.001 0.5 0.1 <0.001

10 mm 0.6 0.1 <0.001 0.6 0.1 <0.001

00 mm 0.5 0.1 <0.001 0.7 0.1 <0.001

−3.5 mm 0.5 0.1 <0.001 0.7 0.1 <0.001

a p<0.05 means the distance was not the zero, statistically
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The discrepancies were more evident in the y-coordinate.
The average discrepancy of y-coordinates were 1.4±1.3 mm
(range, 0~7.2 mm), 1.3±1.4 mm (range, 0~6.0 mm), 1.2±
1.0 mm (range, 0~4.9 mm), 1.1±0.9 mm (range, 0~4.4 mm),
and 1.0±0.8 mm (range, 0~5.2 mm) at at 30, 20, and 10 mm
above the level of the AC–PC line, same level of AC–PC
line and 3.5 mm below AC–PC line, respectively. The
distance of two electrode on fused image was not zero,
statistically (p<0.001). In the statistical analysis, there was
no significant interaction between the side of electrode (left
or right) and level of measurement (p=0.146).

The discrepancy of electrode according to the x- and
y-coordinate on the fused image and level of measurement
(−3.5, 0, 10, 20, and 30 mm from AC–PC line) had the
significant interaction. This meant that there was difference
of discrepancy along the coordinates of electrode and level
of measurement. Considering that the location of electrode
on each level was the axial view of one electrode, it was
easily expected.

The average discrepancy of z-coordinates of the tips of
electrodes was 1.0±0.8 mm (range, 0.1~4.0 mm), and the
side of electrodes did not influence the distance between
two electrode on the fused image. Finally, there was
significant difference in terms of distances between the
electrodes on the immediate and 6 months postoperative
brain CT. The distance between the electrode positions on
the two CT scans was sub-analyzed into the x-, y-, and
z-coordinates, and the values are showed in Table 2.

Influence of pneumocephalus on electrode localization

The average volume of pneumocephalus estimated in the
immediate postoperative brain CT was 11.9±16.6 ml
(0~76 ml). The patients were grouped into four according
to the average volume of pneumocephalus; group 1, less
than 10 ml (34 patients); group 2, between 10 and 20 ml
(eight patients); group 3, between 20 and 30 ml (four
patients); group 4, more than 30 ml (seven patients).

Table 3 Discrepancy of electrode position between immediate postoperative brain CT and brain CT taken 6 months after bilateral STN DBS
according to the degree of postoperative pneumocephalus

Axis Site of measurement Group 1 Group 2 Group 3 Group 4 p valuea

x-coordinates (mm) 30 mm above AC–PC line 0.8±0.7 0.8±0.6 0.8±0.5 0.7±0.5 0.977

20 mm above AC–PC line 0.6±0.5 0.7±0.6 0.7±0.4 0.8±0.6 0.673

10 mm above AC–PC line 0.5±0.5 0.9±0.7 0.5±0.3 0.7±0.5 0.038

AC–PC line 0.5±0.4 0.9±0.8 0.5±0.4 0.7±0.5 0.023

3.5 mm below AC–PC line 0.5±0.4 0.8±0.6 0.4±0.3 0.7±0.6 0.054

y-coordinates (mm) 30 mm above AC–PC line 0.8±0.7 1.7±0.7 2.4±1.4 3.3±1.9 <0.0001

20 mm above AC–PC line 0.7±0.6 1.6±1.2 2.0±1.1 3.7±1.8 <0.0001

10 mm above AC–PC line 0.8±0.5 1.6±1.0 1.9±1.1 2.8±1.4 <0.0001

AC–PC line 0.8±0.5 1.4±0.8 1.5±0.8 2.1±1.4 <0.0001

3.5 mm below AC–PC line 0.8±0.5 1.2±0.8 1.1±0.8 1.8±1.4 <0.0001

z-coordinate (mm) 1.0±0.8 1.0±1.0 1.1±0.9 1.0±0.8 0.893

a Statistical analysis according to the grade of pneumocephalus at each level using one-way ANOVA

Table 2 The discrepancy of the electrode position at five different sites of measurement between the immediate postoperative brain CT and the
brain CT taken 6 months after bilateral STN DBS

Site of measurement Distance between electrode on
axial scan (mm)

Discrepancy of
x-coordinate (mm)

Discrepancy of
y-coordinate (mm)

Discrepancy of
z-coordinate (mm)

30 mm above AC–PC line 1.8±1.3 0.8±0.6 1.4±1.3 –

20 mm above AC–PC line 1.6±1.3 0.7±0.5 1.3±1.4 –

10 mm above AC–PC line 1.5±1.0 0.6±0.5 1.2±1.0 –

AC–PC line 1.4±0.9 0.6±0.5 1.1±0.9 –

3.5 mm below AC–PC line 1.3±0.8 0.6±0.5 1.0±0.8 1.0±0.8
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Statistic analysis showed a significant difference in the
y-coordinates at all five levels (p<0.001, Table 3), and the
average discrepancy of y-coordinates was most marked in
group 4 and least in group 1. However, for the x- and
z-coordinates, the difference was not statistically signifi-
cant. The discrepancies in y-coordinates on all levels were

also well correlated with the amount of pneumocephalus
estimated at immediate postoperative brain CT (Fig. 4).

Discussion

The STN is the main target for DBS in Parkinson’s disease
[2, 13, 14]. Anatomical accuracy of stereotactic surgery was
emphasized due to its small size and peculiar shape [2, 7,
31]. Despite the wide use of brain CT scan during the
operation and immediately after the DBS surgery, unex-
pected circumstances during the surgery such as the
possible brain shift due to CSF leakage and electrode
bendings were not seriously considered in the estimation of
electrode position shown in the brain CT at the immediate
postoperative period after DBS surgeries.

In this study, we found that there was a significant
discrepancy of the electrode positions between the imme-
diate postoperative day and 6 months after surgery by
estimating the electrode positions on the fused images of
two brain CT scans using mutual information technique.

The migration of metallic material in the parenchyma of
the central nervous system was reported in the literatures
[21, 27]. And, the direction of movement coincided with
the gravity or that of CSF flow. This feature was the
evidence that the flow of CSF and gravitation is the main
force affecting the intracranial location of the foreign body.
The electrodes of DBS have different characteristics with
the metallic material. First of all, they are anchored at
cranium with cap of burr hole. Second, the flow of CSF
could not force the electrode because the end point of
electrode is located in the cerebral parenchyma and its
trajectory does not pass through the ventricular system.
Only sustained gravitation could influence its final location.

Axis Site of measurement Timing of CT p valuea

1month 3months

x-coordinates (mm) 30 mm above AC–PC line 0.7±0.6 0.8±0.7 0.346

20 mm above AC–PC line 0.6±0.5 0.7±0.5 0.274

10 mm above AC–PC line 0.4±0.4 0.4±0.3 0.879

AC–PC line 0.4±0.3 0.4±0.3 0.153

3.5 mm below AC–PC line 0.5±0.4 0.6±0.8 0.563

y-coordinates (mm) 30 mm above AC–PC line 1.0±0.9 0.9±0.8 0.484

20 mm above AC–PC line 1.3±0.8 1.0±0.6 0.031

10 mm above AC–PC line 1.3±0.6 1.3±0.5 0.284

AC–PC line 1.2±0.5 1.3±0.5 0.503

3.5 mm below AC–PC line 1.2±0.6 1.3±0.5 0.064

z-coordinates (mm) 0.4±0.4 0.5±0.5 0.693

Table 4 Discrepancy of elec-
trode position between brain
CT taken at 1 and 3 months after
bilateral STN DBS in compari-
son with the immediate postop-
erative CT in 15 patients

a Statistical analysis between CT at
each level using Mann–Whitney
test

Fig. 4 Box plot of value of discrepancy of electrode positions
between the immediate postoperative brain CT and the brain CT taken
6 months after bilateral STN DBS in three coordinates(x, y, and z) at
the level of STN (at the level of 3.5 mm below AC–PC line) according
to the grade of CSF leakage. Notably, the discrepancy of electrode
positioning y-coordinate is correlated with the degree of CSF leakage
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This study showed that the brain shift caused by the CSF
leakage might influence the change of the electrode
position on the chronological follow-up brain CT after
bilateral STN DBS and the volume of pneumocephalus was
mostly correlated with the y-coordinate discrepancies of
electrode positions in the fused images. During surgery,
patients positioned supine, and their neck was slightly
flexed for comfort. After opening of dura, brain was shifted
posterior according to the gravity and the shift will be
proportional to the amount of leakage of CSF. This might
have the y-coordinates mostly affected.

There were several trials to evaluate and correct the
geographical error due to the brain shift during stereotactic
brain surgery. Obuchi et al. reported the displacement of
several important anatomical landmarks after DBS procedures
based with postoperative MR [20]. The other study based on
MR images, which were acquired on operation day and
seventh postoperative day, showed that the intraoperative
X-ray did not indicate the actual position in the target
structure after brain shifts during surgery [19]. The study
with follow-up CT also showed that the stereotactically
implanted DBS electrodes were displaced upwardly with
time, and it was significantly correlated with amount of air in
the subdural space [30]. These studies calculated the
displacement of electrode on the fusion image of preopera-
tive and postoperative images; however, the fiducial points
for the fusion of different images were not one of the brain
structures but of the skull. As reported previously, the degree
of shift is different according to the anatomical location [20].
Thus, the exact degree of displacement of DBS electrodes
should be measured based on the fusion images according to
the neural structures, which could be the standard in
stereotactic surgery. So, authors measured the location of
the electrode on the fusion images, which was aligned to
AC–PC line because AC–PC line is the most important
landmark in the planning of determining the location of STN
and inserted DBS electrodes.

Based on our results, it is recommended that the DBS
electrode position should be estimated in the brain CT scans
taken at a certain period after DBS surgery when the
possible brain shift had resolved. However, it is not clear
when the appropriate time is to estimate the real position of
the electrodes after surgery. To answer that question, we
tried to compare the discrepancy of the center of electrodes
between the immediate postoperative period, and 1 and
3 months after surgery in another 15 patients treated with
STN DBS (Table 4). We found that there was no significant
discrepancy of the center of electrodes estimated in the
brain CT scans taken at between 1 and 3 months after
surgery, whereas there was significant difference in the
center of electrodes on the brain CT scans taken at between
the immediate postoperative period and 1 month after
surgery (Table 4). Therefore, we suggest that it is

recommendable to confirm electrode position in the
postoperative brain CT scans taken at least 1 month after
surgery for the precise localization of the implanted DBS
electrode.

Conclusion

We found that there was a significant discrepancy in the
implanted electrode positions between the immediate
postoperative period and 6 months after DBS surgery. The
discrepancy was mostly obvious when the amount of
pneumocephalus measured in the immediate postoperative
CT was large. Finally, it seems that the stabilization of the
electrode position may take at least 1 month following the
surgery.
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