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Estimation of Electrode Position with Fused
Images of Preoperative MRI and Postoperative
CT Using the Mutual Information Technique
After STN DBS in Patients with Advanced
Parkinson's Disease

Sun Ha Paek

Movement Disorder Center, Department of Neurosurgery, Seoul National
University Hospital, Seoul National University College of Medicine,
South Korea

1. Introduction

Since the introduction of deep brain stimulation (DBS) by Benabid and colleagues in 1987,
this technique has become the preferred treatment for patients with various movement
disorders including Parkinson’s disease (Benabid et al., 1987). Patients with advanced
Parkinson’s disease (PD) who have intolerable drug-induced side effects or motor
complications following the long-term use of dopaminergic drugs have shown significant
improvement in symptoms such as motor fluctuation and dyskinesia following subthalamic
nucleus (STN) deep brain stimulation (DBS), facilitating reductions in dosages of levodopa
(Limousin et al., 1998). Significant improvements in motor function have been documented
in both short-term and long-term periods (Krack et al., 2003; Benabid et al., 2005; Lyons &
Pahwa, 2005; Rodriguez-Oroz et al., 2005; Deuschl et al., 2006; Kleiner-Fisman et al., 2006;
Tsai et al., 2009). However, variable improvement of symptoms has been observed after STN
DBS even in well-selected patients with advanced PD (Paek et al., 2008). Such individual
variation was not predictable before surgery and its cause is not obvious. Differences in the
extent of disease progression or constitutional differences in response to STN DBS might
lead to such variation; alternatively, it might be caused by differences in the accuracy of
electrode positioning in relation to the STN.

The precise positioning of the electrodes in the STN is considered an important factor in
achieving good clinical outcome following STN DBS. To achieve precise targeting of
electrodes, many approaches have been taken; these include direct targeting based on fused
images of CT-MRI, MRI-MRI, and MRI-brain atlas, as well as intra-operative microelectrode
recording and intra-operative stimulation (Bejjani et al., 2000; Benazzou et al., 2002; Hamid
et al., 2005; Godinho et al., 2006; Cho et al., 2010). However, many unexpected factors, such
as possible brain shift due to CSF leakage, electrode artifacts in the MRI, and error in the
manipulation of instruments, make it difficult to precisely position electrodes in the center
of the STN (Martinez-Santiesteban et al., 2007; Miyagi et al., 2007; Halpern et al., 2008; Khan
et al., 2008). Thus, following surgery, not all patients have electrodes positioned exactly in
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the STN. This might lead to different clinical outcomes following STN DBS in advanced PD
patients. However, the existing literature contains few reports on the possible correlation
between clinical outcome and electrode position confirmed at a stable period after bilateral
STN stimulation.

The foregoing considerations suggest that it is necessary to determine the exact location of
DBS electrodes after surgery in order to accurately predict clinical outcomes and to program
appropriate stimulation parameters for STN DBS. The Movement Disorder Center of Seoul
National University Hospital (SNUH MDC) was launched in March, 2005; at that time, DBS
began to be covered by the National Health Insurance system in Korea. During the past six
years, we have systematically approached the analysis of clinical outcome in terms of
electrode position after bilateral STN stimulation (Heo et al., 2008; Kim et al., 2008a; Kim et
al., 2008b; Lee et al., 2008; Kim et al., 2009; Kim et al., 2010; Lee et al., 2010a; Lee et al., 2010b;
Paek et al., 2010).

In this chapter, I would like to briefly touch on these issues based on a review of the
literature as well as on our own experience. I would also like to introduce the DBS Electrode
Localization Analysis System (DELAS), an internet on-line service to estimate electrode
positions with fused images of pre-operative MRI and post-operative CT using mutual
information technique following STN DBS surgery in patients with advanced Parkinson’s
disease.

2. Image fusion using the mutual information technique and plotting of
electrode positions with reference to the human brain atlas of Schaltenbrand
and Wahren

2.1 Image-to-image registration using the mutual information technique

The mutual information technique is a commonly used image registration technique (Wells
et al., 1996; Christensen et al., 1997; Maes et al., 1997). Fig. 1 (Lucion, Cybermed Inc., Korea)
shows an instance of accurate registration between CT and MR images. The first image was
obtained by preoperative MRI and the second by postoperative CT. The process of image-to-
image registration using the mutual information technique can be briefly described as
follows. Consider the 2D histogram of 3D images A and B for a given transform T between
the two images: if the images have their discrete values m and n in [0...M], the 2D histogram
is a function h(m,n) from [0...M]x[0...N] to In that associates every pair of image values
(m,n) with the number of occurrences in which image A equals n at the same spatial point x
in 3D (for the given transform T, the number of such occurrences depends on parameters
p:m=a(x) and n=B(T(x)). If we consider 3D images A and B to be from the same modality,
then when the images are registered, the histogram h(m,n) is an array that has accumulation
points on the line m=n. These accumulation points are therefore very concentrated.

A possible way to characterize the complexity of a 2D histogram is to consider entropy.
Entropy, e(p), is minimal when the histogram is concentrated on very few accumulation
points. It is given by the following equation:

e(p)= —IP(m,n)ln(P(m,n))dm dn (1)

When images are registered, the entropy will be minimized. Equation 1.1 is now replaced by
the expression of mutual information, which has to be maximized, as follows:

www.intechopen.com



Estimation of Electrode Position with Fused Images of Preoperative MRI and
Postoperative CT Using the Mutual Information Technique After STN DBS in Patients with... 471

(b)

Fig. 1. Registration of multimodality images using entropy-based methods. (a) The different
CT slices are shown with the edges of the registered and reformatted MR data overlaid. (b)
A rendering of the 3D models constructed from different MR acquisitions that were
registered together: anatomic information (the skin, the brain, the vessels, the ventricles)
was generated from the post-contrast gradient echo (SPGR) MR images.

h(m,n) = ~[ P(m)In(P(m))dm ~[ P(n)In(P(m))dn + [ P(m,n)In(P(m, n))dmdn @)

The method of Wells et al. (1996) implements this principle very efficiently. In practice,
images do not need to be of the same modality; they merely need to “look similar.”
Obviously, there are some limitations to the method and many aspects remain to be
explored; however, the technique has yielded very efficient results in a variety of instances
(Pluim et al., 2003).

2.1.1 Calculation of mutual information (Ml)

Calculation of Ml is performed by employing formula (3) below. First, we need to obtain the
mutual histogram, g(a,b), of two volumetric images; then, by using the following equation,
the normalized mutual information is obtained. As the optimization procedure proceeds,
the value of MI gradually decreases. The optimization procedure terminates when the
change in the MI value is below a threshold,

Puo(a,b)
MI=)» p,.(ab)log, P where
%‘ Pu(@)p,(b)

X)=§Puv(x,b , Po(y) = ZPW (a,y),and p,,(x,y)= Zg(;ay Z (3

In this equation, g(a,b) represents the mutual histogram, x represents the intensity index of
the primary image, and y represents the intensity index of the secondary image.
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Fig. 2. Mutual histogram of two different images.

When the final screw vector is obtained, we can register the two volumetric images by
applying the transformation to the secondary volume.

2.2 Image fusion of preoperative brain MRI and postoperative brain CT/MRI images
and plotting of electrode positions with reference to the human brain atlas

Image fusions are performed using the mutual information technique with the preoperative
brain MRI and the brain CT/MRI images taken after STN DBS. Window level and width are
adjusted to best visualize the STN in the T2-weighted MRI and to best visualize the
electrodes in the CT/MRI. The preoperative T2-weighted axial images are fused with the
postoperative 3-D spiral CT scan images or T2-weighted axial images at the data set of 1-
mm thickness reformatted images, aligned to the anterior commissure-posterior commissure

Fig. 3. Image fusion of preoperative MRI and postoperative brain CT.
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(AC-PC) line. For the correction of head-rotation error, the midline of the reformatted
coronal images is positioned to intersect the midsagittal plane. The length of the AC-PC line
and the width of the third ventricle are taken into consideration for the proportional
localization of electrode position with reference to the human brain atlas of Schaltenbrandt
and Wahren (1998). In the reformatted axial images, the lateral distance from the midline
and the antero-posterior distance from the mid-commissural line to each electrode are
measured (Fig 3-A). In the reformatted coronal images in which the electrode trajectory is
best visualized, the lateral angles of the electrode trajectory from the midline are measured
for each electrode in every patient (Fig 3-B). In the reformatted sagittal images in which the
electrode trajectory is best shown, the antero-posterior angle of the electrode trajectory from
the line perpendicular to the AC-PC line and the depth of the electrodes are also measured
for each electrode in every patient (Fig 3-C).

3. Comparison study of estimated electrode locations obtained using various
image fusion techniques

3.1 Comparison study of CT and MRI for the localization of electrodes following
subthalamic nucleus deep brain stimulation
Despite the wide use of MRI in stereotactic neurosurgical procedures, the potential for
distortion of normal anatomical structures in MRI in comparison with brain CT scans has
been noted. Several studies focused on the reliability of MRI in target localization and
concluded that though some differences were identified, they were not significant and that
MRI alone may be used for target localization (Kondziolka et al., 1992; Holtzheimer et al.,
1999). Relatively less attention has been paid to the accuracy of MRI in localization of
electrode position, and the results have been controversial. However, by calculating
magnetic field perturbations wusing a Fourier-based method for various wire
microelectrodes, one study showed that significant artifact is produced depending on the
magnetic susceptibility of the material used and on the size, shape, and orientation of the
electrodes with respect to the primary magnetic field (Martinez-Santiesteban et al., 2007).
This study 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. Thus, artifacts caused by electrode interference with local
magnetic fields can make it difficult to precisely localize the center of the electrodes in MRI.
We found that there is a considerable difference in the estimated electrode position
obtained using postoperative CT and that obtained using MRI. Figure 4 shows fused images
of a brain CT and a brain MRI from one patient, both taken 6 months after bilateral
subthalamic stimulation. The fused images obtained from the MRI and the CT are aligned
along the AC-PC line at the level of the AC and the PC in the axial, sagittal, and coronal
planes. The red signal represents the position of the electrode extracted from brain CT
images obtained six months after surgery, and the gray signal represents the position of the
electrode extracted from brain MRI images obtained six months after surgery. The centers of
the red and gray areas, representing the center of the electrode as extracted from brain CT
and brain MRI images, respectively, do not coincide but instead show significant
discrepancy in their positions in the axial, coronal, and sagittal planes of the fused images
(Fig 4-A). With the adjustment of window level and width of the fused images, only the
electrodes in red color are superimposed in 3-D reconstructive rendering brain MR images
of the superior anterior view (Fig 4-B), the left anterior superior oblique view (Fig 4-C), and
the anterior posterior view (Fig 4-D). The discrepancy in the electrode position extracted
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from the brain CT and the center of the electrode artifact from the brain MRI taken 6 months
after surgery is remarkable in all three (axial, sagittal, and coronal) planes.
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Fig. 4. Fused images of brain CT and brain MRI, both taken 6 months after bilateral
subthalamic nucleus stimulation.

To validate the accuracy of MRI in electrode localization in comparison with CT scanning,
we compared the X-, Y-, and Z- coordinates of the centers of the electrodes estimated by
MRI and CT in 61 patients who received both MRI and CT at least six months after bilateral
STN DBS (Lee et al., 2010b). The x- and y-coordinates of the centers of the electrodes shown
by CT and MRI were compared in the fused images, and the average difference at five
different levels was calculated. The difference in the location of the tips of the electrodes,
designated as the z coordinate, was also calculated.

The average distance between the centers of the electrodes in the five levels estimated in the
fused images 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 the x coordinates for all five levels between MRI and
CT was 0.56£0.54 mm (0-5.7 mm); the discrepancy of the y coordinates was 1.06+0.59 mm
(0-3.5 mm) and that of the z coordinates 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 the AC-PC level, i.e., at
the level of the STN, was 0.59£0.42 mm (0-2.4) between MRI and CT; the discrepancy of the
y coordinates at this level was 0.81£0.47 mm (0-2.9) (p values<0.001). It is suggested that the
electrode location evaluated by postoperative MRI may show significant discrepancy with
that estimated by brain CT scan.
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3.2 Comparison of electrode location measured on the immediate postoperative day
and six months after bilateral STN DBS

Despite the wide use of brain CT scans during and immediately after DBS surgery,
unexpected circumstances during surgery, such as electrode bending and possible brain
shift due to CSF leakage, have not been seriously considered in the estimation of electrode
position using brain CT in the immediate postoperative period after DBS surgeries. One
study, which used brain CT to evaluate and correct geometrical error due to brain shift
during stereotactic brain surgery (van den Munckhof et al., 2010), showed that the
stereotactically implanted DBS electrodes were displaced in an upward direction with
time and that this displacement was significantly correlated with the amount of air in the
subdural space. This study calculated the displacement of the electrode on the fusion
image of preoperative and postoperative images. However, the fiducial points for the
fusion of different images were not associated with brain structures but with the skull.
The migration of metallic material in the parenchyma of the central nervous system has
also been reported (Ott et al., 1976; Sorensen & Krauss, 1991). We observed considerable
brain shift when comparing immediate postoperative CT scans and CT scans taken 6
months after surgery. We also found considerable discrepancy in the apparent electrode
position on immediate postoperative CT scans and brain CT scans taken 6 months after
surgery (Fig. 5).

A B

Red : brain CT
(immediate postop.)

Gray : brain CT
(6 months after surgery)

+ immediate postop. brain CT
* postop. 6 month brain CT

: immediate postop. brain CT + immediate postop. brain CT
< postop. 6 month brain CT ¢ postop. & month brain CT

Fig. 5. Fused images of an immediate postoperative brain CT and a brain CT taken 6 months
after bilateral subthalamic nucleus stimulation.
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In Fig. 5, fused images obtained from two CT scans are aligned along the AC-PC line at the
level of the AC and the PC in the axial, sagittal, and coronal planes. The red area represents
the position of the electrode extracted from brain CT images obtained immediately after
surgery, and the gray area represents the position of the electrode extracted from brain CT
images taken six months after surgery. The red and the gray areas do not coincide,
exhibiting significant discrepancy in their positions in the axial and coronal planes (Fig 5-A).
With the adjustment of window level and width of the fused images, only the shadow of
both electrodes is extracted in 3-D reconstructive rendering images of the right superior
oblique view (Fig 5-B), the right posterior oblique view (Fig 5-C), and the AP and lateral
views (Fig 5-D). In these views, the yellow area represents the position of the electrode
extracted from brain CT images obtained immediately after surgery, and the sky-blue area
represents the position of the electrode extracted from brain CT images taken six months
after surgery. The discrepancy in the electrode position between the two CT scans is
remarkable and significant.

We compared the positions of subthalamic nucleus (STN) deep brain stimulation (DBS)
electrodes estimated during the immediate postoperative period with those estimated 6
months after surgery. Brain CT scans were taken immediately and 6 months after bilateral
STN DBS in 53 patients with Parkinson’s disease (Fig 5.). (Kim et al., 2010). The two images
were fused using the mutual information technique. The discrepancies in electrode position
in three coordinates were measured in the fused images, and the relationship with the
pneumocephalus was evaluated.

The average discrepancies of the x- and y-coordinates of the electrode position at the level of
the 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 the z-coordinate of the electrode tip in the fused images was 1.0+0.8 mm
(range, 0.1~4.0 mm). The volume of pneumocephalus (range, 0-76 ml) was correlated with
the y-coordinate discrepancies (p<0.005).

We found that there was significant discrepancy in the implanted electrode position
measured during the immediate postoperative period and that measured 6 months after
DBS surgery. The discrepancy was greatest when the amount of pneumocephalus measured
in the immediate postoperative CT scan was large. We think that the stabilization of the
electrode position may require at least one month following surgery.

4. Analysis of clinical outcome dependence on electrode position following
subthalamic nucleus stimulation

4.1 Data management system in a movement disorder center

When evaluating patients with movement disorders such as Parkinson’s disease (PD), most
neurologists observe patients only during a limited period at the outpatient clinic. Such
limited periods of observation may be less than optimal for precise evaluation of patients
with varying and unexpected patterns of movement and for supporting the development of
optimal treatment plans for such patients. In order to have a good DBS program, a system
that can handle the vast amount of data generated by a DBS program is required (Lee et al.,
2008). Data include information on patients’ pre- and postoperative clinical condition
(including videos), medications and stimulation-related parameters. For proper
management of patients, easy access to these data is essential . For this reason, we designed
a specialized monitoring unit and data management system with systematic storage and
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easy access for use in deep brain stimulation programs for patients with movement
disorders (Paek et al., 2010). All patients were monitored and evaluated in a specialized 24-
hour monitoring system, postoperatively as well as preoperatively, in order to provide
information for making accurate diagnoses and thorough evaluation of surgical candidates,
as well as to provide them with the best care based on a consistent management protocol
and an organized follow-up system. We digitized all of the data and developed a data
management system that allowed systematic storage and easy access to the data on demand
by users in the offices and outpatient clinics. We describe our data management system and
how it provides benefit to patients (Fig. 6), so that others may use it as a template for
designing their own data management systems. The details have been described previously

(Paek et al., 2010).
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The easy accessibility and the outstanding convenience for users of the stacked information
in our data management system are useful in many ways.

First, they can improve the quality of patient management. Our specialized 24-hour
monitoring system can provide more precise preoperative evaluation of patients with
various movement disorders, including advanced PD, and can show various and
unexpected side effects including the severe wearing-off phenomenon, dyskinesia and
motor fluctuation during their 24-hour daily lives. The systematic management system can
be useful not only for the selection of surgical candidates but also for dose adjustment of
stimulation parameters before and after surgery.

Second, our data management system can be a useful tool for the education for patients and
their caregivers. Many patients with PD have difficulty differentiating between off tremor,
dystonia and dyskinesia. Video recordings were helpful in educating the patients about the
conditions seen in the videos and in teaching them how to describe their symptoms
correctly for future communication.

Third, we can use the data to continually review our performance and to perform
standardized outcome analysis. With our data management system, we can access all the
collected data representing integrated clinical information on all our patients and carry out a
statistical evaluation of our performance.

4.2 Short-term outcome dependence on electrode position as determined by fused
images of preoperative and postoperative brain MRI following bilateral subthalamic
nucleus stimulation

STN DBS improves motor symptoms and daily activities in patients with advanced PD
(Krack et al., 2003; Benabid et al., 2005; Lyons & Pahwa, 2005; Rodriguez-Oroz et al., 2005;
Deuschl et al.,, 2006; Kleiner-Fisman et al., 2006; Tsai et al., 2009). However, variable
improvement of symptoms has been observed after STN DBS, even in well-selected patients
with advanced PD (Krack et al., 2003; Ford et al., 2004). Such individual variation was not
predictable before surgery and no obvious explanation for it is evident; it might have
resulted from differences in the extent of disease progression, constitutional differences in
individual patients” responses to STN DBS, or the relative accuracy of electrode positioning.
Many studies have discussed the technical details of electrode localization in postoperative
magnetic resonance imaging (MRI) and have described the anatomical locations of clinically
effective electrode contacts (Saint-Cyr et al., 2002; Schrader et al., 2002; Starr et al., 2002;
Yelnik et al., 2003; Hamid et al., 2005; Plaha et al., 2006; Pollo et al., 2007). However, most
reports do not include a comparison of electrode location and surgical outcome. Plaha et al.
(2006) stated that electrodes located in the zona incerta resulted in greater improvement in
contralateral motor scores than those located in the STN or dorsomedial/medial to the STN
after STN DBS. These authors used guide tubes and plastic stylets implanted in the target
point and performed intraoperative MRI to verify the electrode position. Postoperative
confirmation of the electrode location was not carried out. McClelland et al. (2005)
calculated the electrode tip coordinates in x, y, and z planes relative to the midcommissural
point from fused MRI scans of postoperative and preoperative planning images in 26
consecutive patients and compared electrode tip location with clinical outcome. Yokoyama
et al. (2006) compared the clinical improvement of Parkinsonian symptoms after monopolar
stimulation using four electrode contacts, the locations of which were determined using
intraoperative x-rays obtained after placing the DBS electrode in the STN. In both of these
studies, the positions of the electrodes were determined by intraoperative x-ray or by using

www.intechopen.com



Estimation of Electrode Position with Fused Images of Preoperative MRI and
Postoperative CT Using the Mutual Information Technique After STN DBS in Patients with... 479

fused images from immediate pre- and postoperative MRI. Possible brain shift during the
operation and/or the immediate postoperative period could be a concern regarding the
accuracy of the electrode localization. Both studies assessed electrode position relative to the
AC-PC line or to the midcommissural point, but neither demonstrated a 3-dimensional
relationship between the electrode and the STN.

We evaluated the clinical outcomes of 53 advanced PD patients at three and six months after
bilateral STN DBS with respect to electrode position estimated from fused pre- and
postoperative magnetic resonance images (Paek et al., 2008). Patients were evaluated using
the Unified Parkinson’s Disease Rating Scale, Hoehn and Yahr staging, Schwab and England
Activities of Daily Living, L-dopa equivalent dose, and the Short Form-36 Health Survey
before surgery and at 3 and 6 months after surgery. Brain magnetic resonance imaging (1.5-
T) was performed in all 53 patients at 6 months after STN DBS.

In this group of patients, the Unified Parkinson’s Disease Rating Scale, Hoehn and Yahr
staging, Schwab and England Activities of Daily Living, and Short Form-36 Health Survey
scores all improved at 3 and 6 months after STN DBS, while the L-dopa equivalent dose
decreased by 60%. The electrode position was classified according to its relationship to the
STN and the red nucleus. The off-medication speech subscale score improved only in
patients whose electrodes were correctly bilaterally positioned in the STN; however, the
improvement of Parkinsonian symptoms other than speech and stimulation side effects did
not vary with the variation of electrode locations found. It seems that there is a significant
target volume in the region of the STN that provides equivalent clinical efficacy.

Despite these correlations, we found that there is a significant difference in electrode
position determined from the fused images of postoperative MRI and CT scans taken six
months after surgery and those measured immediately following bilateral STN DBS
surgery. Thus, we again compared the clinical outcomes of 57 advanced PD patients at six
and twelve months following bilateral STN DBS according to electrode positions estimated
using fused preoperative magnetic resonance images and postoperative computed
tomography obtained six months after surgery. Electrode positions were determined in the
fused images of preoperative magnetic resonance images and postoperative computed
tomography taken at six months after surgery. The patients were divided into three groups:
group I, both electrodes in the subthalamic nucleus; group II, only one electrode in the
subthalamic nucleus; group III, neither electrode in the subthalamic nucleus. Unified
Parkinson’s Disease Rating Scale, Hoehn and Yahr Stage, Schwab and England Activities of
Daily Living were prospectively evaluated before and at 6 and 12 months after surgery.

In Groups I and II, the Unified Parkinson’s Disease Rating Scale, the Hoehn and Yahr Stage,
and the Schwab and England Activities of Daily Living scores significantly improved with a
reduced I-dopa equivalent daily dose at 6 and 12 months after subthalamic nucleus
stimulation. The patients of group I, especially those in whom the electrodes were located in
the middle third of both subthalamic nuclei 3.5 mm below the anterior-posterior
commissural line, had better outcome in speech with a smaller L-dopa equivalent daily dose
than that of the two other groups.

The LEDD of 13 of the 57 patients was zero at their last follow up. The preoperative
characteristics of this group were not different from those of the other patients. Their total
UPDRS scores, H&Y Stage, SEADL, and dyskinesia disability scores improved dramatically
at 12 months after STN DBS. Their off-time UPDRS part III subscores, including speech,
were significantly improved at 12 months after surgery. On investigating electrode
positioning in these patients, it was found that all had both electrodes positioned in or close
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to the middle one third of the STN on axial view, at a level of 3.5 mm below the AC-PC line.
It is suggested that the best symptom relief, including improved speech with reduced
LEDD, was observed in the patients whose electrodes were accurately positioned in both
STN. Thus, a good long-term outcome of subthalamic nucleus stimulation is predicted when
the electrodes are positioned in the middle third of the subthalamic nucleus (Fig. 7).
However, the improvement of Parkinsonian symptoms, LEDD, neuropsychological changes
other than speech, and stimulation side effects did not vary with the variation of electrode
location found in this series of patients. This study thus supports the idea proposed by
McClelland et al. (2005) that there is a significant target volume in the region of the STN that
provides equivalent clinical efficacy.

Rxdal Hd -3.5

Coronal Fp 3.0

Fig. 7. Locations of the electrodes based on fused images obtained from 13 patients who
showed significant clinical improvement in UPDRS part III including speech with nil LEDD
(shown in red) and on fused images obtained from the remaining 44 patients (shown in
black) at the last follow-up period more than one year after surgery. Most of the electrodes
in the 13 patients who showed improvement are positioned in the middle one third of the
subthalamic nucleus (in the axial view) at a level of 3.5 mm below the AC-PC line (upper
left); they are also positioned in the subthalamic nucleus in the coronal view at a level of 3.0
mm posterior to the midcommissural point (upper right) and in the sagittal view at a level
of 12 mm lateral to the midline (lower panels).

4.3 Three-year long-term outcome following bilateral STN DBS with respect to
electrode position

Although many studies have addressed the relationship between patients” clinical outcomes
and prognostic factors, few studies have analyzed the long-term clinical outcome of STN
DBS as a function of inserted electrode positioning (Tsai et al., 2009). Many studies have
shown stable improvement in patients’ UDPRS scores after bilateral STN DBS (Krack et al.,
2003; Liang et al., 2006; Ostergaard & Sunde., 2006; Piboolnurak et al., 2007; Wider et al.,
2008; Tsai et al., 2009), although the scores were observed to diminish over time due to
disease progression (Olanow et al., 1995; Louis et al., 1999; Jankovic et al., 2001; Krack et al.,
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2003; Rodriguez-Oroz et al., 2005; Tsai et al., 2009). In a review of the literature, Benabid et
al. (2009) found that improvements in UDPRS III scores after STN DBS were reasonably
stable over time, decreasing from 66% improvement at one year to 54% improvement five
years after surgery (Benabid et al., 2009). It is suggested that the progression of symptoms
over time after STN DBS closely resembles the natural history of PD on medically-treated
PD but motor complications, which was thought to represent disease progression.
Piboolnurak et al. (2007) investigated the long-term levodopa response after bilateral STN
DBS and the predictive value of preoperative L-dopa response in 33 patients with PD
(Piboolnurak et al., 2007). They found a trend of decreasing DBS response and observed that
preoperative L-dopa responsiveness was not predictive of long-term DBS benefit. Wider et
al. (2008) have described the long-term outcomes of 50 consecutive PD patients up to five
years after bilateral STN DBS. They noted that a highly significant improvement in UPDRS
part III sub-scores with stimulation was maintained at five years; however, this tended to
diminish over time due to disease progression. They suggest that the observation of
worsening symptoms in these cases argues against the neuroprotective effect hypothesis of
STN DBS and actually reflects disease progression (Olanow et al., 1995; Louis et al., 1999;
Jankovic et al., 2001; Krack et al., 2003). Unfortunately, there is little information available in
the literature on how patients” long-term outcomes relate to electrode position measured in
a stable period following bilateral STN stimulation.

We investigated the three-year outcomes of 42 PD patients following bilateral STN DBS and
related the outcomes to electrode position as determined by means of fused preoperative
MRI and postoperative CT images. Forty-two advanced PD patients were followed for three
years after bilateral STN DBS using a prospective protocol. Patients were evaluated before
surgery and one, two, and three years after surgery using the Unified Parkinson’s Disease
Rating Scale, Hoehn and Yahr staging, Schwab and England Activities of Daily Living, and
the Short Form-36 Health Survey. The patients were divided into two groups according to
electrode position; group I included patients who had both electrodes in the STN (n=31),
whereas group II included patients who did not have both electrodes in the STN (n=11).

The UPDRS, Hoehn & Yahr staging, Schwab and England Activities of Daily Living, and the
Short Form-36 Health Survey scores showed significant improvements with decreased L-
dopa equivalent daily doses (LEDDs) in both groups, as well as in the patient cohort as a
whole, up to three years following bilateral STN DBS (Fig 8). However, for patients in group
II, the off-medication UPDRS total and motor (part III) scores significantly deteriorated with
increased LEDDs three years after STN DBS in comparison to patients in group I (Fig. 8).

It is suggested that electrode positioning influences the long-term outcome of advanced PD
patients following STN DBS. Accurate electrode positioning and documentation thereof
should be considered in long-term assessment following STN DBS.

5. Programming/reprogramming guided by the use of fused images from
preoperative MRI and postoperative CT following STN DBS

5.1 DBS Electrodes Location Analysis System (DELAS)

We developed an on-line service called “DBS Electrode Localization Analysis System
(DELAS)”, (http://delas.ondemand3d.com) that can be used to estimate the location of an
individual patient’s electrodes following STN DBS. Based on our previous experience,
estimation of electrode positions at a stable period (around one month) following STN DBS
can provide a useful basis for predicting the surgical outcome of each patient and for
programming appropriate IPG parameters for each advanced PD patient treated with STN
DBS.
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Fig. 8. On-time and off-time scores in 42 patients at 1, 2, and 3 years after subthalamic
nucleus stimulation.
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5.2 Programming/reprogramming guided by the use of fused images

An examination of the effectiveness and side effects of each of the four contacts of the
electrodes used in DBS was performed using an N’vision® programmer (Medtronic,
Minneapolis, WI) in all patients to select the best contact of the electrodes and electrical
settings for chronic stimulation by the neurologist. After beginning stimulation at the
minimal available level (around 1.0 volts), the medication and stimulation parameters were
optimized to the demand for the best status of motor functions in harmony with the DBS
programming via a 24-hour monitoring unit. Using this method and the electrode position
identified by CT-MRI fused images, the stimulation parameters can be carefully adjusted
with the selection of the best or the closest contacts of the stimulation electrodes.

5.2.1 Fusion-image-based programming

Subthalamic nucleus (STN) deep brain stimulation (DBS) is a standard therapy for patients
with advanced Parkinson’s disease (PD) and intolerance for long-term use of medication
(Krack et al., 2003; Benabid et al., 2005; Lyons & Pahwa, 2005; Rodriguez-Oroz et al., 2005;
Deuschl et al., 2006; Kleiner-Fisman et al., 2006; Tsai et al., 2009). DBS programming is a
time-consuming task, however, that requires the patient to undergo a long period of
adjustment after surgery (Moro et al., 2002; Deuschl et al., 2006a; Volkmann et al., 2006).
Traditionally, DBS programming follows a standardized step-by-step approach (14, 19). The
basic algorithm for DBS programming comprises (i) initial programming during the
postoperative period; (ii) initiation of long-term stimulation; (iii) stimulation adjustment
during the stabilization period (first 3-6 months after surgery) (Deuschl et al., 2006a;
Volkmann et al., 2006). This approach tests each electrode individually to determine the
most effective stimulation parameters. Generally, the starting point is set at a pulse width of
60 us and a frequency of 130 Hz. Subsequently, the amplitude thresholds for the induction
of clinical responses and side effects are determined using monopolar stimulation for each
electrode contact with stepwise increases in amplitude of 0.2-0.5 V. If clinical improvement
is observed without side effects, the amplitude is increased further to determine the
threshold of onset of adverse effects. If no beneficial or adverse effects are observed within
the available amplitude range, the next contact is selected and tested. The electrode contact
with the lowest threshold that induces a benefit and the largest therapeutic width (i.e.,
highest threshold for side effects) is selected for long-term stimulation.

We deemed that the determination of the best electrode contacts closest to the STN can be
performed more easily and quickly via the use of fused preoperative magnetic resonance
imaging (MRI) and postoperative computed tomography (CT) images. We proposed fusion-
image-based programming to effectively adjust DBS parameters for patients with advanced
Parkinson’s disease (PD) after subthalamic nucleus (STN) deep brain stimulation (DBS)
(Paek et al., 2011). Thirty-eight patients with advanced PD were consecutively treated with
STN DBS between January 2007 and July 2008. The electrode positions and information
regarding their contacts with the STN were determined via fusion of images obtained by
preoperative magnetic resonance imaging (MRI) and postoperative computed tomography
(CT) carried out 1 month after STN DBS (Fig. 9). Postoperative programming was
performed using the information on electrode position acquired from the fused images.

All patients were evaluated using a prospective protocol of the Unified Parkinson’s Disease
Rating Scale, Hoehn and Yahr Staging, Schwab and England Activities of Daily Living,
levodopa equivalent daily dose (LEDD), the Short Form-36 Health Survey, and
neuropsychological tests prior to and at 3 and/or 6 months after surgery.
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Fig. 9. Electrode positions plotted with reference to the human brain atlas of Schaltenbrandt
and Wahren. The electrode positions are based on information obtained from fused images
of preoperative MRI and postoperative CT taken one month after surgery.

After STN stimulation, there was rapid and significant improvement of motor symptoms,
especially tremor and rigidity, with low morbidity. Stimulation led to an improvement in
the off-medication UPRSR III scores of approximately 55% of the patients at 3 and 6 months
after STN DBS. Dyskinesia was also significantly improved (74% at 3 months and 95% at 6
months) (Table 1).

In addition, LEDD values decreased to 50% of the level observed before surgery within 1
month after STN DBS surgery (Fig. 10).

When information from the fused images of preoperative MRI and postoperative CT was
used to ascertain electrode position, the time spent selecting the stimulation contacts and
appropriate stimulation parameters was markedly shortened, and patients were able to
avoid prolonged experience of the unnecessary adverse effects caused by the selection of
inappropriate contacts far from the STN target. With this approach, the selection of
stimulation contacts with appropriate stimulation parameters can be achieved soon after
surgery, in harmony with reduced dosages of antiparkinsonian drugs. When the fused
images were used, the time and effort expended by physicians in the selection of the
stimulation contacts and appropriate stimulation parameters were also markedly reduced,
and the long-term trial-and-error rounds caused by the step-by-step selection of the
contacts, which frequently occurred even with experienced specialists (Moro et al., 2002;
Deuschl et al., 2006a; Volkmann et al., 2006), could be avoided. Thus, it is suggested that
programming based on fused images of preoperative MRI and postoperative CT scans after
STN DBS can often be carried out quickly, easily, and efficiently.
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P-value
3 months 6 months
vs. baseline vs. baseline

Medication  DBS Baseline 3 months 6 months

Total UPDRS On Off 30.8+14.4
Off 65.7 +18.1
On On 245+128 253+104 p=0.015  p=0.038
Off 337+164 334+142 p<0.001'  p<0.001"
UPDRS III On Off 203+11.7 334 +14.8 p<0.001"
Off 40.9 +13.4 38.0+13.6 P=0.203
On On 144+83 145+61 p=0.004  p=0.005"
Off 186+84 181+80  p<0.00I"  p<0.001"
Hé&Y On Off 24+05
Off 31409
On On 24+05  25+05  p=0729  p=0337
Off 26+04  26+05 p=0.001" p<0.001"
SEADL On Off  833+10.1
Off 642 +13.6
On On 861+99 866+97 p=0.185  p=0.085
Off 80.6+13.7 805+143 p<0.001"  p<0.001"
gi-‘i:l;ﬁ‘:;la 21+15 05+11  03+08  p<0.001* p<0.001"
LEDD 793 4 285.3 246.5
(mg/day) +527.0 +387.2 +3221  p<0.00I'  p<0.001"

Table 1. Clinical outcome in 38 patients after subthalamic nucleus stimulation. * Asterisks
indicate p<0.01 and statistical significance with use of the Bonferroni correction method to
avoid a Type I error when conducting multiple analyses over time.
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Fig. 10. Levodopa equivalent daily dose (LEDD) changes in 38 patients after subthalamic
nucleus stimulation.

5.2.2 Fusion-image-based reprogramming
Published guidelines for DBS programming in PD recommend that the contact for chronic

stimulation be selected after testing the efficacy of each electrode separately to evaluate its
effective threshold and therapeutic width (Volkmann et al.,, 2002; Volkmann et al., 2006).
Although the established guidelines provide a systematic approach, several practical
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difficulties are encountered in DBS programming. First, the responses from stimulating each
contact serially at several-minute intervals can be confounded by the effects of the
previously stimulated electrode. Second, it is time-consuming to stimulate each electrode
separately and to evaluate the threshold of each parameter. Third, adequate patient
cooperation, which can be easily affected by the patients” subjective feelings and motivation,
is essential to determining the thresholds. The placebo effect is yet another difficulty.
Therefore, the outcome of DBS programming is highly dependent on the physician’s
capability and the capacity of the DBS care facility (Moro et al., 2002; Moro et al., 2006).

We have developed a fusion method that combines images of pre-operative magnetic
resonance imaging (MRI) and postoperative computed tomography (CT) (Kim et al., 2008a;
Kim et al., 2008b; Lee et al., 2008; Kim et al., 2009; Kim et al., 2010; Paek et al., 2010). This
fusion method enabled us to determine the 3-dimensional (3D) location of the leads and
each contact in relation to the STN.

Assuming that use of this visual information would improve the outcomes of DBS
programming, we reprogrammed the stimulator based on the fused images of MRI and CT
in patients who had been stably managed on the STN-DBS for at least 6 months. To evaluate
the usefulness of the visual information about the location of the contacts in deep brain
stimulation (DBS) programming, we compared the outcomes of subthalamic nucleus (STN)
stimulation before and after reprogramming guided by the fused images of MRI and CT
(Lee et al., 2010a).

Of 65 patients with Parkinson’s disease who underwent bilateral STN-DBS surgery between
March 2005 and September 2006 and had been managed for at least 6 months with
conventional programming based only on physiological responses from the patients, 54
patients were reprogrammed based on the 3D anatomical location of the contacts revealed
by the fused images of preoperative MRI and post-operative CT scans taken 6 months after
surgery. A total of 51 patients completed the evaluation after reprogramming.
Reprogramming significantly improved the patients” UPDRS part III scores during both on-
and off-medication conditions. The daily levodopa-equivalent dose was significantly reduced.
Improvement in the UPDRS part III scores after reprogramming was greater in the patients
with electrodes in the STN than in patients with electrodes located outside the STN (Table 2).

Characteristics Pre-reprogramming Post-reprogramming p-Value

Primary outcomes
UPDRS - 11 (0-108)

Off-medication 225+ 10.5 19.1 £ 115 00137t
On-medication 17.0 £ 9.2 140+79 0.00061
Secondary outcomes

UPDRS - [ (0-16)

Off-medication 454 3.4 42425 05535

On-medication 28+ 2.6 31+23 0.2415
UPDRS - I1{0-52)

Off-medication 17.8+£7.9 163 +7.3 0.1455

On-medication 100 £ 6.4 123 £ 69 0.0130f
UPDRS - 11l subscores for axial symptoms (0-20)

Off-medication 494 22 50+ 27 0.8645

On-medication 394 2.0 40+ 24 0.8812
Diyskinesia disability (0-4) 0.9+ 1.3 0.6+ 1.0 00598
Dyskinesia duration (0-4) 0.4+ 06 0.3+ 06 03991
Off-duration (0-4) 14+ 1.1 1.1+ 10 0.0549
Hoehn and Yahr stage (0-5)

Off-medication 2.6+ 05 26+07 05465

On-medication 24+ 06 25+ 07 0.2620
LEDD (mg/day) 355.6 + 321.3 276.7 + 283.0 0.0155!

Table 2. Outcomes before and after reprogramming in 51 patients.
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It is suggested that CT-MR fusion images helped physicians reprogram stimulation
parameters with ease and confidence in a time-saving manner and resulted in further
clinical improvement. This method could complement the conventional method of adjusting
stimulation parameters after bilateral STN-DBS.

6. Conclusion

In STN DBS, precise positioning of electrodes within the STN is important for good clinical
outcome after surgery. Many approaches, including image fusion of CT-MRI, MRI-MRI, use
of an MRI brain atlas, intraoperative microelectrode recording, and stimulation, have been
used in efforts to achieve precise targeting of electrodes. However, many unexpected factors
such as possible brain shift due to CSF leakage, electrode artifacts in the MRI, and error in
the manipulation of instruments, make it difficult to have electrodes precisely positioned in
the center of the STN. Thus, not all patients have electrodes positioned exactly in the STN
after surgery. This might result in different clinical outcomes following STN DBS in
advanced PD patients. Knowledge of the exact location of DBS electrodes may be important
in the prediction of clinical outcomes as well as in the programming of stimulation
parameters following STN DBS.

We developed the DBS Electrode Localization Analysis System (DELAS) to estimate the
location of electrodes following STN DBS. We demonstrated that electrode location can
influence long-term clinical outcome in advanced PD patients following STN DBS. Hence,
electrode positioning in relation with the STN and documentation thereof should be
emphasized when adjusting long-term management plans and assessing the long-term
effects of DBS on disease progression in advanced PD patients following STN DBS. We
believe that the DELAS system makes it possible to try a new approach of programming or
reprogramming after STN DBS that consists of fusing images of preoperative MRI and
postoperative CT using the mutual information technique. This technique allows the
identification of the 3-D location of the leads and of each contact in relation to the STN.
Using information on the 3-D location of the electrodes and their contacts based on fused
images of preoperative MRI and postoperative CT scans acquired 1 month after surgery,
programming can be quickly, easily, and efficiently performed after STN DBS.
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