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ABSTRACT

Object

Movement disorders in Parkinson disease patients may require functional surgery, when medical therapy isn’t effective.
In Deep Brain Stimulation (DBS) electrodes are implanted within the brain to stimulate deep structures such as
SubThalamic Nucleus (STN). This paper describes successive steps for constructing a digital Atlas gathering patient’s
location of electrodes and contacts for post operative assessment.

Materials and Method

12 patients who had undergone bilateral STN DBS have participated to the study. Contacts on post-operative CT scans
were automatically localized, based on black artefacts. For each patient, post operative CT images were rigidly registered
to pre operative MR images. Then, pre operative MR images were registered to a MR template (super-resolution
Collin27 average MRI template). This last registration was the combination of global affine, local affine and local non
linear registrations, respectively. Four different studies were performed in order to validate the MR patient to template
registration process, based on anatomical landmarks and clinical scores (i.e., Unified Parkinson’s disease rating Scale).
Visualisation software was developed for displaying into the template images the stimulated contacts represented as
cylinders with a colour code related to the improvement of the UPDRS.

Results

The automatic contact localization algorithm was successful for all the patients. Validation studies for the registration
process gave a placement error of 1.4 +/- 0.2 mm and coherence with UPDRS scores.

Conclusion

The developed visualization tool allows post-operative assessment for previous interventions. Correlation with additional
clinical scores will certainly permit to learn more about DBS and to better understand clinical side-effects.
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1-INTRODUCTION

The subthalamic nucleus (STN) became the mean target of high-frequency deep brain stimulation (DBS) in patients with
Parkinson’s disease (PD) and severe disabled symptoms [1-5]. While symptoms related to PD can be treated without
surgical intervention, it remains patients for which medical therapy is not effective. The targeting of the STN is based on
anatomic, imaging and statistical data obtained on anatomic and prospective clinical studies. Instead clinical data aren’t
often used yet to localize optimal target, teams worked on successful implantations where post-operative effects are
satisfactory and side effects minimum. They can with these results find the best localization related to tremor,
bradykinesia or rigidity pathologies, and provide the surgical team with a complete comprehensive neurosurgical system.
New MR imaging protocols enable visualization of brain structures. But for dedicated clinical applications such as DBS,
a more accurate localization requires the use of Atlases, such as histological [6,7] or high-resolution [8,9] ones. This
paper describes the image processing steps for constructing a digital Atlas gathering patient’s location of electrode
contacts and validation studies of the registration aspect. UPDRS (Unified Parkinson’s disease rating Scale [10]) scores
will be integrated in the Atlas to correlate position of stimulated contacts with clinical data.

2 - MATERIALS AND METHODS

2.1 Patients
Twelve patients (8 male, 4 female, mean age 55 +/- 8 years) with idiopathic Parkinson’s diseases had STN DBS
according to selected inclusion criteria [1,2].

2.2 Images

MRI, even with the progress in imaging, is the source of non-predicable distortion, making difficult the possibility of
visualizing deep brain structures during the procedure of targeting. Matching pre-operative CT with MRI allows
overcoming such issue. Therefore, the geometry accuracy of the CT is preserved, and the structures can be identified
with the MRI. Such technique is used here. Patients had pre-operative 3-T T1-weighted MR (1 mm x 1 mm x 1 mm,
Philips Medical Systems), pre and post-operative CT scans (0.44 mm x 0.44 mm x 0.6 mm in post-operative acquisitions
and 0.5 mm x 0.5 mm x 0.6 mm in pre-operative acquisitions, GE Healthcare VCT 64). Thirty-five slices of pre-
operative T2-weighted images involving basal ganglia were also acquired for helping the STN targeting.

Images Pre-Processing: Pre and post-operative CT, T1- and T2-weighted MR images were denoised with the Non-local
means algorithm [11]. A bias correction algorithm [12] based on intensity values was also applied on T1 and T2 MR
images.

2.3 Clinical procedure

Pre-operative planning was performed with the Stealthstation planning software (Medtronic, Minneapolis, Minnesota,
USA), loading images, registering them together and proposing a 3D visualisation interface to define the target
localisation in the Anterior and Posterior Commisures (AC-PC). T1, T2 and CT images were first co-register, and
secondly experts localized manually AC-PC coordinates, the midsagittal and entry points on the MR images. The
Talairach [13] Atlas was then displayed, where experts finally localized the optimal target position based on the
anatomic information of the patient. Coordinates of the target were automatically transformed into CA-CP coordinate
system, in order to reach the optimal position of contact with the quadripolar electrode (DBS 3389, Medtronic) during
the surgical procedure.

Surgical procedure: Stereotactic electrode implantation (Leksell, USA) is performed under local anaesthesia in a 1 day
procedure. Both preoperative T1/T2-weighted MRI and CT are obtained early in the morning, following by the target
localization explained above.

The point calculated before the implantation is used as an initial position that has to be refined intra-operatively. A few
causes of discrepancy between chosen target and the final implant might appear, such as the brain shift [14,15] and the
stereotactic surgical placement errors. The first one is due to the opening of the brain, but it is assumed that there are no
significant errors which can causes real perturbation in our results. The second one is due to the mechanic placement
errors. In spite of a submillimetric precision in graduation the frame causes a loss of accuracy that is no negligible. To
take into account these different errors an X-ray control is done during the surgical procedure, helping the neurosurgeons
to place correctly the electrode. In order to reach the optimal placement, a phase of intra-operative electrophysiological



exploration is also performed. Two neurologists test the clinical effects with different settings for each contact, when the
patient is still under local anaesthesia. Changing frequency, voltage, contact stimulated and electrodes trajectory they
finally keep the best settings, knowing that these one might be change post-operatively as Parkinson’s pathologies are
often evolving and need readjustments. Of course this choice is also guide by the side effects which should be as
minimum as possible. At every permutation of settings, a small time is necessary to allow the clinical effects of patient’s
pathology to come back. When all the test are finished, the surgeon anchor the electrode to the skull, and if the surgical
procedure is a bilateral DBS implantation the second electrode is then subjected to the same steps. Typically a mono-
lateral implantation is performed when patient’s tremor disorders are located to only one side (in that case electrode is
implanted in the other side of the brain). Instead of this step of intra-operative programming, clinical effects may take
several weeks to appear, which complicate the task of the neurologists in finding the optimal settings.

2.4 Automatic contact localization

The spatial coordinates of the contacts for each electrode were computed post-operatively from CT images. Their
positions were determined based on the black artefacts created on the CT. Recent works [16] on electro-magnetic effects
showed that artefacts appearing on images corresponded to the center of the real contact. This segmentation task was
automatically realized, with at first an intensity threshold, followed by a search of artefacts on the image and constraints
on neighbourhood. Usually just two or three contacts can be identified directly on the image because of the resolution of
the slices, which caused loss of information. To find the last contact, it was necessary to extrapolate the points already
found with the original electrode settings, such as the distance of a contact (1.5 mm) or the distance between each (0.5
mm or 1.5 mm). On every new post-operative data this automatic procedure was performed and gave all contacts
localizations.

2.5 Contact representation

With the method mentioned previously, active contacts are represented by a point corresponding to the center of the
contact. Some previous works estimated the height of the contact [17,18], while others [19] considered all the structures
involved in the stimulation, which means considering the contacts lying within the different structures. For the
representation in the atlas, we decided to take into account all the geometry of a contact, modelled by a cylinder (length:
1.5mm, diameter: 1mm) (Fig 1). On the other hand, for the database we kept the representation as a point, in computing
the centroid of the projected artefacts.

Fig 1: Segmentation of two electrodes, their contacts and the skull of a patient with STN DBS for Parkinson’s disease.



2.6 Registration

We used the state of the art of linear/non-linear registration algorithm. We decided to use the technique already described
by Sanchez [20], which showed that the best patient images to Atlas registration in the context of DBS was a global
linear image to Atlas registration with a mask on deep structures, following by a non-linear local registration with either
Demons or BSplines algorithm. We added CT to MRI registration step.

Here is the registration procedure proposed for each subject (Fig 2). The post-operative CT was first linearly registered
to the pre-operative MRI, creating a 3D transformation matrix. The affine MR-to-atlas transformation was then
computed. After the global warping, a local affine registration was computed on a region of interest including the deep
brain structures. All the linear transformations were executed with the Newuoa optimization [21]. The final step included
a non-linear local algorithm called Demons [www.itk.org], which estimated a 3D deformation field between a source
volume and a target volume. Non-linear was essential to take into account the difference of anatomy between each
patient. We finally obtained a global matrix including the four linear transformations, and a deformation field
corresponding to the non-linear one. With this procedure the contacts positions could be warp in the common Colin27
template and it allows visualization of contacts in deep brain structures of the Template. On the contrary, it also allows
register the possible optimal electrode contacts from the Atlas to the pre-operative acquired data by an inverse of the
original transformation, since linear and non-linear algorithms are both bijective transformations.
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Fig 2: Registration Workflow between post-operative CT and the MR template

2.7 Registration Validation

Four different validation studies of the registration workflow were performed with increased clinical meaning,
considering that rigid intra-patient CT to MR registration was almost perfect. The first validation study used statistic
tools to evaluate the similarity of two coregistered images, in order to compare several input parameters of our method:
“global” vs. “local” registration, the choice of non-linear algorithm and the choice of specific template. The performance
criterion used was the intensity based correlation, as non-linear algorithms in our procedure are based on mutual



information. Mathematical approach permits to characterize the intrinsic performance of a method to have first results on
best settings to keep. The second validation got closer to the clinical context and was based on 6 anatomical landmarks
defined by an expert and identified on each patient registered MRI and on the MR template. Euclidean distance for each
landmark defined in both images was computed on the 12 patients, in order to get the global misplacement error. The
third validation study was based on Talairach results [13], which mentioned that deep brain structures have more or less
the same coordinates in images if those ones are taking into a reference space called Talairach (based on AC-PC). Thus
contacts coordinates were computed at every step of our procedure in defining AC-PC on each reference, from rigid to
non-linear registration. Then the Euclidean distance of the contact coordinates between each reference was computed.
The reference in that case was based on clinical a priori. With that method we ensured that no significant errors existed
and that our final results were valuable. The final validation permitted to assess our method as regards to patient
outcome. An expert segmented the STN to ensure that stimulated contacts belonged to the structure and then simple
correlations were made between the improved motor score of the Unified Parkinson’s Disease Rating Scale (UPDRS)
part IIT (which has been evaluated 3 pre- and 3 months-postoperatively) and the contact’s position to assess the patient
outcome efficacy [17,22].

2.8 Cluster

We assigned to each patient a colour code, related to the improved score of the UPDRS IIl. We considered the
percentage of improvement between both, from 0% to 100%. Then we separated five clusters from these scores and we
displayed the contacts on the template with a corresponding colour.

3 - RESULTS

3.1 Registration Validation

Our registration workflow studies gave us results on best methods and algorithms to keep. According to Tab 1, the local
method widely gives best images warping, with a significant difference for mutual information. This study shows that
local registration is fundamental to place correctly the deep structures.

Mutual Information Correlation
1st method 2nd method 1st method 2nd method
average on 10 patients 81,11% 68,01% 82,19% 80,46%

Tab 1 : Mutual information and correlation between the final images registered and the Template,
using with the first method a local registration, and with the second a global registration.

We consider for granted, according to [20], that the Demons method is the most effectiveness in DBS non-linear
registration. Table 2 shows that firstly the super-resolution Colin27 is better than the original, and secondly that the
SymetricForces algorithm is more accurate than the Diffeomorphic one. These conclusions can be drag out from both
correlation and mutual information calculation.

Mutual Information Correlation
Original Colin27 Super-resolution Colin27 Original Colin27 Super-resolution Colin27

Diffeomorphic  SymmetricForces  Diffeomorphic ~ SymmetricForces  Diffeomorphic  SymmetricForces  Diffeomorphic  SymmetricForces
average on 10 patients 69,53% 89,77% 96,52% 99,99% 81,26% 84,68% 88,43% 89,44%

Tab 2 : Mutual information and correlation between the final images registered and the Template, using either the original Colin27 or
the super-resolution Colin27, and using the Diffeomorphic algorithm and the SymetricForces one respectively.

Table 3 shows the global registration errors on the Template, using first linear registration, and second adding the non-
linear one. Statistics are also display in Fig 3.



Point CA CP Iter of Sylvius  Chiasma opticum Mamillary bodies Left Tractus optici Average
Linear 1,26 1,29 1,51 2,21 1,6 2,1 1,66
Linear + Non-linear 1,17 0,71 1,03 1,96 1,89 1,9 1,44

Tab 3 : Euclidean distance between landmarks on the linear registered MRI compare to the Template,
and on the non-linear registered MRI compare to the Template.
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Fig 3 : Anoval (MATLAB) performed on the previous study, for placement error coming from linear registration,
and from linear + non-linear registration.

We obtained, with the same ten patient’s study, a placement error of 1.44 mm compare to 1.66mm with a single linear
method. Even if the two averages are close, Anova shows that the majority of values for the non-linear registration are
under 1.5mm. The best warping came from AC and PC so central deep structures seem to be well-warped.

The contacts coordinates in AC-PC from image to image were coherent (3.0mm +/- 1.0 mm) and motors score correlated
with anatomical coordinates have shown that every stimulated contact belong the STN. Fig 4 shows four electrodes
(from two patients) and their contacts, represented by cylinder in the Colin27 space.



Fig 4: Representation of four electrodes (implanted in the STN) from two patients in the Colin27 space after registration.

3.2 Cluster

The mean pre-operative UPDRS III without medication was 29.3 +/- 6.1. The post-operative one without medication
with stimulation was 13.1 +/- 4.1. Recent publications have permitted to find the most effective stimulation point in
Parkinson’s diseases. The best stimulation point would be the dorsal area of the STN.

3.3 Database

Contacts localizations, following by the registration procedure permits a global display of previous surgical intervention
in a common space. The database contains now all coordinates from previous operation, with corresponding patient
images and clinical scores. Neurosurgeons have a first computer-aided-placement tool.

4 - DISCUSSION

4.1 Atlas

Use of digitalized atlases is important in DBS, for being able to help anatomical targeting. A digitalized Atlas can give
information at the histological level which is impossible with actual imaging techniques. With this help, subcortical
anatomy can be visible and can be match with every patient anatomy.

Paper-based atlases were originally used for such purposes. Those of Schaltenbrand and Wahren [23], or Talairach and
Tournoux [13] have been used with success in various computer aided decision systems. More recently atlases were built
from digital images. Digital atlases can be classified according to the number of subjects used for the computation.
Multiple subject atlases are mainly built from single acquisition of different control subjects reflecting the population
targeting by the clinical study [24,25]. Such multi-subjects templates mainly aim at studying human anatomical or



functional variability. Being able to merge anatomical or functional differences into a single image may improve the
correct alignment before comparison. Single subject atlases aim at reaching the best spatial resolution. Different
strategies were followed for defining such templates. The first strategy was the use of co-registered mono or multimodal
acquisitions of a single particular subject [8,9] mainly based on MR acquisitions. The second was the combination of
images and histological atlases [6,7]. The interest of the first strategy is that the whole clinical acquisition set up is taken
into account on healthy and alive control subjects. In opposition to pure histological Templates, MR templates are
representing correctly in vivo anatomy of the brain. Moreover, they turn out to be easily feasible, whereas histological
ones are complicated or time-cost to produce. These Atlases are constrained by both the resolution and the quality of
available imaging technologies.

In the case of DBS, new family of Atlases appear, called probabilistic functional Atlases [26-28]. A large panel of
parameters can be integrated in this type of Atlases, such as position of electrodes, stimulation recordings or even
electrophysiological recordings. For instance, studies proposed an Atlas integrating intra-operative recordings, which can
be match with patient pathologies [29,30]. This technique allows understanding functional organization within deep
brain structures. Such fusions of images should be taken with precaution, because differences of anatomy between each
patient make difficult the representation of target/contact in a common space. Here we used the super-resolution Colin27
template, which gave us best results compare to a standard Atlas. The impact of this template was significant and it has
improved not only the registration quality but also the retrospective visualization. The addition of clinical data has
allowed understanding functional organization within deep brain structures. It’s certainly a part of our procedure that can
be more and more improved, with the help of new imaging technologies (3T machines) and post-processing. The more
the Template will be accurate; the better will be the contacts visualization.

4.2 Accurate localization

Using conclusions of published works on electro-magnetic contacts effects, we have modelled the signal by a point
corresponding to the center of the artefact. For further works, it will be crucial to integrate not only the real electric
current that contacts emit but also the influence of stimulation on the biological tissues. The extrapolation created with
the artefacts is based on electrode geometry and is therefore robust.

4.3 Registration validation

With all studies performed for the assessment, we have completely validated our registration workflow as we have found
appropriate methods and algorithms [31]. Rigid registration algorithms provide mostly effectiveness results, whereas
non-rigid algorithms have several limits. Various non-rigid algorithms for the DBS studies have been published but it’s
almost impossible to assess all the kind of approach, due to the difficulty to have access to a ground truth.

In DBS major sources of errors are due to the identification of basal ganglia from the patient specific images. Therefore,
during the procedure we have added a local registration involving targeted structure (STN) which has to improve the
basal ganglia registration. We are still working on development and improvement of the registration strategy, even
though the results from validation studies were correct.

5 - CONCLUSION

In this paper we have reported on our current progress toward developing a procedure for computer-assisted post-
operative assessment of DBS. We principally aimed to have robust and assessed results, using several kind of assessment
in registration. Moreover, testing various methods and algorithms, we finally kept the most effective procedure of
registration and use it for our study. The extrapolation created with the artefacts is based on electrode geometry and is
therefore robust; furthermore if we add constraint on neighbourhood the risk of misplacement is considerably reduced.
The integration in the same system of digitized brain Atlas, segmented structures, previous target coordinates of
successful implantations and UPDRS score not only permits to provide to the neurosurgeons an help for targeting, but
also permits to understand previous interventions which didn’t give satisfactory results. This work yields many
flourishing studies in the domain, including further clinical data such as neuro-psychological, life-quality, cognitive or
motor criteria. Correlation with these additional clinical scores will certainly permit to learn more about DBS and to
better understand clinical side-effects.
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