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ABSTRACT
Deep brain stimulation (DBS) is an FDA-approved neurosurgical
procedure for treating patients with movement disorders such as
Parkinson’s disease. Patient-specific computational modeling and
visualization play a key role for efficient surgical and therapeutic
decision-making relevant to DBS. The computational models
analyze DBS post-operative brain imaging, e.g., computed
tomography (CT), to understand the DBS electrode positions
within the patient’s brain. The DBS stimulation settings for
optimal patient response depend upon a physician’s knowledge
regarding precise electrode positions. The finite resolution of brain
imaging, however, restricts our understanding regarding precise
DBS electrode positions. In our contribution, we study the
problem of the quantification of positional uncertainty in the DBS
electrodes caused by the finite resolution of post-operative
imaging. We propose a Monte Carlo statistical framework, which
takes the advantage of our analytical characterization of the DBS
electrode geometry to understand the spatial uncertainty in DBS
electrodes. Our statistical framework quantifies the uncertainty in
two positional parameters of the DBS electrodes, namely, the
longitudinal axis direction and the positions at sub-voxel levels.
We interactively visualize quantified uncertainties by employing
volume rendering and isosurfaces. We show that the spatial
variations in the DBS electrode positions are significant for finite
resolution imaging, and interactive visualization can be
instrumental for efficient interpretation of the positional variations
in the DBS lead.

Fig. 1a, similar to the one presented by Athawale et al. [1]. Each
of the four electrodes c0-c3 in Fig. 1a has the cylindrical shape
with 1.27 mm diameter and 1.5 mm inter-electrode distance.
Patient-specific computational models play a key role in real-time
estimation of volume of tissue activated (VTA) given DBS
electrode position in the patient brain and stimulation settings.
The estimation of VTA helps physicians in predicting the effects
of DBS in individual subjects. The DBS electrode positions within
the patient’s head are determined using post-operative CT scan.
An illustration of a post-operative DBS CT is depicted in Fig. 1b,
in which the image of the DBS lead is captured on 11 slices with
the inter-slice distance of 1mm along the Z direction. The
longitudinal axis direction for the DBS lead is denoted by L.
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1 INTRODUCTION
Deep brain stimulation (DBS) is a neuromodulation therapy that
has shown promise in treating patient’s with intractable
Parkinson’s disease. The DBS comprises implanting the DBS lead
in the patient’s brain and applying electric field to neural
structures. The neural response from the patient is highly sensitive
to the DBS electrode position and the stimulation settings
(voltage, pulse width, and frequency) for the electrodes [2]. A
schematic for the Medtronic 3387 human DBS lead is depicted in
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Figure 1: (a) A schematic of Medtronic 3387 DBS lead, (b) an
illustration of post-operative CT image of DBS electrodes with
data acquired on 11 slices.
The finite resolution of post-operative CT imaging, however,
introduces uncertainty in DBS electrode positions. Given sparse
data acquired in a post-operative CT, e.g., the data acquired on 11
imaging planes depicted in Fig. 1b, the inverse problem of closedform computation of the longitudinal axis direction L and
electrode positions at sub-voxels is non-trivial. The uncertainty in
electrode positions diminishes our knowledge regarding nearby
neural structures. This lack of knowledge about nearby neural
structures expands the DBS parameter search space for optimal
patient response and makes the parameter exploration more timeconsuming. In our work, we propose a statistical framework for
quantifying uncertainty in positional parameters, i.e., the direction
of the longitudinal axis (L) and the center positions for electrodes
ci at sub-voxel levels, given sparse imaging data.
2 METHOD
We now briefly describe our statistical model for characterizing
spatial uncertainties in the DBS electrodes based on post-

operative imaging resolution [1]. In our three-step approach, we
first derive a closed-form mathematical model characterizing the
geometry of the DBS electrodes. Our geometric model allows us
to compute the physical spread (in millimeters) of the DBS
electrodes, in closed form, along the principal axes of the
reference coordinate system given the dimensions of the DBS
electrodes and the direction of the longitudinal axis. For example,
for the longitudinal axis direction L specified using the spherical
coordinates, depicted in Fig. 2, our model can compute electrode
spreads along the principal directions X, Y, and Z in closed form.

Figure 3: The visualization of electrode-center spatial likelihood
using volume rendering (the left column) and isosurfaces (the
right column).

Figure 2: A 3D view (a) and the top view (b) of the DBS electrode
with elevation ϕ and azimuth θ.
Second, we devise a statistical framework for quantifying the
uncertainty in the positional attributes of the DBS electrodes,
namely, the direction of the longitudinal axis and the electrodecenter positions at sub-voxel levels. For the uncertainty
quantification in the direction of the longitudinal axis, we propose
a semi-automatic approach. We derive the approximate bounding
boxes within the patient’s post-operative CT scan representing the
physical spread of the DBS electrodes by manually inspecting the
artifacts in imaging planes caused by the DBS electrodes. We
compute the physical spread for each of the bounding boxes using
the known inter-slice distance in millimeters for a post-operative
CT scan. We then Monte Carlo sample the longitudinal axis
directions and evaluate their physical spreads in closed-form using
the geometric model proposed in step one. Lastly, the Monte
Carlo longitudinal axis directions with their closed-form physical
spreads nearest to the manually computed physical spreads for the
bounding boxes are chosen to represent the uncertainty in the
direction of the longitudinal axis.
To derive the positional uncertainties at sub-voxel levels for the
DBS electrode centers, we leverage the geometric model derived
in step one, the high-resolution image of the DBS electrodes taken
with a CT scanner, and a Bayesian probabilistic model. We use the
mean of the uncertain longitudinal axis directions derived
previously, and we map the closed-form physical spread for the
mean longitudinal axis direction to a high-resolution image of the
DBS electrodes. Such mapping allows us to compute the intervoxel distance in millimeters and the exact electrode-center
positions for a high-resolution image. We then employ the
Bayesian probabilistic model, in which the Monte Carlo samples
with an imaging resolution the same as the patient's post-operative
CT are drawn from a high-resolution image and are compared
with the patient's post-operative CT using the structural similarity
index (SSIM). Since we know the exact electrode-center position
for each Monte Carlo sample, the evaluated SSIM represents the
spatial likelihood of an electrode-center position associated with
the Monte Carlo sample.

In the final step, the uncertainty in DBS electrode-center positions
at sub-voxel levels is interactively visualized through volume
rendering and isosurfacing of the computed SSIM volume (see
Fig. 3). We employ volume visualization for gaining insight into
positional distribution of electrode centers, in which each voxel in
the volume represents the relative likelihood value for electrodecenter existence computed using SSIM. In the transfer function
for volume rendering, higher opacity is mapped to higher
likelihood ranges and vice versa. Moreover, we employ
isosurfacing to understand electrode-center spatial spread for a
specific likelihood threshold. For example, the isosurface with a
likelihood threshold value of 0.95 represents all spatial positions
with a relative likelihood of 0.95 or higher, i.e., the electrodecenter positions with relatively higher confidence. Our statistical
framework allows us to compute the standard deviation from the
mean electrode-center position for a given isosurface.
3 CONCLUSION
We show that the spatial uncertainty in electrode positions is
significant for finite resolution imaging, and it can be quantified
by taking the advantage of analytical characterization of DBS lead
geometry. The statistics representing positional uncertainty in
DBS electrodes can be efficiently interpreted through interactive
visualizations, such as volume rendering and isosurfaces. In the
future, it would be interesting to analyze the integration of
positional uncertainty quantification in the DBS electrodes and
electric field simulations to understand the probabilistic spread of
VTA in the patient brain, and hence, improve the prediction of the
effects of DBS in individual subjects.
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