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ABSTRACT

Deep brain stimulation (DBS) is an effective treatment for movement disorders, e.g. Parkinson’s disease. The quality of
DBS treatment is dependent on the implantation accuracy of DBS electrode leads into target structures. However, brain
shift during burr hole procedures has been documented and hypothesized to negatively impact treatment quality. Several
approaches have been proposed to compensate for brain shift in DBS, namely microelectrode recording (MER) and
interventional magnetic resonance (iMR) imaging. Though both demonstrate benefits in guiding accurate electrode
placement, they suffer drawbacks such as prolonged procedures and in the latter, cost considerations. Hence, we are
exploring a model-based brain shift compensation strategy in DBS to improve targeting accuracy for surgical navigation.
Our method is a deformation-atlas-based approach, i.e. potential intraoperative deformations are pre-computed via
biomechanical model under varying conditions, combined with an inverse problem driven by sparse intraoperative data
for estimating volumetric brain deformations. In this preliminary feasibility study, we examine our model’s ability to
predict brain shift in DBS by comparing with iMR in one patient. The evaluation includes: (1) a subsurface deformation
comparison where subsurface shifts measured by iMR are compared to model-predicted counterparts; (2) a second
comparison at surgical targets where the atlas-method is compared to deformations measured by non-rigid image-to-image
registration using preoperative image and iMR. For the former, the model reduces alignment error from 8.6 + 1.4 t0 3.6 £
0.8 mm, representing ~58.6% correction. For the latter, model estimated brain shifts at surgical targets are 2.4 and 0.6 mm,
consistent with clinical observations.
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1. INTRODUCTION

Movement disorders, such as Parkinson’s disease (PD), essential tremor and dystonia can have devastating effects on the
quality of life of patients, as well as negative impacts on the productivity and well-being of society 2. PD, for example,
impacts 0.3% of the general population and 1-2% of people over age 60; one third of PD patients lose employment within
a year, and a majority lose full-time employment within 5 years 2. Deep brain stimulation (DBS) has emerged as an
important and effective surgical therapy for patients with these movement disorders 2. A 2013 review by Deuschl et al.
analyzed 6 clinical studies to examine the treatment outcome of DBS in PD patients when targeting the subthalamic nucleus
(STN), and all these studies demonstrated a significant motor symptom reduction varying from 28.6% to 52% when
comparing patients’ post-operative condition with stimulation-on/medication-off to their medication-off condition prior to
surgery as measured by the Unified Parkinson’s Disease Rating Scale (UPDRS) part III 3.

Therapeutically, DBS delivers electrical pulses continuously to a targeted brain structure such as STN via
implanted electrodes that are connected to an internalized stimulator, which is programmable in pulse width, frequency
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and amplitude " *. Though the underlying mechanism for its therapeutic effectiveness continues to be debated, it is
hypothesized that DBS induces the regularization of neuronal patterns by modulating neural signaling within the target >
3.3, This regularization is hypothesized to introduce cumulative local effects on a larger neural network resulting in disease
symptom reduction >33,

Critical to the success of DBS is the accurate surgical targeting and electrode implantation 3. The therapeutic
benefit of DBS however is negatively impacted when inaccurate targeting occurs due to brain shift, or soft tissue
deformation, during burr hole procedures. Specifically, when the assumption that brain tissue remains rigid and
experiences no movement between preoperative imaging data and intraoperative patient anatomy is compromised due to
brain shift, suboptimal targeting and consequently therapy may ensue % '°. The impacts of inaccurate targeting are short-
and long-term symptom management, inadequate benefits, difficulty with device programming, and potential adverse
events ''. Specifically, a study by Balachandran et al. suggests that if the electrode is placed 3-4 mm away from the target,
the stimulation may become ineffective due to (1) failure to stimulate the desired neuronal groups, or (2) introduction of
adverse effects when undesired areas are stimulated, or (3) the need for higher currents to produce the desired treatment,
which can lead to poor battery life '2. The potential negative impact of brain shift requires careful consideration especially
given that the size of STN is approximately 6 mm x 4 mm x 5 mm, and the electrode contacts of the DBS lead are merely
1.5 mm in length and separated by 0.5 or 1.5 mm ' 13,

Several studies have observed and reported brain shift in DBS burr hole procedures. Winkler et al. reported brain
movement of 2 mm in the target region of STN !4, Similarly, Miyagi et al. reported electrode target dislocation up to 2.3
mm '3, Khan et al. found shift of similar magnitudes in deep brain structures and reported average displacements of 1.8
mm and 1.6 mm in anterior commissure (AC) and posterior commissure (PC), respectively °. Elias et al. also found 7.6%
of 66 patients studied experienced shift at the AC over 2 mm; additionally, the study found the largest average
displacements were in the front cortex at levels of 3.5 mm '°. A recent study by Ivan et al. with 44 patients found shift
ranging from 0.0-10.1 mm, with the greatest shift occurring in the frontal lobe; 9% of patients experienced shift over 2
mm in deep brain structures while 20% had 1 to 2 mm shifts in deep structures '°. In traditional DBS lead implantation
procedures, one strategy to overcome brain shift is to use microelectrode recordings (MER) to map and delineate the target
region 8. However, while a commonly used technique, the challenges of the MER approach are numerous: (1) the
requirement of patient participation in an awake procedure, which requires the patients to be off medications ® '7; (2) the
possibility of multiple electrode passes to optimize lead placement, which can potentially lead to a higher risk of
intracranial bleeding and other potential adverse complications ® '7 18; and (3) MER requires special equipment and
expertise, significant training, as well as dedicated intraoperative time prolonging operating duration, which can potentially
lead to additional risks and complications '>2°, To address these shortcomings of MER, interventional MR (iMR) has also
been introduced for DBS implantations. The advantage of employing iMR is that by performing the implantation procedure
entirely within the MRI scanner, the target structures can be visualized with direct imaging, thus monitoring and accounting
for intraoperative brain shift; furthermore, iMR reduces the number of brain penetrations needed * . Lastly, as a real-time
direct imaging method, iMR-guided DBS procedures are performed with patients under general anesthesia, thus the
patients may remain on their medications ® 7. While iMR provides an alternative approach to MER in compensating brain
shift and guiding accurate electrode placement, its cost, training, and encumbrance are considerations for medical centers.
Therefore, a cost-effective and workflow-friendly model-based brain shift correction strategy, if accurate, would be a
desirable alternative. The study reported herein presents preliminary steps examining the feasibility of using a model-based
approach to predict intraoperative brain shift in DBS procedures with only sparse intraoperative data. In this study, the
model’s ability to account for brain shift is evaluated and compared with iMR data.

2. METHODOLOGY

2.1 Overview

This preliminary feasibility study has two objectives: (1) evaluation of the performance of our model-based brain shift
correction strategy in recovering subsurface shift in DBS procedures; (2) brain shift estimation at intended surgical targets.
Preoperative and intraoperative MR images of one patient were acquired at University of California, San Francisco (UCSF)
with IRB approval. The size of the preoperative MR image volume of the patient was 240x240x85 with voxel spacing of
(1.00, 1.00, 2.00) mm; for the intraoperative MR image volume, the size was 256x256x107 and voxel spacing was (1.02,
1.02, 1.50) mm.
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2.2 Finite Element Model Construction and Boundary Condition Assignment

The brain volume was manually segmented from the preoperative MR image volume; subsequently, a surface was
extracted from the segmented brain via a marching cubes algorithm, followed by a surface smoothing step. With the surface
mesh established, a custom-build mesh generator was employed to generate a 3D volumetric tetrahedral mesh, shown in
Fig 1 2.

Boundary conditions, specifically displacement and pressure conditions, are assigned based on a protocol
developed and tested in our previous studies with modifications made to adapt to the unique nature of shift observed in
DBS 222, Two types of brain deformation were simulated in this study: gravity-induced shift and pneumoencephalic-
induced shift. Briefly, the brain stem region was assigned fixed Dirichlet displacement boundary condition, and no drainage
was permitted, i.e. a pure Neumann pressure boundary condition. Internal structures of the brain, namely falx cerebri and
tentorium cerebelli, were given slip condition (i.e. tangential movement was permitted yet displacement in the normal-to-
septa direction was not allowed) and similarly no drainage was allowed. The ventricle region was assigned to be stress free
(i.e. free to deform) and at a fixed Dirichlet pressure boundary condition, representing a constant ventricular pressure. The
remaining brain surface did not allow drainage out of the parenchyma. The displacement conditions of the remaining brain
surface were determined by computing the dot product of the nodal normal and the gravitational vector at a given patient
orientation (e.g. supine in iMR-guided DBS procedure). If the dot product is greater than a scalar tolerance set by the user,
the particular node was given a boundary condition allowing
slip. If the dot product was less than the scalar tolerance, the
node was prescribed a stress free condition in gravity-induced
shift. With respect to our novel pneumoencephalic-induced
shift boundary condition, stresses were prescribed to these
particular nodes on the surface in the normal direction to
simulate the effect of air invasion pressing on brain tissue
during the burr hole procedure. The inclusion of internal
structures such as the falx and tentorium in our boundary
condition description have shown to provide shift predictions
that are more consistent with clinical observations 4.

We should note that the identification of the brain
stem, falx, and tentorium structures is part of a fully automatic
process previously reported »* 227, Briefly an expert atlas
image volume was segmented. The atlas volume was then
rigidly and nonrigidly aligned to the patient’s imaging
volume. Subsequently the rigid and non-rigid transformations
were applied to the brain stem, falx and tentorium segmented
from the atlas image volume to obtain patient-specific
representations of these structures in patient space 2> 2. The
patient-specific brain mesh with the aforementioned internal
structures is shown in Fig 1.

Figure 1. Patient-specific brain mesh with atlas falx cerebri,
tentorium cerebelli, and brain stem registered to patient
space by applying rigid and non-rigid image registrations.

2.3 Preoperative Computation — Deformation Atlas

Our model-based brain shift correction strategy constructs a suite of potential deformation solutions, forming a so-called
‘deformation atlas,” based on numerous surgical variables. Previous studies have suggested that CSF loss precipitating
brain sag in the direction of gravity may be a significant contributor of brain shift in DBS burr hole procedures % '%28, We
therefore have modified our methodology from our previous brain shift correction model implementations (e.g. in Sun et
al. 2%) to simulate this gravity-induced shift. Furthermore, in our biphasic biomechanical model, which is detailed in Miga
et al. %, the impact of gravity and CSF loss is closely related— intraoperative CSF loss decreases the buoyancy, thus
causing the brain to sag due to gravity. To accommodate the unpredictability of the surgical environment, and particularly
asymmetric shift nature in DBS procedures, we simulated asymmetric CSF drainage on either side of the brain. We
hypothesize that, given these are only burr hole interventions, a great deal of the natural compartmentalization of the brain
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is maintained, which allows for some regions to
preferentially lose CSF while others are not
compromised and maintain fluid levels.

Different CSF drainage configurations are Simulated
shown in the top row of Fig 2, where blue CSF
represents the simulated CSF level in which the Drainage
tissue weight and buoyancy forces are in

equilibrium.

For pneumoencephalic-induced shift,
the user specified dot product threshold
described in Sec 2. 2 was varied, which modified Induced
the boundary nodes experiencing prescribed Deformation
normal stress, in order to simulate different
possible extents of air invasion and their

corresponding impacts on the brain tissue. l
For each unique set of these boundary b Deformation Atlas

conditions, partial differential equations
associated with the biomechanics of brain
deformation were resolved via the Galerkin

Figure 2. Top: Different CSF drainage levels simulated where blue

. . . represent the brain tissue submerged in CSF with different asymmetric
We}ghted Remdu.j:ﬂ Method fora full Volumqtnc drzinage configurations on eithe% side of the brain. Bottom?l Gravity
brain deformation solution *. Detailed  jpqyced deformation predicted by the model resulting from different CSF
derivation of the formulation and solutioncanbe  drainage considerations, where white semi-transparent mesh is the
found in prior publications * 3'. All of the  preoperative mesh and the yellow mesh is the model predicted volumetric
distinct brain deformation solutions associated  deformation based on corresponding CSF conditions simulated.

with each boundary condition set thus form the

‘deformation atlas.” Examples of possible deformation solutions are shown in the bottom row of Fig 2, where white
translucent surface is the preoperative configuration of the brain, and yellow surface represents model deformed solution,
i.e. predicted gravity-induced deformation with boundary conditions depicted previously. Here it is worth noting our
model’s ability to provide asymmetric shifts.

2.4 Inverse Problem

The patient iMR imaging volume was rigidly registered to the preoperative imaging volume via normalized mutual
information %°. The quality of this registration was examined by fusing the two images shown in Fig 3 using Analyze 9.0
(AnalyzeDirect, Overland Park, KS), where Fig 3(A) and (B) show a slice of the preoperative and registered intraoperative
images, and the Fig 3(C) is the difference image when the two images are fused. The fused image showed similar far field
features, while noted quite significant brain shift in the front lobe and shape change occurring at the ventricle. Additionally,
it is worth noting that this patient underwent a bilateral implantation, which can be observed on the registered intraoperative
MR image or Fig 3(B).

Preoperative MR

Registered Intraoperative MR Fused Difference Image

Figure 3. (A) A slice of
preoperative MR image; (B) the
corresponding  slice on the
registered  intraoperative MR
image; (C) fused difference image
of preoperative and registered
intraoperative MR images, noting
brain shift in the frontal lobe, as
well as shape change of the lateral
ventricle.
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With respect to the sparse data driving the non-rigid biophysical registration, homologous surface points were
manually designated on the preoperative image and the registered intraoperative image using 3D Slicer shown in Fig 4 32,
These corresponding sparse surface points provided measurement of intraoperative surface deformation that was used to
constrain the inverse problem. The number of surface points used to drive the model in this study was n=15. The objective
function associated with the inverse problem was to minimize the least squared error between the measured surface shift
and predicted surface shift, shown in Eq (1):

min|[Mw-u|l*> 3 w;>0and X7, w; <1 6))

where M is the deformation atlas associated with the designated cortical surface nodes, w are the combinatory coefficients,
and u are the measured displacements. Once the optimal coefficients of the linear combination were determined, the
coefficients were used to estimate a full volumetric intraoperative brain shift. Subsequently, the preoperative MR image
was updated according to this deformation field via trilinear interpolation.

Preoperative Intraoperative
Surface Point Surface Point

Figure 4. Corresponding surface feature points designated on preoperative MR
image (left) and registered intraoperative MR image (right).

2.5 Evaluation of Subsurface Shift Recovery

To examine the model’s ability to predict subsurface brain shift, homologous subsurface points were designated on the
preoperative and registered intraoperative MR images using 3D Slicer 32, a pair of such homologous subsurface targets is
shown in Fig 5. The homologous subsurface points provided measurements of subsurface deformation that could be used
as a ground truth comparator of our model-reconstructed values.

Preoperative Intraoperative
Subsurface Point Subsurface Point

Figure 5. Corresponding subsurface feature points designated on preoperative
MR image (left) and registered intraoperative MR image (right)
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The performance of the model is assessed by two metrics, residual error and percent correction. Residual error,
e, is the difference between measured subsurface deformation and its model predicted counterpart:

e= ”ﬁerror” = ||ﬁpredicted - ﬁmeasured” (2)

where U is displacement or shift vector and || - || represents the L2 norm of the vector.

The quality of the brain shift correction is also evaluated by percent correction in Eq (3):

e

Percent correction= (1 ) x100% 3

”ﬁmeasured I

2.6 Estimation of Surgical Target Shift

Since no surgical targets were designated on the preoperative image, the most distal ends of the electrode leads were
identified on the registered intraoperative image and were assumed to be the intended surgical targets. With the knowledge
of the location of the surgical targets on the intraoperative image, as well as a model-predicted deformation field generated
from the inverse problem, displacement experienced by the surgical targets on the registered intraoperative image can be
interpolated. By applying this interpolated displacement in the reverse direction, the location of the surgical targets can be
mapped and estimated in the preoperative imaging space. With estimated target location on preoperative image and
identified target location on registered intraoperative image, the shift at the intended surgical targets can be computed. To
study the displacement of predicted surgical targets unbiasedly, for comparison purposes, the same procedure was carried
out using deformation fields generated by non-rigidly registering the preoperative MR image to intraoperative MR image
via two different non-rigid image registration techniques, namely ABA and Demon’s algorithm 2% 33,

3. RESULTS

The impact of volumetric deformation introduced by the model-based approach is shown in Fig 6, where intraoperative
brain shift may be observed from the preoperative mesh (semi-white transparent) to the intraoperative mesh (red) in Fig
6(A), and the model’s effort to compensate for such shift is shown in the comparison between the intraoperative mesh
(red) and model prediction (blue) in Fig 6(B). Similarly, the model (blue nodes) is able to recover the ventricle shape
change from preoperative (white) to intraoperative (red) state to some degree illustrated in Fig 6(C) and (D).

Preop vs Intraop Model vs Intraop

)

Preop vs Intraop

A)

Model vs Intraop
(B)

Figure 6. (A) Comparison between preoperative (white semi-transparent) brain mesh and intraoperative (red) brain mesh; (B)
comparison between intraoperative (red) brain mesh and model predicted (blue) brain mesh; (C) comparison between
preoperative (white semi-transparent) and intraoperative (red) lateral ventricle; (D) comparison between intraoperative (red) and
model predicted (blue) lateral ventricle.
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Quantitatively, for subsurface targets, i.e. corresponding subsurface points selected on preoperative and rigidly
registered intraoperative images, the average measured subsurface deformation is 8.6 = 1.4 mm [n =16]. Using our model
correction method, this alignment error was reduced to 3.6 + 0.8 mm, representing approximately 58.6% correction. A
comparison of the measured subsurface deformation and corresponding model prediction is shown in Fig 7, where the red
vectors are measured shift, and the blue vectors are their model predicted counterparts.

- Measured
) Predicted

Figure 7. (A) Comparison between measured subsurface displacement (red vectors) and
model predicted subsurface displacement (blue); (B) a zoomed view of the measured
displacement (red) and model prediction (blue)

In addition to assessing our model’s ability to compensate for subsurface shift, we are particularly interested in
understanding shift at surgical targets associated with DBS therapy in deep brain structure. From literature, these targets
only shift on the order of 1-2 voxels. While electrode position is easy to discern in the intraoperative image set, finding the
corresponding target in the preoperative image is difficult with our current data. Thus, brain shift at the intended surgical
targets was examined using deformation fields
generated from model prediction and two non-rigid
image registration techniques (ABA and Demon’s) 2
3 and compared as outlined in Sec 2.6. The
displacements at surgical targets as predicted by three

Table 1. Estimated shift at surgical targets predicted by model-based
approach, and two non-rigid image registration techniques, ABA and
Demon’s algorithms

methods are shown in Table 1. The displacement Right target Left target Average
results suggest that an average of approximately 2 (mm) (mm) (mm)
mm shift is estimated at the surgical target location,

which is consistent with clinical observations as well Model 0.6 2.4 1.5
as prior publications. We should note that while data

in Table 1 represent magnitude similarities, the ABA 1.7 33 2.5
directionality of shift prediction, i.e. ultimate

electrode targeting location is different among Demon’s 1.5 3.6 2.6
methods. The similarity in magnitudes should not be

regarded at as a similarity of preoperative target Average 13 31 29
location. This discrepancy in the predicted (mm) ’ ’ ’

directionality among methods will be discussed
further in Sec 4.

4. DISCUSSION

The results of this preliminary feasibility study indicate that the developed model-based deformation-atlas approach to
account for intraoperative brain shift has the potential to become a viable option for assisting surgical navigation and
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accurate targeting in DBS burr hole procedures. The brain shift correction algorithm is able to reduce alignment error from
8.6 + 1.4 mm to 3.6 £ 0.8 mm, representing approximately 58.6% correction. Qualitatively, the model’s ability to
compensate for intraoperative brain shift may be observed in Fig 6, where the model was able to capture some of the soft
tissue deformation experienced between the patient’s preoperative to intraoperative state on the surface, evident in
comparing model predicted brain mesh with intraoperative brain mesh, as well as subsurface, evident in comparing model
predicted lateral ventricle with its intraoperative counterpart. Additionally, when using the deformation field derived from
the model prediction, the shifts at left and right surgical targets are estimated to be 2.4 and 0.6 mm, respectively. These
magnitudes are consistent with prior studies and may impact treatment outcome negatively if not appropriately corrected.
Although promising, our experience points to the need for refinements and improvements in both our brain shift correction
model as well as the feasibility study design.

There are several aspects of this study that can be improved. First of all, from Fig 6 and Fig 7, it is apparent that
while the model is able to compensate some intraoperative brain shift, its performance in medial-lateral direction (left-
right in these figures) is less satisfying, producing mismatches between intraoperative measurement (red) and model
prediction (blue). When further analyzing the subsurface targets and breaking the measured shift and residual error into
individual components, we found for measured shift that 17.3% is in medial-lateral direction, 66.5% is in anterior-posterior
direction, and 16.1% is in superior-inferior direction. In regards to the error or U, in Eq (2) after model correction:
58.3% of error is in medial-lateral direction, 16.9% in anterior-posterior, and 24.9% in superior-inferior. This suggests that
our model in its current implementation, with the patient in the supine position or gravity in anterior-posterior direction,
has some difficulty recovering components of lateral shift, especially in the medial-lateral direction. Refinement of the
model to better account for these lateral shift components is necessary to enhance the accuracy of our model-based
approach and ensure treatment outcome, since the residual error after our mode correction (3.6 mm) is still relatively
significant for accurate surgical navigation and targeting. An interesting finding from performing the subsurface shift
component analysis is that the majority of our measured shift (66.5%) is in the direction of gravity or anterior-posterior
direction, and this is consistent with the reporting of many previous studies ° 1% >34,

Secondly, although designed to be a feasibility study, we recognize that the use of surface data is not likely to be
available in a clinical DBS procedure without intraoperative imaging. The availability and accessibility of the data on the
cortical surface is limited for typical burr hole procedures. For our model-based approach to be clinically applicable,
intraoperative imaging techniques such as computed tomography (CT) and/or ultrasound (US) may be employed as means
to acquire sparse intraoperative data that can be used to drive the deformation-atlas model. Nevertheless, it is encouraging
that the results of this study suggest that limited and sparse intraoperative information, surface and/or subsurface, may be
utilized in our model-based correction framework to reduce alignment error introduced by brain shift even in the
challenging case of asymmetric shift as shown here.

Furthermore, as preliminary and exploratory steps, the sample size in this study is limited with respect to the
analysis of one patient and the number of subsurface targets. In the future, we would like to expand the sample size, both
in the number of patients and the number of subsurface targets examined, to gain a better understanding of the model’s
ability to capture brain shift in DBS burr hole procedures. Additionally, most subsurface targets examined here are in the
frontal lobe as they experience larger shifts, as noted by several studies ' '35, and can be easily identified on the MR
images with high fidelity. Low shift targets, on the other hand, are more difficult to discern on MR images and more
vulnerable to partial volume effects as well as human errors such as landmark identifications in selecting homologous
surface and subsurface targets. Although challenging, shift studies that incorporate both low and high shift scenarios, and
with respect to DBS targets such as the STN, are important to conduct to enable a more comprehensive understanding of
the model’s ability to predict intraoperative deformations.

Lastly, as noted in Sec 3, the displacements in Table 1 at surgical targets predicted by three methods, model-based
approach and two non-rigid image registration techniques (ABA and Demon’s) 2*33, while showing magnitude similarities,
exhibit different predicted shift directionality. The difference in the directionality of shift prediction from these methods
may be attributed to different underlying principles employed by each method to generate the deformation field.
Particularly, the presence of electrode leads shown on the registered iMR image in Fig 3(B) may introduce some local
effects when non-rigid image registrations are performed, thus impacting the shift direction prediction. Nevertheless, while
more understanding of the neuroanatomy is needed to match conditions, the results in Table 1 demonstrate considerable
promise in that model predictions are on the correct scale.

10576 - 16 V. 1 (p.8 of 10) / Color: No / Format: Letter / Date: 2/12/2018 4:06:01 AM

SPIE USE: DB Check, Prod Check, Notes:



Please verify that (1) all pages are present, (2) all figures are correct, (3) all fonts and special characters are correct, and (4) all text and figures fit within the red
margin lines shown on this review document. Complete formatting information is available at http:/SPIE.org/manuscripts

Return to the Manage Active Submissions page at http://spie.org/submissions/tasks.aspx and approve or disapprove this submission. Your manuscript will not
be published without this approval. Please contact author_help@spie.org with any questions or concerns.

5. CONCLUSIONS

A preliminary feasibility study is conducted using a biomechanical finite-element model-based brain shift correction
strategy to predict intraoperative brain shift in DBS burr hole procedures with only sparse intraoperative data. Compared
to approaches currently employed clinically to address the impact of brain shift, namely MER or iMR, the model-based
approach has the potential to be a cost-effective complementary or alternative technology that presents minimal disruption
to existing clinical workflow and infrastructure, which can be beneficial in aiding surgical navigation as well as providing
accurate stimulation targeting, hence ensuring optimal DBS treatment quality. Yet important works still remain in
qualifying the sparse intraoperative data to drive model correction. Here, sparse surface data was used but ultimately this
was derived from iMR data. Typically, this data would not be available in medical centers not specialized in this manner.
There may be options with recent advances in intraoperative imaging approaches such as CT and/or US. Refinement of
the brain shift correction algorithm is also needed to better account for lateral shift components. In addition, clearly a larger
study with more patients is needed to better assess the model-correction strategy. The important contribution of this work
is the demonstration that with only a sparse set of data, reasonable approximations to electrode shift should be predictable.
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