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Abstract

Purpose In the recent past many groups have tried to build
functional atlases of the deep brain using intra-operatively
acquired information such as stimulation responses or micro-
electrode recordings. An underlying assumption in build-
ing such atlases is that anatomical structures do not move
between pre-operative imaging and intra-operative record-
ing. In this study, we present evidences that this assumption
is not valid. We quantify the effect of brain shift between
pre-operative imaging and intra-operative recording on the
creation of functional atlases using intra-operative somatot-
opy recordings and stimulation response data.

Methods A total of 73 somatotopy points from 24 bilat-
eral subthalamic nucleus (STN) implantations and 52 eye
deviation stimulation response points from 17 bilateral STN
implantations were used. These points were spatially normal-
ized on a magnetic resonance imaging (MRI) atlas using a
fully automatic non-rigid registration algorithm. Each
implantation was categorized as having low, medium or large
brain shift based on the amount of pneumocephalus visible
on post-operative CT. The locations of somatotopy clusters
and stimulation maps were analyzed for each category.
Results The centroid of the large brain shift cluster of the
somatotopy data (posterior, lateral, inferior: 3.06, 11.27,
5.36 mm) was found posterior, medial and inferior to that
of the medium cluster (2.90, 13.57, 4.53 mm) which was
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posterior, medial and inferior to that of the low shift clus-
ter (1.94, 13.92, 3.20 mm). The coordinates are referenced
with respect to the mid-commissural point. Euclidean dis-
tances between the centroids were 1.68, 2.44 and 3.59 mm,
respectively for low-medium, medium-large and low-large
shift clusters. We found similar trends for the positions of
the stimulation maps. The Euclidian distance between the
highest probability locations on the low and medium-large
shift maps was 4.06 mm.

Conclusion The effect of brain shift in deep brain stimula-
tion (DBS) surgery has been demonstrated using intra-oper-
ative somatotopy recordings as well as stimulation response
data. The results not only indicate that considerable brain
shift happens before micro-electrode recordings in DBS but
also that brain shift affects the creation of accurate func-
tional atlases. Therefore, care must be taken when building
and using such atlases of intra-operative data and also when
using intra-operative data to validate anatomical atlases.

Keywords Intra-operative brain shift -
Functional/statistical atlases - Deep brain stimulation

Introduction

Deep brain stimulation (DBS) is a method used to alleviate
symptoms related to movement disorders such as Parkinson’s
disease by stimulating deep brain nuclei. Because of the small
size of the nuclei, such functional neurosurgical procedures
require precise targeting. Traditionally, they are performed
in two stages. An approximate target location is first selected
pre-operatively by a neurosurgeon and then refined intra-
operatively using multiple exploratory electrodes to map the
electrophysiology of the brain around the planned target.
Although this process permits some compensation of brain
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shift and adjustment of the target, it is time consuming and
requires expertise that is not always available.

Because the surgical targets of interest used for movement
disorders are not or poorly visible in typical imaging modali-
ties, a number of computerized methods have been developed
to assist surgeons in planning the procedure. These typically
involve the use of an atlas and its registration to the patient’s
MR images. The current clinical standard atlases are the
Talairach [1] and the Schaltenbrand—Wahren atlas [2]. These
consist of a series of unevenly spaced brain sections that have
been histologically stained to reveal the structures and sub-
structures of interest. When digitized, these atlases can be
superimposed on the preoperative images. But these atlases
are imperfect because they are either limited to one section-
ing plane per hemisphere (Talairach atlas) or to non-contig-
uous anatomy in intersecting orthogonal slices (S-W atlas).
Alternatives to these atlases have been developed recently
[3-6]. These approaches involve one 3D histological atlas
reconstructed from thin contiguous slices registered to one
MR image volume. Automatic segmentation of structures
such as the STN, substantia nigra, or red nucleus is then
obtained by registering the atlas MR volume to the patient
MR volume. There is, however, a lack of consensus on the
exact anatomical location at which stimulation can provide
the best efficacy for a given disease. For instance, it has
been reported by Plaha et al. [7] that both the dorsal part
of the STN and zona incerta (ZI) provide symptom relief.
Maks et al. [8] have recently reported that patient-specific
models showed that therapeutic benefits were achieved with
direct stimulation of a wide range of anatomical structures
in the STN region in 10 Parkinson’s disease (PD) patients.
Andrade-Souza et al. [9] use a target near the superior por-
tion of the nucleus. Based on micro-electrode recordings
(MER), Hamani et al. [10] found that STN-like activity was
recorded up to 3 mm more anterior than the anterior bor-
der of the nucleus defined with the MRI; indicating that
STN extended more anteriorly than suggested by MRI. There
is thus evidence that the anatomy can only be used as a
guide and that electrophysiological atlases may provide more
useful information.

The concept used in electrophysiological atlases is simi-
lar to the concept used in anatomical atlases: first build an
atlas, and then use this atlas for targeting. The atlas crea-
tion step is, however, different. Typically, the final intra-
operative position of the lead, the intra-operative response
to stimulation at specific points, intra-operative micro-elec-
trode recordings, and the position of the active contact in
post-operative images are gathered for a population in image
coordinates. This information is then spatially normalized by
registering individual image volumes to one or several refer-
ence image volumes, and statistical atlases are created. This
is the approach followed by Tasker et al. [11], Finnis et al.
[12,13], Nowinsky et al. [14-16], Guo et al. [17,18], Toga
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et al. [19], Castro et al. [20,21], and ourselves [22-25]. In
[26], Guo et al. compared a number of methods for STN DBS
targeting including direct targeting, use of anatomical atlases,
electrophysiological databases, actual surgical targets from a
population of patients, and a combination of these methods.
They found that the electrophysiological atlas, actual sur-
gical target collection, and the combination of approaches
based on functional and anatomical information provided
more accurate initial estimation of the surgical target posi-
tions than those techniques dependent solely on anatomical
references.

But, an underlying assumption commonly used when
building physiological atlases is that anatomical structures do
not move between pre-operative imaging and intra-operative
recording. This assumption is made even though a number
of studies have shown the occurrence of brain shift in ste-
reotactic surgery [27-32]. In 1975, Gerdes et al. [27] first
described the error resulting from subdural air invasion and
“brain sinking” in a stereotactic procedure. Similarly, Khan
et al. [31] analyzed brain shift between pre-operative and
post-operative 3D MRI scans in 25 subjects. They reported
brain shifts of up to 4 mm in magnitude and mostly observed
in the direction of gravity, with deeper structures experienc-
ing smaller shift than more superficial structures. Miyagi
et al. [30] investigated the tendency, direction, and extent of
brain shift by comparing the locations of anterior and poster-
ior commissures (AC and PC) on the pre- and post-operative
MRI. Both the commissures were found more medial, pos-
terior and inferior on the post-operative MRI than on the pre-
operative MRI. In a 2008 study, Halpern et al. [32] reported
shift impacted the number of microelectrode tracks needed
to optimize targeting.

Because of shift, stereotactic coordinates of intra-opera-
tive data may be different from their anatomical locations.
This can, in turn, impact the accuracy of electrophysiological
atlases created with this data. In this study, we evaluate this
effect using somatotopy recordings and stimulation response
data and demonstrate that intra-operative brain shift can have
a substantial effect on the resulting statistical maps.

Data
Image data

With IRB approval each patient had pre-operative MRI and
CT, and a post-operative CT acquired on the day of the sur-
gery, which will be referred to as the post-op CT. Typical CT
images were acquired at kVp = 120 V, exposure 350 mAs
and 512 x 512 pixels. In-plane resolution and slice thickness
were approximately 0.5 and 0.75 mm, respectively. MRI (TR
12.2 ms, TE 2.4 ms, 256 x 256 x 170 voxels, with typical
voxel resolution of 1 x 1 x 1 mm?) were acquired using
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the SENSE parallel imaging technique (T1W/3D/TFE) from
Philips on a 3 T scanner.

At our institution the surgery is performed with a min-
iature stereotactic frame, the StarFix microTargeting Plat-
form® (501(K), Number K003776, Feb. 23, 2001, FHC,
INC; Bowdoin, ME) instead of a standard stereotactic frame.
During surgery, a micro-positioning drive (microTargeting®
drive system, FHC Inc., Bowdoin, ME) is mounted on the
platform. Recording and stimulating leads are then inserted
through the guiding tubes. Details on the platform, includ-
ing a study of its accuracy demonstrating it to be at least as
accurate as standard frames can be found in [33,34].

Somatotopy and stimulation response data

Intra-operative somatotopy and stimulation responses were
recorded for this study. A somatotopic response is said to be
observed at a given location in the brain when a noticeable
change in micro-electrode recordings follows a stimulus such
as flexion or extension of body parts such as elbow, shoulder
or wrist. Only those observations recorded with confidence
as determined by the surgical team were used. A total of 24
bilateral sub-thalamic nucleus (STN) implantations contrib-
uting 73 somatotopy data points were used.

Eye deviation responses to stimulation were also used to
create functional atlases. A total of 52 data points from 17
bilateral STN implantations were utilized. Although other
types of response to stimulation were available, we have cho-
sen to limit this study to eye deviation data because it is the
most populous stimulation response dataset we have.

Method
Registration and data pre-processing

A key component of the method is our ability to map informa-
tion acquired from a population of patients onto one reference
image volume, termed the atlas. This has been demonstrated
in our earlier works [22,23,25,35]. Two types of registra-
tion algorithms are needed to perform such mapping; rigid
and non-rigid. The rigid registration algorithm is required
to align pre-operative MRI and CT (CT scans are acquired
at our institution because the stereotactic frame we use—
see “Image data”—requires it) scans of the same patient.
Non-rigid registration is required to map patient data onto
the atlas. In this study, non-rigid registration is always per-
formed on MRI volumes using the adaptive bases algorithm
we have proposed earlier [36]. Briefly, this algorithm com-
putes a deformation field that is modeled as a linear com-
bination of radial basis functions with finite support. This
results in a transformation with several thousands of degrees

of freedom. Two transformations (one from the atlas to the
subject and the other from the subject to the atlas) that are
constrained to be inverses of each other are computed simul-
taneously. The adaptive bases algorithm reduces the compu-
tational complexity and improves the convergence properties
of related B-splines-based approaches by identifying regions
of mis-registration and adapting the compliance of the trans-
formation locally. The algorithm arrives at the final deforma-
tion iteratively across scales and resolutions. The similarity
measure used by both algorithms is the mutual information
between the images [37,38], which is commonly used for
medical image registration tasks (see Pluim et al. [39] for a
good review).

Classification of the data based on brain shift

In previous work [40] we showed that brain shift in the deep
brain is proportional to the amount of air invasion or pneu-
mocephalus. Shift in the deep brain was measured as the
difference between the implant location on the post-op CT
acquired immediately after surgery and that on the delayed
CT acquired about a month after surgery when the brain
is expected to have recovered from brain shift. Similarly,
Halpern et al. [32] reported that AC-PC shortening correlated
with cortical displacement measured based on the amount of
pneumocephalus.

Each post-op CT was carefully inspected for pneumoceph-
alus and each side of the brain was classified into one of the
three categories: low, medium and large brain displacement
corresponding respectively to an average air pocket width
less than or equal to 3 mm, between 3 and 7 mm, and higher
than 7 mm. We found negligible shift in the deep brain for air
pocket width of 3 mm or less and substantial shift in the deep
brain for air pocket width of 7 mm or more. The air pockets
were measured from the inner table of the calvarium in the
frontal cortex. Figure 1 shows representative examples of (a)
low, (b) medium and (c) large shift patients. To determine
the region in the frontal cortex where cortical surface shift
is most likely to cause brain shift at the target, a reference
line (shown as a dashed line in Fig. 1) parallel to the direc-
tion of gravity and passing through the implant was drawn.
The measurements are made in the vicinity of this region.
As shown, four measurements of the width of the air pocket
were made and averaged to categorize the patient into one
of the three shift groups. The direction of gravity is assumed
to be along the AC-PC direction because the patients lay
supine during the post-op CT acquisition. Two observers,
authors SP and PFD independently made the measurements
and grouped the data. Figure 1d shows a typical head ori-
entation for a patient laying supine during the post-op CT
acquisition.
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Fig. 1 Frontal portion of a sagittal slice (after a 90° rotation for easy
visualization) on post-operative CT for patients in a low, b medium,
c large shift groups showing air pocket. Width of the air pocket is mea-
sured from the inner table of the calvarium at the lead level as shown.
Sample measurements in mm are shown. d Typical head orientation in
the scanner with the patient lying supine. The dashed horizontal line
in a, b and c is a vector passing through the implant in the direction of
gravity

Populating the atlas with intra-operative data and building
stimulation maps

The depth of the electrode for every somatotopy and stimula-
tion response data point was read from the micro-positioning
device and converted into X, Y, and Z coordinates in pre-
operative CT. The patient pre-operative MRI and CT images
were registered using a rigid body registration. Each MRI
volume was registered to the atlas through non-rigid regis-
tration. The transformations were concatenated and the X,
Y, and Z coordinates of the intra-operative data were trans-
formed into X 4, Y4, and Z 4 atlas coordinates.

The eye deviation maps were built using the method
described in detail in [25]. Briefly, we assume that responsive
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neurons are localized somewhere on an annulus in 2D or a
spherical shell in 3D centered on the stimulation point. To
study a patient’s response to stimulation at a given location,
stimulation current is applied in steps (typically 0.5-1.0 mA)
until a response is observed. If a response occurs at stimu-
lation current / and not at the previous step / — ¢, then we
assume that the responsive neurons were activated between
I —e and I where ¢ is a positive real number. Thus, we assume
that the responsive neurons lie on this annulus or a spherical
shell in 3D. We associate a uniform probability density func-
tion with the neurons in the spherical shell. Summing over
a number of such stimulation points and normalizing them
yields a probability map of responsive stimulation regions.
Our current to radius relationship (R) is based on the data
published by Butson et al. [41] for mono-polar voltage stim-
ulation using a DBS electrode in an isotropic medium and
with standard stimulator settings. Typical radius values are
2.2 mm for 1 mA, 2.6 mm for 1.5 mA, 3 mm for 2 mA.
We have investigated the sensitivity of our method to the
relationship between stimulation voltage/current and radius.
We found that the overall size and morphology of the maps
changes in their peripheral regions but that the regions of high
probability were stable. At our center, stimulation is applied
in steps of 0.5 mA but to account for potential delay in the
occurrence of response we chose ¢ to be 1.

More specifically, for a data point P;(X4, Y4, Z4) pro-
ducing a stimulation response at I mA, a spherical shell-
based stimulation map with outer radius r; = R (/) and inner
radius rp = R(I — 1) is created as follows. Let €21 be the set
of all voxels inside the spherical shell (Eq. 1). The value of
the map at a point with coordinates (x4, y4, z4) in the image
due to the observation at Py is Fp1(x4, ya, z4) defined in

Eq. (2).
Q= {(XA,yA,ZA) € Rr? < (xa — Xa)?

+ (04— Y0P+ 2a - Za) = 1} (M

Fp,(xa,yA,24)

= {ﬁwhen (xA, y4,2z4) € Ql,Ootherwise} 2)

n(£21) is the number of elements in the set €2

When multiple points Py, P, ..., Py are used in build-
ing a map, the overall efficacy map F at any point (a, b, c) is
defined as in Eq. (3).

N
F(a,b,c) = %*(Z Fp,(a,b, c)) 3)

i=1

The locations of somatotopy data clusters and eye deviation
maps for the various brain shift groups were subsequently
analyzed.
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Results

Grouping data based on pneumocephalus as discussed in
the section “Classification of the data based on brain shift”
resulted in the following datasets. The somatotopy data was
classified as eight implantations contributing 17 data points
in the low, 12 implantations contributing 47 data points in
the medium, and 4 implantations contributing 9 data points
in the large air groups. For the stimulation data, the medium
and large categories were merged to create the medium-large
category because too few data points were available to build
a map for the large category. The stimulation response data
contains 25 points from 7 implantations in the low shift cat-
egory and 27 points from 10 implantations in the medium-
large shift category.

Transforming the coordinates of the somatotopy and stim-
ulation response data from each of the patients onto the atlas
using the registration method described in the section “Reg-
istration and data pre-processing” resulted in distinct clus-
ters (one for each category) in the atlas. Figure 2 shows the
locations of the centroids of somatotopy clusters for the low
(red), medium (blue) and large (green) brain shift patients
overlaid on the atlas MRI. Figure 2a shows the sagittal view
and Fig. 2b shows the coronal view. The lateral ventricle and
the interpeduncular cistern are highlighted for anatomical
reference. To eliminate the effect of outliers, we also looked

Fig. 2 Centroids of somatotopy
clusters of low (red), medium
(blue) and large (green) brain
shift patients overlaid on the
atlas MRI. a Sagittal view
showing a lateral ventricle and
b coronal view showing the
interpeduncular cistern for
reference

at the medians of the clusters and a similar organization was
observed. The centroid and median were computed on each
coordinate for the points in the cluster.

The locations of the centroids and medians of the clusters
are given in Table 1 (in each case, the origin of the coordinate
system is the mid-commissural point). Table 1a shows that
the medium group is located posterior, inferior and medial to
the low group and that the large group is posterior, inferior
and medial to the medium group. Similar trends are observed
with respect to the medians as shown in Table 1b. The stan-
dard deviations, in mm, for the posterior, lateral and inferior
components of the low, medium and large shift groups are
(2.40, 1.64, 2.01), (1.98, 1.43, 1.84) and (2.11, 1.38, 2.17)
respectively. The distances between the centroids of the low
and large, medium and large and low and medium clusters
were 3.59, 2.44 and 1.68 mm, respectively. The distances
between the medians of the low and large, medium and large
and low and medium clusters were 3.36, 1.88 and 2.03 mm,
respectively.

Figure 3 shows axial and coronal slices of the eye deviation
stimulation response maps containing the highest probabil-
ity point for (a) low and (b) medium-large brain shift groups
overlaid on the atlas MRI. It can be seen that the shapes and
locations of the maps are quite different for the two groups.
The measurements in the figures indicate that the high proba-
bility region in the medium-large shift map is 3.5 mm medial,

\ Lateral

ventricle

Table 1 Locations of centroids
and medians of the somatotopy

(a) Cluster centroids

(b) Cluster medians

clusters in AC-PC coordinates Low Medium Large Low Medium Large

for the low, medium and large

shift groups Posterior (mm) 1.94 2.90 3.06 1.96 2.82 2.51
Lateral (mm) 13.92 13.57 11.27 13.39 13.28 11.73
Inferior (mm) 3.20 4.53 5.36 2.75 4.59 5.62
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Fig. 3 Axial and coronal slices
of the eye deviation maps
containing the high probability
points for a low brain shift,

b medium-large brain shift
groups overlaid on the atlas
MRI, ¢ color scale

High probability
R region

14 mm
P

High probability
region

1.5 mm inferior and 1.4 mm posterior to the low shift map
resulting in a Euclidean distance of 4.06 mm between the
high probability points in the two maps.

Discussion

Earlier studies have reported on brain shift by comparing
locations of anatomical points (different from the target
points) between pre- and post-operative images. Such stud-
ies can be affected by changes in patient posture between
surgery and post-operative imaging. Their analyses can also
be affected by post-implantation brain shift as well as delay
between implantation and post-operative imaging. Instead,
we have used intra-operative micro-electrode recording-
based somatotopy observations and stimulation responses
recorded from the target regions (STN for instance) to study
this effect.

The distance between the centroid of the somatotopic
functional atlas created using all data and that created using
only the low brain shift data—what we think is the closest
to the gold standard—is 1.46 mm. The distance between the

@ Springer

High probability
R region

(c)
High

High probability

corresponding medians is 1.74 mm. The distance between the
centroids of low and large somatotopic atlases is as high as
3.59 mm. The stimulation response maps showing the region
of eye deviation using low and medium-large shift data are
quite different in shape and location. The distance between
the high probability points on the low and medium-large maps
is 4.06 mm. The medium-large shift map is more medial and
inferior to the low shift map.

One potential source of error that can affect these observa-
tions is the accuracy of the registration used to map data from
individual patients onto the atlas. Since the precise anatomi-
cal points corresponding to the somatotopic and stimulation
response observations are not visible on current imaging,
there is no direct way to evaluate the accuracy of registra-
tion at these points. However, predicting the anterior and
posterior commissures which are around the typical DBS
targets using the same rigid and non-rigid registration algo-
rithms used in this paper we found the registration accuracy
to be sub-millimetric [42]. Another potential source of error
is the accuracy of the stereotactic system. A recent phantom
study by Balachandran et al. [34] showed the accuracy of
our stereotactic platform (microTargeting™ StarFix) to be
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0.42 +0.15 mm. One of the limitations of this study is that it
is dependent on cortical landmarks (air pockets at the surface
of the brain) for the classification of patients into various shift
groups. A more reliable approach to group patients based on
shift would be to use an intra-operative CT to capture snap-
shots of landmarks in the vicinity of the targets at various
stages of the procedure, i.e., immediately after dura open-
ing, before micro-electrode recordings, before micro/macro
stimulation and after implantation of the final electrode.

In the recent past, a number of functional atlases and
databases containing intra-operatively acquired sub-cortical
electrophysiological data from a number of patients have
been implemented to complement anatomical and histolog-
ical atlases. Several groups have used such atlases to pro-
vide targeting predictions and intra-operative guidance as
discussed in the “Introduction” section. However, none of
these atlases account for brain shift. A number of authors
have shown the occurrence of intra-operative brain shift in
DBS by comparing pre- and post-operative images. Further-
more, in a 2008 study, Halpern et al. [32] reported that shift
impacted the number of microelectrode tracks needed to opti-
mize targeting. The DBS for PD study group reported that the
higher the number of microelectrode passes the higher the
risk of intracranial bleeding [43]. Therefore, intra-operative
brain shift could have an impact on patient care and must be
taken into account.

Our results are based on using intra-operative data to study
the effect of brain shift on atlas creation. The results indicate
that considerable brain shift happens before micro-electrode
recordings in DBS and that brain shift should be accounted
for when building functional atlases. Caution should also
be used when using intra-operative recordings to validate
anatomical atlases. The results in this study are not target
dependent and similar results can be expected at other deep
brain targets. We are now working on developing methods
to compensate for brain shift when building electrophysi-
ological atlases. This will permit using data acquired from
all patients, even those for which brain shift is substantial.
When these atlases are built, we will investigate their useful-
ness for procedure planning, intra-operative guidance, and
implant programming.
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