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Abstract—Deep brain stimulation (DBS) involves the
implantation of electrodes into specific central brain struc-
tures for the treatment of Parkinson’s disease. Image
guidance and robot-assisted techniques have been developed
to assist in the accuracy of electrode placement. Traditional
DBS is performed with the patient awake and utilizes
microelectrode recording for feedback, which yields lengthy
operating room times. Asleep DBS procedures use imaging
techniques to verify electrode placement. The objective of
this study is to demonstrate the validity of an asleep robot-
assisted DBS procedure that utilizes intraoperative imaging
techniques for precise electrode placement in a large,
inclusive cohort. Preoperative magnetic resonance imaging
(MRI) was used to plan the surgical procedure for the 128
patients that underwent asleep DBS. During the surgery,
robot assistance was used during the implantation of the
electrodes. To verify electrode placement, intraoperative CT
scans were fused with the preoperative MRIs. The mean
radial error of all final electrode placements is
0.85 £ 0.38 mm. MRI-CT fusion error is 0.64 £+ 0.40 mm.
The average operating room time for bilateral and unilateral
implantations are 139.3 £+ 34.7 and 115.4 &+ 42.1 min,
respectively. This study shows the validity of the presented
asleep DBS procedure using robot assistance and intraoper-
ative CT verification for accurate electrode placement with
shorter operating room times.

Keywords—Deep brain stimulation, Robot-assisted, Elec-
trode placement, Placement accuracy, Parkinson’s disease.
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INTRODUCTION

Deep brain stimulation (DBS) is a common treat-
ment option for symptoms associated with Parkinson’s
Disease (PD) including essential tremor, rigidity, and
dystonia.'""'*!%2” DBS involves the implantation of
electrodes into specific central brain structures. The
electrodes deliver pulsed, high frequency electrical
currents that help regulate pathological local syn-
chronous firing patterns of local stimulatory activity.
The primary target structures in the treatment of PD
are the subthalamic nucleus (STN), globus pallidus
interna (GPi), and ventralis intermedius (Vim). While
the STN treats most symptoms of PD, the GPI and
Vim are targeted to reduce the effects of dystonia and
essential tremor, respectively.?®

A DBS procedure begins with preoperative planning
to determine the target location within the brain and
trajectory required to reach that location. Magnetic
resonance images (MRI) of the patient are acquired
and used to identify the target location. Traditional
DBS procedures can be referred to as awake DBS be-
cause they involve the patient being under local anes-
thesia, aware of what is happening in the operating
room. DBS was performed awake so that feedback
could be obtained in the operating room on the effects
of the implanted electrodes from the patients them-
selves, from microelectrode recordings (MER), or
sometimes a combination of both. MER involves
incrementally inserting electrodes smaller than the
permanent one along the planned trajectory to mea-
sure the electrical signals coming from neurons. The
electrode is advanced until reaching the target struc-
ture, and based upon both individual and local area
neuronal firings, the sensorimotor regions along the
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trajectory can be mapped, which are used to verify that
the target location is the optimal placement within the
target structure. The use of MER can be associated
with longer operating room times that may lead to
additional surgical complications and infections,”!*-%!
including an increased risk for hemorrhage.'> The
average operating room time for an awake DBS pro-
cedure ranges from 4 to 6 h."® There are a number of
limitations associated with awake DBS. Lengthy pro-
cedures are taxing for the patient and operating room
staff. The patient can undergo fatigue, and although
they can provide feedback, it cannot include full motor
function assessment such as standing or walking. There
is a proportionally higher economic burden associated
with the surgeon, OR staff, and facilities time required
for these lengthy procedures.'” Typically, the longer
the operating room time, the longer the recovery time,
which is challenging for the patient and can create
additional costs.

To address some of the concerns surrounding awake
DBS, a procedure utilizing general anesthesia, known
as asleep DBS has been developed.” Asleep DBS still
involves the preoperative MRI planning, but relies on
high-resolution imaging, image guidance, and some-
times robotic-assistance to validate the placement of
the electrode within the target location. Imaging and
robotic assistance provides the accuracy and precision
required to remove the dependency on physiological
feedback relied on during awake DBS to determine
electrode placement. MER can still be used in asleep
DBS procedures to provide electrical-signal feedback,
but due to the additional risk and the controversy
regarding the efficacy of MER,>!'%!3!? intra-operative
imaging techniques are used instead. These techniques
involve computed tomography (CT) or MR images
being taken during the procedure to verify electrode
placement within the anatomical target. If CT is used
intraoperatively, it is fused to preoperative MRI be-
cause only the MRI can accurately show the grey
matter within the brain to view the target structure.
The merged MRI-CT scans can then be used to assess
the placement of the electrode (captured from the CT)
compared to the target location (identified on the
MRI). This does introduce a source of error to the
procedure, as MRI and CT both have individual er-
rors, along with error involved when merging the two
types of scans. MRI has a nonuniform magnetic field
generated from the main magnet in the equipment that
leads to non-linearities in the gradients generated,
which makes straight lines appear curved or distorted
at the edge of MRI scans.'® CT scans have a low soft
tissue contrast which makes it hard to visualize target
structures and any metal in the image can lead to
streaking distortion.> By combining the two imaging

modalities, the electrode placement can be properly
planned and verified after insertion. The operating
room time is drastically shorter for asleep procedures,
and is reported to range from 2 to 3.17 h.>%%*

The primary measure of success for a DBS proce-
dure within the operating room before clinical out-
comes can be determined is electrode placement
accuracy. This is measured as the radial error between
the center of the target location determined preopera-
tively and the center of the implanted electrode. If the
surgeon is concerned about the accuracy of initial
placement, the electrode may be re-implanted; how-
ever, there is debate as to what constitutes sufficient
accuracy. Some studies use the standard of re-im-
planting the electrode if it is farther than 2 to 3 mm
away from the target** while others state simply 3 mm
as the standard for re-implantation.” Asleep DBS
procedures have reported placement accuracies com-
parable to those of awake DBS,>* with the lowest
report radial error for asleep DBS Dbeing
0.6 £ 0.3 mm.*

To improve the precision of asleep DBS, robots,
such as SurgiScope, NeuroMate, Renaissance, and
ROSA, are being utilized within the operating room.’
The safety and effectiveness of using a robot for
stereotactic neurosurgery has been shown previ-
ously.!#1720.2931 A" study of a frame-based DBS
procedure using the NeuroMate robot for the
implantation of 30 leads reported a Euclidean error of
0.86 & 0.32 mm measured using orthogonal radio-
graphs in Stereoplan.® Neudorfer and colleagues
found that there were statistically significant
improvements for a cohort of 80 patients (40 im-
planted using each method) in lateral deviation and
operating room time when performing robot-assisted
DBS compared to conventional frame-based implan-
tation methods.”> The addition of robot-assistance
within a DBS asleep procedure has been shown to have
the same clinical improvement as awake surgeries
when Unified Parkinson’s Disease Rating Scale
(UPDRS) motor scores were compared.?’ The Mazor
Renaissance robot is used in this study, which is an
FDA approved system for electrode/implant place-
ment and brain biopsies. It is a small, frameless plat-
form with 360° working volume for highly accurate
access to planned trajectories.

The objective of this study is to demonstrate the
validity of an asleep robot-assisted DBS procedure
that utilizes intraoperative imaging techniques for
precise electrode placement in a large, inclusive cohort.
Electrode placement accuracy, fusion error associated
with intraoperative CT to preoperative MRI, operat-
ing room times, and adverse effects are quantified for a
cohort of 128 patients with 241 lead placements.
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MATERIALS AND METHODS

Patient Inclusion and Demographics

A total of 128 consecutive patients were included in
this study, of which 113 underwent bilateral implan-
tation and 15 unilateral implantation (total 241 lead
placements). The target location was the STN in 162
cases, Vim in 42 cases, and GPi in 37 cases. Of the 128
patients, 68 were female, 48 were male, and 12 did not
have information recorded. The mean age of the
patients was 64.6 £ 13.2 years. All surgeries were
performed by the same surgeon (DVS) at Littleton
Adventist Hospital in Littleton, CO between August
2014 and October 2017. This study was approved by
the Porter Adventist Hospital Institutional Review
Board.

Surgical Procedure

All patients received a preoperative T1 MRI with
gadolinium and a T2 MRI using a GE LX, 60-cm bore,
1.5 Tesla MRI under general anesthesia (Fig. 1a)
(1 mm slice, matrix 512 x 512, 0.487 x 0.487 mm in-
plane resolution). The MRI was calibrated using the
American College of Radiology standard phantom
tests.” For the first twelve patients, the MRI and the
electrode placement procedure were performed on the
same day and under the same anesthetic; however,
following a practice change, the MRI and trajectory
planning were performed under general anesthesia the
day prior to surgery for the remaining patients. On the

day of surgery, the patient is positioned using a head
clamp (Doro 4002-20, Pro Med Instruments, Freiburg,
Germany) customized for use with intraoperative CT,
which would not be necessary for an awake DBS
procedure. The surgical plan is verified and measure-
ments are taken for the placement of the Renaissance
robot (Mazor Robotics, Caesarea, Israel) attachment
base. High precision of the robot base in not required
as long as the robot is attached on the skull in a
location where the robot can reach the target trajec-
tories. The robotic software calculates a series of pos-
sible mounting locations. Calipers are used to
triangulate from known anatomic landmarks or fidu-
cial markers to the selected base location. A sterile field
is then created and a fiducial frame, known as the Star
Marker, is attached to the base that allows the plan-
ning software to orient the Renaissance system to the
patient and intraoperative CT scan (Fig. 2a). The
intraoperative CT (2s. rotation, 120kv, 7 mA,
1.25 mm slice thickness, 0.494 x 0.494 mm in-plane
resolution; CereTom™, Neurologica Corp., Danvers,
MA.) is obtained in a sterile fashion (Fig. 1b) and then
fused with the preoperative MRI (Fig. 1). When the
CT is fused to the MRI, the robot base location is
known relative to the target trajectories. This intra-
operative CT is referred to in this study as the fiducial
CT. The MRI-CT fusion process is completed in the
Mazor Renaissance software. It involves an initial
manual alignment performed by the surgeon, followed
by the software registration algorithm completing the

FIGURE 1. (a) Preoperative T2 MRI acquired with a 1.5 Tesla machine under general anesthesia (top), with preoperative cannula
trajectory plan for the right STN shown in blue (bottom). (b) Intraoperative CT (including fiducial frame for orientation of the
renaissance system). (c) Fusion of MR and CT scans; transparent overlay of T2 MRI and intraoperative CT (top), intraoperative CT
with T2 MRI shown within window (bottom). (d) Intraoperative CT with preoperative plan mapped from the fused MRI shown in blue.
Sagittal and axial images that pass through the right STN are shown in each instance.
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FIGURE 2. (a) Fiducial frame attached to the robotic base that allows the software to orient the Renaissance system. (b) Robot
positioned on the base with arm attached. The arm is oriented over the target insertion point so that the precise location can be

marked on the scalp.

six-degree-of-freedom fusion. Once completed, the fu-
sion is visually inspected by the surgeon for success.
The robotic arm is attached to the base and the arm
of the robot commanded to move to the target inser-
tion point (Fig. 2b), where the location is marked and
the robot is removed in order to create a sterile inci-
sion. After the incision is made, the robot is reattached
to locate the site of the planned burr-hole. The robot is
removed once again for the actual burring procedure
and attached a third time for placement of the to-target
cannula. The dura is not opened at this stage of the
procedure. An FHC (Bowdoin, ME) ST-DS-MA drive
system is attached to the robotic arm for to-target
cannula depth measurement. The dura is perforated
using monopolar electrocautery. The size of the pene-
tration matches the size of the cannula to prevent
cerebral spinal fluid loss and subsequent brain shift. A
secondary intraoperative CT is performed with the
robot attached and cannula in place; this intraopera-
tive CT is referred to in this study as the verification
CT (Fig. 3). In order to verify accurate placement of
the cannula, the verification CT is fused with the
fiducial CT and the deviation between cannula place-
ment and the preoperative trajectory plan is assessed.
Acceptance of the cannula position is based upon the
accuracy of the placement, a radial error of less than
2 mm, and a verification that the 1.8 mm diameter
cannula is wholly within the target structure, so un-
wanted stimulation to surrounding structures does not
occur, both of which are at the surgeon’s discretion.
Any adjustment is made by use of an X-Y stage (Alpha
Omega, Nazareth, Israel). For any surgery that
requires adjustment of the cannula position, an addi-
tional verification CT is performed with the cannula in

its final position. If an adjustment needed to be made
only to the depth of the cannula for the final electrode
placement, it was adjusted accordingly and no addi-
tional verification CT was taken. For bilateral surg-
eries, this process is repeated (Fig. 4).

Electrode Accuracy

Deviation from the intended target is measured
when looking down the view of the planned trajectory
on the verification CT for a given side (Fig. 5). The
electrode placement accuracy is the radial distance
between the center of the implanted electrode and the
center of the target location (Fig. 6). Errors in depth of
the cannula after implantation were also calculated
and reported, however, this study focuses primarily on
radial errors as errors related to the depth of the can-
nula measured by the verification CT were subse-
quently corrected by using the micro-drive system to
adjust the depth placement to eliminate this depth er-
ror. Unless otherwise stated, the errors reported in this
study refer to radial errors. An algorithm was devel-
oped in MATLAB 2017b (The Mathworks, Inc.,
Natick, MA) to automate the electrode placement
accuracy measurement process. It utilizes image pro-
cessing tools to locate the center of the electrode and
target. It then quantifies and converts the accuracy to
standard units of mm. The development of the auto-
mated measurement process climinates human vari-
ance in measurement and bias. A comparison of 27
patients with 53 electrodes implanted measured both
manually and using the algorithm shows a statistically
significant difference (p = 0.008) between the final
placement accuracies of  0.79 &£ 0.36 and
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FIGURE 3. A secondary intraoperative CT is obtained after placement of the cannula; the right cannula is shown here in sagittal

(top, left), axial (top, right), and coronal (bottom, left) views.

FIGURE 4. Series of intraoperative CT scans performed during bilateral surgery. (a) Fiducial CT for registration of the
Renaissance robotic system with the preoperative MRI. (b) Verification CT after placement of the left cannula. (c) Verification CT

after placement of the right cannula.

0.85 + 0.35 mm for the manual and automatic mea-
surement systems, respectively. The automated process
also saves computational time, which is beneficial
when analyzing large cohorts.

A source of potential error that adds uncertainty to
the accuracy of the electrode placement is the MRI-CT
fusion process. To our knowledge, the error involved
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in fusing the two scans has not previously been quan-
tified. In the operating room, the verification CT scans
are fused with the original fiducial CT; the fiducial CT
is the only CT which is fused directly with the preop-
erative MRI. In order to quantify the error associated
with the MRI-CT fusion process, in post-operative
analysis each verification CT was independently fused
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FIGURE 5. Verification CT viewed along the length of (left) and perpendicular to (right) the planned trajectory of the right cannula.
Placement accuracy measurements are made from the view along the length of the planned trajectory.

5.0 mm

FIGURE 6. Overlay of the preoperative MRI with target trajectory (blue) and verification CT cannula placement (red). Close-up with
5.0 mm reference scale bar shown on the right—this image was used to measure the difference between center of the target site
and the center of the implanted cannula. Images are shown looking along the target cannula trajectory.

with the preoperative T1 MRI. The target location
from the MRI was mapped to each CT scan (fiducial
plus verification CTs). When the CT scans are com-
pared, the target location appear in slightly different
locations in each scan. While it is not possible to
determine the exact location of the target with respect
to the CT images, the difference between the electrode
centers in each CT is the deviation that results from
fusing the CT and MRI scans (Fig. 7). The deviation
analysis includes all first, second, and third passes for
unilateral and bilateral implantations since fusion or-
der does not play a role in calculating the fusion error.

Statistical comparisons between the first and second
side implanted and initial and final placement accura-
cies were quantified using a student’s paired ¢ test. The
effect of target location (STN, GPi, Vim) was evalu-

ated used a one-way ANOVA. A p-value below 0.05
was considered statistically significant.

RESULTS

A total of 241 electrodes were implanted, of which
226 were for bilateral implantations, 7 for unilateral
right, and 8 for unilateral left. The placement accuracy
for all initial passes of the 241 implants is
1.06 &+ 0.60 mm. The mean initial pass placement
accuracies of the first and second sides implanted are
0.91 £ 0.46 and 1.20 + 0.65 mm, respectively. There is
a significant difference (p < 0.001) between the initial
pass placement accuracy of side one and side two. Of
the 241 electrodes implanted, 51 were re-implanted a
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FIGURE 7. (a) Measurement of MRI-CT fusion error. Preoperative MRI with target cannula trajectory (blue dashed line). (b) Close-
up showing apparent location of the center of the cannula from verification CT fused with fiducial CT (red) and apparent location of
the center of the cannula from verification CT fused directly with MRI (green). Fusion error is defined as the distance between these

locations.

second time (21%) and 3 were re-implanted a third
time (1%). Re-implantation was determined based on
a variety of factors including a radial error greater than
2 mm, the electrode not being positioned optimally in
the target structure either because the cannula is not
wholly within the structure or there is a better location
possible that could only be observed once the electrode
was implanted, or a combination of the aforemen-
tioned reasons. A total of 14 electrodes (6%) were re-
implanted a second time based upon a radial error
greater than 2 mm.

The placement accuracy for all final placements for
the 241 implants is 0.85 + 0.38 mm. There is a statis-
tical significance (p < 0.001) between the total initial
and final placement accuracy values. The final place-
ment accuracy for the first and second implanted sides
are 0.82 £ 0.36 and 0.87 £ 0.38 mm, respectively,
which have no statistical difference. The initial and
final placement accuracies based on target location are
shown in Table 1. There is no statistical difference
between the placement accuracies of the three loca-
tions. There is a statistical difference between the initial
and final placement accuracies in each location inde-
pendently: STN (p < 0.001), VIM (p = 0.027), and
GPi (p = 0.020).

When the errors in cannula depth along the planned
trajectory were calculated, the initial and final place-
ment absolute depth errors were 0.57 £ 0.62 and
0.64 + 0.62 mm, respectively. In the initial placement,
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41% of implants were located at the target depth, 38%
were located shallower than the target by
0.98 + 0.50 mm, and 21% were located deeper than
the target by 0.92 + 0.54 mm. Similar results in depth
error were measured from the verification CT after fi-
nal placement; 34% of implants were located at the
target depth, 39% were located shallower than the
target by 0.99 £+ 0.48 mm, and 27% were located
deeper than the target by 0.95 + 0.54 mm. However,
the micro-drive system was subsequently used to adjust
the depth placement to eliminate this depth error.

By using all of the implanted electrode fusions,
including re-implants, the MRI-CT fusion error was
calculated for 292 fusions. The mean deviation is
0.64 + 0.40 mm. There was no statistical difference in
fusion deviation between first and second side im-
plants.

The operating room time, defined as skin-to-skin
contact time, for 97 bilateral implantation procedures
is 139.3 + 34.7 min. For 11 unilateral implantations,
the operating room time is 115.4 &+ 42.1 min. Operat-
ing time was not available for the remaining 20 pro-
cedures.

Adverse events that were complications of robotic
surgery occurred in four (3.1%) patients. One patient
had a lead repositioning due to movement in contact
position while another had an erosion of a DBS lead
extension on a single side. In the operating room, one
patient experienced an intraparenchymal hemorrhage
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TABLE 1. Electrode placement accuracy values (mean = SD).
STN Vim GPi Total
Number of implants 162 42 37 241
First pass accuracy (mm) 1.08 £ 0.62 0.92 + 0.44 1.15 £ 0.63 1.06 £+ 0.60
Final pass accuracy (mm) 0.84 + 0.38 0.81 £ 0.36 0.88 + 0.38 0.85 + 0.38

that led to symptoms of a stroke which resolved, and a
deep vein thrombosis in the left arm. Two weeks
postoperatively, one patient had a pulmonary embo-
lism. In all cases, a diagnostic post-operative CT was
performed. No significant intraprechymal hemorrhage
was present. Complications unrelated to the robotic
surgery occurred in two patients who had a DBS pulse
generator repositioned within the pocket due to
migration, which was causing discomfort. There were
no battery infections outside the 2 week period.

DISCUSSION

The application of intraoperative imaging tech-
niques to DBS have been revolutionary in modifying
the procedure to where it is today with near real-time
electrode placement verification within the operating
room. For a traditional awake procedure, the reported
average placement accuracy of McClelland and col-
leagues for a cohort of 26 patients (52 leads) is 1.4 mm
in the lateral/medial direction and 1.2 mm in the
anterior/posterior direction.”> A recent study utilized
the Renaissance Mazor robot and MER for electrode
implantation in 20 patients (40 leads), which included
both awake and asleep DBS procedures, and measured
a radial error of 1.40 & 0.11 mm.'* The final electrode
placement accuracy of the current study is comparable
to other reports of asleep DBS procedures; radial er-
rors reported in the literature include 1.24 4+ 0.87 mm
on a cohort of 60 patients (119 leads),” 0.9 & 0.5 mm
on 48 patients (94 leads) using the NexFrame and
intraoperative CT verification,” and 0.6 & 0.3 mm on
twenty patients (40 leads).?® In the procedure described
by Ostrem et al.,”® the surgery is performed entirely
within a MRI suite which can be costly and not fea-
sible at all hospitals. The presented surgical procedure
has the advantage of using the CereTom portable CT
scanner which is available in a standard operating
room with lower costs.'

The accuracy of the system being reported is a cul-
mination of numerous factors including the to-target
cannula that prevents deviation of the electrode,
immobilization of the head during surgery, and the
robot being affixed to the skull. It should be also noted
that there are numerous other factors that may con-

tribute to the accuracy of electrode placement, apart
from the use of a robot-assisted technique. These fac-
tors include, amongst others, the experience of the
surgeon and surgical team, learning curve associated
with the surgical procedure, or different surgical pri-
orities in awake as compared to asleep DBS proce-
dures. The patient being under general anesthesia for
the preoperative MRI is also critical to the placement
accuracy as even a 1-2 mm shift during image acqui-
sition would become the dominant source of error for
the procedure.

The automated measurement algorithm eliminates
human bias when determining the electrode primary
contact center that may subsequently affect radial error
values. Previous studies have measured placement er-
ror on the Stealth Station®** or using FrameLink
software.”>** One study using the Stealth Station
analyzed the interobserver reliability of determining
the coordinates of the principal contact on post-oper-
ative MRI images and found that there were statisti-
cally significant differences in three of eight measured
coordinates.** Alternatively, Mirzadeh et al. found no
significant difference in measurements following inde-
pendent principal contact coordinate selections from
two surgeons on post-operative MRIs.*® Although
both of these studies analyzed manual coordinate
determination on MRIs, CT images also have artifact
around the implanted cannula that can make deter-
mining the precise center of the cannula difficult. The
automated measurement process accounts for the
electrode not being perfectly circle and removes human
variability that may impact the determination of the
circle center for more precise radial error measure-
ments.

The significant difference between the initial place-
ment accuracies of the first and second sides implanted
could be caused by CT artifact distortion from the
electrode previously implanted on the verification CT
check for the second side. This indicates the need to
further understand and quantify CT artifact caused by
the electrodes.

Previous studies have looked at MRI-CT fusion as
it applies to DBS surgery. Mirzadeh er al. fused
intraoperative CT with preoperative MRI and target
location from the MRI was mapped to the CT.> Then,
postoperative MRI was used to independently identify
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the target location. The error differences between the
target location identified on intraoperative CT and
postoperative MRI were quantified, thereby calculat-
ing a combination of plan-to-CT fusion error plus
MRI measurement variance. Geevarghese
et al. measured stereotactic fusion error in a different
way.” They identified the stereotactic coordinate sys-
tem through fiducial markers on the MRI, and then
fused the intraoperative CT with the MRI. Using an
unfused version of the same CT scan, they identified
the stereotactic coordinate system through fiducial
markers on the CT. The error measured in their study
is the difference in location of the electrode tip between
these two coordinate systems. In the study presented
here, two, or more in the case of reimplantation, CT
scans were independently fused with preoperative MRI
and the target location superimposed on each CT. CT
scans were subsequently merged and difference in
target location of the target between CT scans was
used to quantify a MRI-CT error.

The key aspect of asleep DBS is the use of intra-
operative imaging to verify electrode placement loca-
tion without MER or patient feedback. This can be
accomplished using either intraoperative MRI or CT,
but regardless of which is used, the fusing of two
images together has inherent error. This error is an
additional source of wvariability to the placement
accuracy values stated above. The precise location is
unknown due to the MRI-CT fusion error, but the
deviation analysis allows quantification of this uncer-
tainty across the patient population. This uncertainty
metric can be utilized in the operating room to help
surgeons determine how close the electrode must be to
the target location to be confident that it is actually
within the boundary of the target structure (Fig. 8).

The mean operating room time of this study (2.3 h) is
on the lower side of the range of previous asleep DBS
studies, which is significantly lower than that of awake
DBS procedures. The shorter surgery time is more
comfortable for the patient, surgeon, and operating
room staff. There is no significant change in OR time
from the first cases to the last, which seems to indicate a
shorter learning curve for this technique. The low rate of
infection of 3.1% compares favorably to 5.6% reported
in prior studies,* and adverse effects postoperatively can
in part be attributed to the shorter amount of time spent
within the operating room. With the shorter operating
room time, a surgeon can more easily fit multiple surg-
eries in a day. While the necessity of robotic-assistance
in asleep DBS requires capital investment in equipment
and maintenance costs that add to the overall economic
impact of the procedure, these costs are offset by the
reduced OR time per surgery—reduced OR time may
facilitate increased volume of procedures which reduced
the ““per surgery” capital costs, which are typically in the
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FIGURE 8. Implication of MRI-CT fusion error. To ensure
accurate placement, the target (blue) must be wholly within
the cannula region (red). When the average MRI-CT fusion
deviation (blue dashed) is accounted for, the probability that
the placement is not fully with the target region can be
calculated (green striped region).

range of $60-$100 per minute of OR time. Additionally,
a corresponding reduction in infection and adverse ef-
fects rates may reduce the hospital stay length for these
patients further reducing the overall cost of the proce-
dure.

An advantage to using the Mazor robotic system
over other commercially available options is the
autoregistration that the system utilizes. Most other
frameless systems require the manual registration of
fiducial markers, whereby a probe attached to the ro-
bot or followed by a 3D camera system is sequentially
placed by hand into bone mounted fiducials. The
Mazor system embeds the fiducials directly into the
Star Marker at fixed positions relative to the robotic
attachment base, making the manual registration step
unnecessary. This saves OR time and leads to more
accuracy in electrode placement.

Although the placement accuracy with this proce-
dure using the Renaissance robot with intraoperative
CT verification is comparable to that of awake pro-
cedures and other asleep procedures, the relationship
between placement accuracy and patient functional
outcomes is beyond the scope of the current study.
Error in placement accuracy may be compensated for
during calibration of electrode voltage and the intro-
duction of directional electrodes; however, optimizing
placement accuracy may facilitate minimizing voltage
magnitude and localizing the effects of electrical stim-
ulation. An analysis must be performed to evaluate the
effect placement accuracy has on the clinical outcomes
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of the patient, such as UPDRS scores and mobility
tests. Additionally, future work should involve deter-
mining if there is a correlation between placement
accuracy and the stimulation parameters set up post-
operatively for the patient.

This study analyzing a cohort of such a large mag-
nitude shows the validity of this asleep DBS procedure
that uses the Renaissance robot for precise electrode
implantation with the convenience of intraoperative
verification CTs using the portable CereTom CT
scanner. The workflow of this procedure allows a
shorter operating room time that benefits the patient
while obtaining the necessary electrode accuracy
within the target structure, which can be pinpointed
more accurately within the operating room using the
now quantified MRI-CT fusion error. Future work will
provide the link between electrode placement and
clinical efficacy.
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