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Abstract
Background—The outcome literature of subthalamic nuclei (STN) deep brain stimulation (DBS)
suggests that cognitive declines are commonly reported following surgery. We hypothesized that
differences in electrode position and surgical trajectory may lead to a differential neuropsychological
outcome.

Methods—We conducted a standardized evaluation of the location of the DBS electrode tip and
the active electrodes, the surgical trajectory through which they were placed, and their relation to
neuropsychological change scores (mental status, verbal memory, verbal fluency, and psychological
measures) in 17 bilateral STN DBS patients using 6 month post-surgical magnetic resonance imaging
data.

Results—Declines in mental status scores were related to electrodes that were more posterior-
laterally placed within the frontal quadrant in either hemisphere or those located superiorally in the
left hemisphere. Electrodes that were closer to the approximated STN and more superiorally located
in the left hemisphere were associated with verbal learning declines at 6-months following surgery.
In the right hemisphere, the electrodes that were located more in the lateral direction were related to
verbal short-term memory declines; while for verbal long-term memory declines were found for
electrodes located more posterior-laterally in the left hemisphere. Declines in verbal fluency scores
were more variable with associations found between change scores and electrodes in the lateral and
superior directions in the left hemisphere and those electrodes closer to the approximated STN and
more superiorally and posteriorally located in the right hemisphere. In contrast, semantic fluency
declines were only related to right hemisphere electrodes located more superiorally. Declines in mood
were related to those electrodes located further away from the approximated STN, particularly those
located more inferiorally and laterally in the left hemisphere. Anxiety change scores were not
associated withy the location of the electrodes.
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Conclusions—The results provide preliminary evidence that 6-months following bilateral STN
DBS cognitive and emotional changes may be related to the surgical trajectory and electrode
placement.

Keywords
Parkinson’s disease; Deep Brain Stimulation; Neuropsychology; Cognition; Neuroimaging;
Magnetic Resonance Imaging

Advances in neurosurgical, radiological, and electrophysiological techniques have made it
possible to produce marked improvements in the motor symptoms of advanced Parkinson’s
disease (PD). (1–8) Deep brain stimulation (DBS) has been shown to be an effective and
adaptable treatment for the control of PD-related motor symptoms.(4;5;9) The
neuropsychological literature on the outcome of DBS suggests that the cognitive declines
associated with the surgery are minimal compared to the robust motor improvements.(4;10;
11) However, a large amount of variability exists in the literature regarding the cognitive
sequelae following surgery. Further elucidation of the cognitive consequences could lead
potentially to a clearer understanding of the surgical mechanisms of DBS.

Several studies reported that DBS patients failed to demonstrate cognitive changes on measures
tapping memory, visuospatial, executive, and psychomotor functioning three months following
implantation of subthalamic nuclei (STN) stimulators.(1;12;13) Significant improvements in
delayed verbal recall, psychomotor speed, working memory, and anxiety symptoms following
DBS, with only subtle deficits in semantic fluency (14); (15) Although these researchers found
significant improvements following DBS, several other centers have reported cognitive
declines, particularly when subgroups of patients, most notably older patients, are identified
(16;17) Declines in numerous aspects of cognition following implantation of STN stimulators,
including working memory, speed of mental processing, set switching, verbal and nonverbal
memory, and verbal fluency, have recently been reported. Morrison et al.(18) reported that the
surgery itself reduced attention, language, and verbal learning ability, with STN stimulation
further reducing verbal recall. Our center reported declines in verbal recall 6-months following
STN DBS surgery and information processing speed, naming, verbal fluency, and verbal
memory declines 2 years following surgery as compared to a PD control group. (19) The
cognitive findings following DBS suggest that verbal fluency and verbal memory abilities,
which are believed to be dependent upon intact functioning of the frontostriatal neural system,
may decline following implantation of STN stimulators. (19)

One hypothesis for the variability in the DBS cognitive outcome literature is the differences
in surgical procedures across centers, including the precise placement of the electrodes within
the STN and the surgical trajectory. The position of the DBS electrodes can vary from patient
to patient based on several factors, including brain size, brain atrophy and planned surgical
trajectory. The differences in electrode position may lead to a differential outcome both
motorically and neuropsychologically. Tsai and colleagues(20) reported on the location of
bilateral STN electrodes in 38 PD patients. They divided patients into a group with and a group
without neuropsychological side effects based on the Mini-Mental Status Examination changes
one year following DBS. These authors reported that that the neuropsychological effects of
chronic STN-DBS were related to the more anteriorly located electrodes within the ventral
STN. In addition to the electrode placement, the surgical trajectory may also be a source of
cognitive variability. Neurosurgeons may vary the surgical trajectory of STN DBS based on
the patient’s brain organization, including the size of the ventricles, degree of brain atrophy
and surface vasculature. Although the microelectrodes and DBS electrodes follow the same
pathway, it is not known if the surgical trajectory may lead to deficits.
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We investigated the relationship between neuropsychological performance following bilateral
STN DBS for the treatment of PD and DBS electrode position and surgical trajectory on post-
operative magnetic resonance imaging (MRI). This study focused on mental status, verbal
memory, verbal fluency, and semantic fluency declines following DBS surgery as these are
the most robust cognitive changes reported in the literature following the surgery. We also
investigated psychological variables including depression and anxiety changes and their
relations with differences in the electrode position and surgical trajectory.

Research Design and Methods
Participants

Eighteen bilateral STN DBS patients were evaluated at baseline and 6 months following DBS
placement on a comprehensive neuropsychological evaluation. A pre-operative CT scan with
the stereotactic frame was performed on the day of surgery and a post-operative MRI was
performed 6 months following implantation according to Medtronic, Inc. guidelines. The
Baylor College of Medicine Institutional Review Board approved the study and informed
consent was obtained from each patient.

Inclusion and Exclusion Criteria—PD patients are considered eligible for DBS if: (1)
clinical findings are consistent with idiopathic PD; (2) they have had a history of response to
levodopa therapy; and (3) they have had evidence of persistent advanced disease (i.e., disabling
motor fluctuations, levodopa-induced dyskinesias, or freezing), and a Hoehn and Yahr (H&Y)
Parkinson’s disease staging score of 3 or more during their “off” period. Patients are excluded
from DBS if they: (1) have Mini-Mental State Examination (MMSE) scores less than 24; (2)
have had psychiatric complications that might interfere with compliance (e.g., psychosis,
severe major depression); (3) have an H&Y score of 5 during their “on” periods, (4) have a
medical contraindication to surgery or stimulation (e.g., uncontrolled hypertension, advanced
coronary artery disease), or (5) have an intracranial abnormality that would contraindicate
surgery based on preoperative MRI (e.g., stroke, tumor). All patients included in this study
were followed at the Baylor College of Medicine Parkinson’s Disease and Movement Disorders
Clinic and were maintained on an optimal level of anti-Parkinson’s disease medication for at
least one month prior to surgery.

Procedures
Neurosurgical procedures—DBS patients underwent simultaneous STN stimulation
using deep brain stimulation leads and implantable pulse generators (Medtronic, Inc.) by one
neurosurgeon (RS). DBS is divided into two stages: Stage I – Implantation of DBS leads and
Stage II - Implantation of implantable pulse generators (IPG’s). In Stage I, stereotactic
guidance, microelectrode recording and macroelectrode stimulation was used to determine the
optimal site of placement for the quadripolar DBS lead. This lead was connected to a hand-
held pulse generator. The STN target is generally located approximately 12 mm (10–14 mm)
lateral from the midsagittal plane, 3 mm behind the midcommissural point, and 4 mm (0–6
mm) below the AC-PC line (coordinates: anteroposterior, 5.1± 0.72 1/12th of AC-PC length;
extrema, 2.88–7.08. Vertical, −1.29±0.83 1/8th of HT; extrema, −3.29–0.19. Laterality, 12.1
±2.05 from midline; extrema 9.00–15.2).(21) Stage II, the leads were tunneled subcutaneously
to the infraclavicular region where an implantable pulse generator was placed in an
infraclavicular pocket.

Neurological and Medication evaluations—All patients were evaluated in their “off”
and “on” medication states using the Unified Parkinson’s Disease Rating Scale (UPDRS) and
H&Y at baseline and 6 months post-DBS. All formal clinical neurological evaluations were
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performed by neurologists specializing in movement disorders. Medication and dosage
changes were recorded across these time periods.

Radiological evaluation—Pre-operative CT images were acquired on a General Electric
(Excite) scanner in an axial plane (40 slices), using a slice thickness of 1.25 mm and a field of
view of 24 cm. The position of DBS electrodes was investigated 3 to 6 months postoperatively
by MRI studies performed on a 1.5T General Electric (Excite) scanner, 12M5 software version.
T1-weighted images were used to determine the end of the DBS lead and the surgical track
through which the lead was placed. The stimulator was turned off with the amplitude parameter
set to 0.0. The MRI protocol used was designed to provide the optimal images to visualize the
STN, limit the electrode “shadow,” and reduce MRI-related distortions and deformations. This
included T1-weighted images with acquired in a coronal plane (60–70 slices), with 3.0 mm
slice thickness, and a 20 cm field of view. The electrode position was evaluated by one rater
(EW) on the StealthStation™.

Neuropsychological Evaluation—The neuropsychological test battery for DBS patients
was selected to assess the pattern of cognitive deficits previously shown to be impaired in
advanced Parkinson’s disease.(22) The DBS patients were tested with their stimulators in the
“on” position. The patients took their scheduled dosage of medications throughout testing.
Standardized test administration procedures were used. We report on a subset of the
neuropsychological measures focusing on general mental status, verbal memory, verbal
fluency, and semantic fluency which are the most common cognitive declines reported
following surgery. The clinical neuropsychological tests were administered in a standard, pre-
determined order to mitigate the presentation of confounding material during memory delay
periods. The Rey Auditory Verbal Learning Test (RAVLT) and verbal fluency “CFL” and
“PRW” versions were used with alternate forms utilized to reduce the influence of practice
effects. For the Mini-Mental Status Examination (MMSE), Dementia Rating Scale-II (DRS),
verbal fluency (3 trials), and semantic fluency measures total scores were the metrics of
analysis. For the RAVLT, the total learning score over 5 trials, short-term recall, and long-term
recall scores were used as the metrics of analysis. For psychological evaluation, the Beck
Depression Inventory (BDI) total score and the State-Trait Anxiety Inventory (State and Trait
total scores; STAI) were administered and analyzed. Difference scores were calculated for each
measure by subtracting the 6-month raw score minus the baseline raw score. Consequently,
each difference score represents the change in performance from before to after surgery.

MRI Analysis—Each data set was imported onto a StealthStation™ and into the Framelink
5.1™ software, and proper orientation of the data set was confirmed. Next, the post-operative
MRI was co-registered to the pre-operative CT using the automated StealthMerge Registration.
Co-registration was visually confirmed on 8–10 slices to ensure accuracy (see Figure 1A).
Next, the 9 rods of the stereotactic frame visible on CT were marked in order to orient the two
imaging series to the stereotactic frame coordinates. These were marked at the level of the
STN. In all cases, the mean rod marking error (comparison of the marked rods to the computer’s
model of the stereotactic localizer) did not exceed 2 mm. The volumes were then realigned to
the intercommissural fissure and two additional midline points in the coronal plane, and the
anterior to posterior commissure (AC-PC) line to correct for head rotation, twist and tilt prior
to generating triplanar data sets. Next, the AC-PC midpoint was established and marked; this
was the coordinate that was equidistant from AC and PC in all three planes (see Figure 1B).
Next, using all three planes in addition to a “probe’s eye view” as a reference, the tip of the
DBS lead within each patient’s brain was determined for both the right and left hemispheres.
Finally, the entry point on the surface of the patient’s brain through which the DBS lead was
placed was determined for both right and left hemispheres. Starting at the most inferior slice
where the lead tip was evident in the axial plane, the surgical pathway was traced superiorly,

York et al. Page 4

J Neurol Sci. Author manuscript; available in PMC 2010 December 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



with continual reference to the pathway of the lead in all three planes until the point of entry
at the brain’s surface. The surgical trajectory intersection with brain structures, location,
surgical trajectory angle, and distance off or past the approximated STN was calculated for the
electrode tip and the active electrode in each hemisphere.

Surgical Trajectory Intersection: Using all three planes as well as a “probe’s eye view” tool,
we determined whether the lead trajectory intersected the body of the lateral ventricles, the
head of the caudate or the thalamus on each hemisphere in each patient. This was recorded as
the presence or absence of intersection with the structure for each hemisphere, and was aided
by visual inspection in all three planes simultaneously.

Electrode Location: Distance to Electrode Tip (Length of Surgical Trajectory): The length
of the surgical trajectory (in mm) in each case was linear between the point of entry at the brain
surface and the final placement of the tip of the DBS lead in the STN region; this pathway was
visible on post-surgical MRI due to the presence of the DBS lead device (Figure 1C).

Distance of Electrode Tip from Midpoint of AC-PC midline: The linear distance (in mm)
from the AC-PC midpoint to the DBS lead tip was also measured for the right and the left
hemispheres (Figure 1C). In all cases, the DBS lead tip was inferior and posterior to the AC-
PC midpoint, though the angle of this measure differed for each patient (discussed below).

Distance to the Active Electrode: The active electrode was calculated using the positive and
negative electrode information gathered from the patients’ stimulator adjustment prior to the
6 month MRI scan for the right and left hemispheres. Using the quadripolar lead electrode
specifications, with four 1.5 mm electrodes spaced 1.5 mm apart and 1.5 mm from the tip to
the first electrode, we calculated the distance to the negative electrode, which exerts the
therapeutic effect. This length (in mm) was measured as the distance from the brain surface to
the active electrode (Figure 1C).

Distance of Active Electrode from Midpoint of AC-PC midline: The linear distance (in mm)
from the AC-PC midpoint to the active electrode as visualized on the MRI was measured for
the right and the left hemispheres (Figure 1C).

Angle Measurement: Because linear distance could not fully capture three-dimensional
differences in surgical trajectories, angles in relation to the axial plane and to the midsagittal
plane were calculated using Framelink 5.1™ software (Figures 2A and 2B). Angle measures
were recorded for each hemisphere for the trajectory of the surgical pathway from the brain
surface to the electrode tip and to the active electrode. In relation to the axial plane (range from
0 to 90 degrees), angles closer to 0 degrees were more laterally located, while angles closer to
90 degrees were more medially located. Additionally, these angles were calculated in relation
to the midsagittal plane (range from 0 to 90 degrees), such that angles that were closer to 0
degrees were more anterior and medial and angles that were closer to 90 degrees were more
posterior and lateral. All of these angles are located within the frontal quadrant of the brain for
each hemisphere.

Next, the trajectory from the midpoint of the AC-PC line (entry) to the electrode tip and to the
active electrode for each hemisphere in relation to the midsagittal and axial planes were
calculated. In relation to the axial plane, the AC-PC to target angle (range from −90 to +90
degrees) revealed that angles that were closer to 0 degrees were more medial, while angles
closer to −90 degrees were more superior, and angles closer to +90 degrees were more
inferiorally located. These angles in relation to the midsagittal plane (range 0 to 90 degrees)
were defined as angles closer to 0 degrees being more anterior-medially located, while angles
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closer to 90 degrees were more posterior laterally located within the frontal quadrant. A total
of 16 angles were calculated for each patient.

Distance Off Plan and Distance To/Past Target: Because the anatomical STN was often
difficult to visualize on images, we utilized a software-generated approximation of the location
of the STN. The Framelink 5.1™ software approximated the location of the STN, and the
shortest distance (in mm) was calculated between the actual placement of the DBS lead tip,
the actual placement of the active electrode, and the approximated location of the STN for
both the right and the left hemispheres. The distance off the plan is based upon the shortest
distance to the line of the surgical plan in any direction, which does not take into account the
location of the target. The distance to or past the target is based on the known general anatomic
position of the STN relative to the AC-PC midpoint, which is perpendicular to the surgical
plan. For the surgical trajectory plan, this measurement is the shortest distance to the target in
the superior (to target) and inferior (past target) directions, while for the measurements from
the midpoint of the AC-PC line, this distance is the shortest distance to the target in the medial
(to target) and lateral (past target) directions.

Statistical Analysis
The alpha level was set at p=0.05 for all analyses. First, a series of ANOVAs were conducted
to investigate differences in cognitive decline following surgery (performance at baseline
subtracted from performance at 6 months post-operative follow-up) based on whether or not
the ventricles, caudate, or thalamus were intersected by the surgical trajectory (intersected, not
intersected). Second, to investigate the relationship between neuropsychological performance
and DBS electrode placement, a series of correlational analyses were run using the imaging
variables (described above) and difference scores on the neuropsychological measures
(performance at the 6 month follow-up evaluation minus the baseline score). Third, we
categorized DBS patients into two groups based on their neuropsychological outcome: 1)
patients who remained stable or improved cognitively (Stable: no declines on RAVLT indices,
verbal fluency or semantic fluency) versus 2) patients who declined on at least 2 of these
neuropsychological measures at the 6 month follow-up evaluation (Decliners). No patients
declined on only one measure and no patient improved on one measure and declined on the
other two measures. We then ran a series of ANOVAs to investigate if the patients who had
declined cognitively following surgery differed from those who had not declined cognitively
on the location of their electrodes and the angle of their surgical trajectory.

Results
Participants

Of the 18 patients whose MRI scans were evaluated, one patient’s electrode in the left
hemisphere had migrated outside the radiologically defined STN. Her quantitative scores were
assessed as statistical outliers; thus, her data were excluded from further analyses. Briefly, she
is a 65 year-old, white female who had PD for 19 years prior to DBS. Prior to surgery, she was
an H&Y 2.5 “on” her medications and a 4.0 “off” her medications. Her UPDRS motor scores
went from a 15 “on” medications to 51 “off” medications. She did not receive good motor
benefit following the surgery and her left hemisphere stimulator was eventually turned off
following the MRI results. She elected not to have a revision of the DBS electrodes.

Motor Outcome
The DBS patients as a group demonstrated significant improvement in their UPDRS motor
scores 6 months following surgery (Mean change = −12.1; t(13)=3.12, p=0.008). The
improvement in motor functioning was correlated with the angle of the surgical trajectory to
the electrode tip and the active electrode in relation to the midsagittal plane in the right
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hemisphere (electrode tip: r=0.66, p=0.01; active electrode: r=0.58, p=0.04; Figure 3A and
3B). No other significant correlations were found between the motor functioning and the
electrode tip placement or active electrode location.

Neuropsychological Outcome
These 17 patients are a subset of DBS patients who had a preoperative CT scan with stereotactic
frame and a post-operative MRI and whose neuropsychological and motor functioning has
been reported on previously by York et al.(19) To describe the sample in terms of their
neuropsychological functioning both before and after surgery, we present a subset of their
neuropsychological scores (see Table 2).

Stimulation Parameters
The stimulation parameters differed between the left and the right hemispheres for amplitude,
rate and current, with these three indices being higher in the left versus the right hemisphere.
The pulse width and voltage did not differ between the right and the left hemispheres (see Table
3). We stratified the patients based on the type of stimulation (monopolar versus bipolar) and
conducted t-tests for each of the MRI indices. The groups differed significantly on the angle
from the AC-PC midpoint to the electrode tip in relation to the midsaggital plane and the active
electrodes distance off the approximated STN in the left hemisphere, with the bipolar
stimulation group’s electrodes being closer to the approximated STN and more posterior-
laterally located (p=0.02, p=0.02, respectively).

Surgical Trajectory Intersection
We evaluated whether the surgical trajectory intersected with either one or both of the
ventricles, the caudate, and the thalamus for each of the DBS patients. The surgical trajectory
intersected with at least one ventricle in 67% of the patients, with 17% of these patients having
both ventricles traversed. Similarly, the trajectory intersected with the caudate on one side in
56% of patients, and on both sides in 38% of patients. At least one side of the thalamus was
intersected in all patients, and both thalami were intersected in 89% of the sample.

Surgical trajectory intersection correlation with neuropsychological measures
—A trend was found for the patients in whom the ventricle(s) were intersected to demonstrate
a decline on verbal long-term memory and verbal fluency following surgery as compared to
those patients who did not have either ventricle intersected (p=0.06). Whether or not the
surgical trajectory intersected the caudate was not significantly related to changes in verbal
fluency, verbal memory, or psychological measures following surgery. This analysis could not
be conducted for the thalamus as 100% of the patients had at least one side of the thalamus
intersected.

Electrode Location
Electrode Tip—The length of the track from entry to the electrode tip (Length of Surgical
Trajectory) and from the midpoint of the AC-PC line to the electrode tip did not differ
significantly between the left and the right hemispheres (p=0.94, p=0.14, respectively; Table
4).

Correlation of Electrode tip distances and neuropsychological functioning: The distance
of the electrode tip from the midpoint of the AC-PC in the left hemisphere was correlated with
changes on verbal long-term recall (r=−0.70, p=0.005; Figure 4A), with the patients whose
electrode tips are in a more posterior position demonstrating the largest declines in verbal long-
term recall following surgery. The length of the track in the right and left hemispheres and the
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distance of the electrode tip from the midpoint of the AC-PC in the right hemisphere were not
correlated significantly with neuropsychological or psychological changes following surgery.

Active Electrode—The length of the track from entry to the active electrode did not differ
significantly between the hemispheres (p=0.68; Table 4). The distance from the midpoint of
the AC-PC line to the active electrode was significantly longer in the left hemisphere as
compared to the right hemisphere (p=0.03; Table 4).

Correlation of Active Electrode Distances and Neuropsychological Functioning: In the
right hemisphere, the length of the track from entry to the active electrode was significantly
correlated with declines in semantic fluency following surgery (r=0.70; p=0.01; Figure 4A).
The patients with shorter right hemisphere tracks to the active electrode demonstrated the
largest declines in semantic fluency following surgery. The distance of the active electrode
from the midpoint of the AC-PC in the right hemisphere was correlated significantly with
changes in short-term verbal memory (r=−0.73; p=0.003; Figure 4B). Patients whose active
electrodes were more lateral demonstrated the largest declines on verbal short-term recall
following surgery. No other significant correlations were found between the active electrode
location and the cognitive and emotional variables.

Angle Measurements
Electrode Tip—The angles for the surgical trajectory for the electrode tip differed
significantly for the right and left hemispheres in relation to the midsagittal and to the axial
planes (midsagittal: p=0.05; axial: p=0.002; Table 4). The angles for the surgical trajectory
from the midpoint of the AC-PC line to the electrode tip differed significantly for the right and
left hemispheres (midsagittal: p=0.02; axial: p=0.002; Table 4).

Correlation of Electrode Tip Angle Measurements with Neuropsychological Functioning:
The angle of the surgical trajectory to the electrode tip in relation to the midsagittal plane in
the left hemisphere was correlated significantly with MMSE (r=−0.57; p=0.03), verbal long-
term memory (r=−0.57, p=0.03), and depression change scores (r=0.63; p=0.04). These
findings suggest that the surgical trajectories that were more lateral in the left hemisphere were
associated with a greater decline on mental status and verbal long-term memory scores and
were associated with more depressive symptoms following surgery. In the right hemisphere,
the angle of the surgical trajectory in relation to the midsagittal plane was correlated
significantly with MMSE outcome (r=−0.59; p=0.02), with the more lateral angles related to
declines in MMSE scores.

The angle from the midpoint of the AC-PC to the electrode tip in relation to the midsagittal
plane in the left hemisphere was correlated significantly with MMSE change scores (r=−0.52,
p=0.05) and DRS outcome (r=−0.67, p=0.007; Figure 5A), suggesting that the surgical
trajectories that were more posterior-lateral within in the frontal quadrant of the brain in the
left hemisphere were associated with a greater decline in mental status scores following
surgery. In relation to the axial plane, the angle from the midpoint of the AC-PC line to the
electrode tip in the left hemisphere correlated significantly with difference scores for the DRS
(r=0.72; p=0.002), RAVLT short-term memory (r=0.71; p=0.005; Figure 5B), and RAVLT
total (r=0.52; p=0.05) scores. In the left hemisphere, surgical trajectories that were more
superior were related to declines in mental status, verbal learning, and verbal short-term
memory scores. No significant correlations were found between the angles from the midpoint
of the AC-PC line to the electrode tip in the right hemisphere.

Active Electrode—The angles for the surgical trajectory for the active electrode did not
differ significantly for the right and left hemispheres in relation to the midsagittal and to the
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axial planes (midsagittal: p=0.27; axial: p=0.12; Table 4). The angle for the surgical trajectory
from the midpoint of the AC-PC line to the active electrode differed significantly between the
right and left hemispheres in relation to the axial plane (p=0.03), but not in relation to the
midsagittal plane (p=0.12; Table 4).

Correlation of Active Electrode Angle Measurements with Neuropsychological
Functioning: For the active electrode, the angle of the surgical trajectory in relation to the
midsagittal plane in the left hemisphere was correlated significantly with MMSE (r=−0.56;
p=0.03) and RAVLT long-term memory (r=−0.53, p=0.05) difference scores. The surgical
trajectories that were more posterior-lateral in the frontal quadrant in the left hemisphere were
associated with a greater decline on mental status and verbal long-term memory scores
following surgery. In the right hemisphere, the angle of the surgical trajectory in relation to
the midsagittal plane was correlated significantly with MMSE outcome scores (r=−0.62;
p=0.01), suggesting that the surgical trajectories that were more posterior-lateral in the frontal
quadrant of the brain in the right hemisphere were related to declines in mental status following
the surgery.

The angle from the midpoint of the AC-PC to the active electrode in relation to the axial plane
in the left hemisphere was correlated significantly with difference scores for the DRS (r=0.84,
p=0.001; Figure 5C), RAVLT short-term memory (r=0.56, p=0.04), RAVLT total (r=0.53,
p=0.05; Figure 5D), and verbal fluency (r=0.56, p=0.04), suggesting that the surgical
trajectories that were more superior in the left hemisphere were associated with a greater decline
on mental status, verbal learning and short-term memory, and verbal fluency measures
following surgery. In the right hemisphere, the angles from the midpoint of the AC-PC line to
the active electrode in relation to the axial and midsagittal planes were correlated significantly
with verbal fluency outcome scores (axial: 0.54, p=0.05; midsagittal: r=−0.60, p=0.03). These
findings suggest that angles that were more superior and more posterior lateral in the frontal
quadrant of the brain were related to declines in verbal fluency performance following surgery.

Distance Off Approximated STN
Electrode Tip—The distance of the electrode tip off the approximated STN for the left versus
right hemispheres did not differ (Table 4).

Correlation of Electrode Tip Distance Off Approximated STN with Neuropsychological
Functioning: The distance off the approximated STN in the right hemisphere was positively
correlated with verbal short-term memory outcome (r=0.58, p=0.03; Figure 6A). The closer
the electrode tip was to the approximated STN in the right hemisphere, the greater the decline
was demonstrated on verbal short-term memory scores relative to baseline. The distance off
the approximated STN in the lateral direction in the right hemisphere was positively correlated
with verbal fluency changes (r=0.70, p=0.006). The closer the electrode tip was to the
approximated STN, the greater the decline in verbal fluency performance was found following
surgery. The distance off the approximated STN in the lateral direction in the left hemisphere
was positively correlated with depression difference scores (r=0.79, p=0.004; Figure 6B). The
further the electrodes were from the approximated STN target, the greater the decline in
depression scores for the DBS patients following surgery. No other statistically significant
differences were found between the distance off the approximated STN measurement and
neuropsychological or psychological measures.

Active Electrode—The distance of the active electrode off the approximated STN for the
left versus right hemispheres differed significantly (p=0.01; Table 4). No other significant
differences between the hemispheres were found for the distance off the STN for the active
electrode.
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Correlation of Active Electrode Distance Off Approximated STN with
Neuropsychological Functioning: The distance off the approximated STN for the active
electrode in the inferior to superior direction in the left hemisphere was positively correlated
with verbal learning total and short-term recall change scores (r=0.55, p=0.04; r=0.58, p=0.03,
respectively). The closer the active electrode was to the approximated STN, the greater the
decline was demonstrated on verbal memory scores relative to baseline. No other statistically
significant differences were found between the distance off the approximated STN
measurement and neuropsychological or psychological measures.

Distance To/Past Approximated STN
Electrode Tip—The distance of the electrode tip to/past the approximated STN for the left
versus right hemispheres differed significantly between the hemispheres for the midpoint of
the AC-PC to target measure (p=0.05; Table 4), with the larger difference in the left hemisphere.
This distance did not differ for the other measurements.

Correlation of Electrode Tip Distance To/Past Approximated STN with
Neuropsychological Functioning: The distance to/past the approximated STN in the inferior
to superior direction in the right hemisphere was positively correlated with verbal fluency
changes following surgery (r=0.54, p=0.05). In the right hemisphere, the further past (inferior)
the approximated STN the electrode tip, the greater the decline was on verbal fluency scores
relative to baseline. In the left hemisphere, the distance to/past the approximated STN for the
surgical trajectory and from the midpoint of the AC-PC line to the electrode tip was positively
correlated with depression changes (r=0.80, p=0.003; r=0.74, p=0.01, respectively; Figures 6C
and 6D). The more inferior (past target) and lateral (past target) the electrode tip was from the
approximated STN, the greater the depression symptoms the patients reported following
surgery. The distance to/past the approximated STN in the left hemisphere for the AC-PC
midpoint measurement was also significantly correlated with verbal fluency changes following
surgery (r=0.54, p=0.05). The more lateral the electrode tip was from the approximated STN
in the left hemisphere, the larger the decline in verbal fluency scores were found following
surgery. No other statistically significant differences were found between the distance to/past
the approximated STN for the electrode tip measurements and neuropsychological or
psychological measures.

Active Electrode—The distance of the active electrode to/past the approximated STN for
the left versus right hemispheres did not differ significantly between the hemispheres. (Table
4)

Correlation of Active Electrode Distance To/Past Approximated STN with
Neuropsychological Functioning: The distance to/past the approximated STN from the AC-
PC midpoint to the active electrode in the right hemisphere was negatively correlated with
verbal fluency changes following surgery (r=−0.59, p=0.03). The more lateral the active
electrode was from the approximated STN, the greater decline that was demonstrated on verbal
fluency scores relative to baseline. No other statistically significant differences were found
between the distance past the approximated STN for the electrode tip measurements and
neuropsychological or psychological measures.

MRI Differences for Cognitive Stable versus Decline groups—In the left
hemisphere, the electrode tip for those DBS patients who declined cognitively following
surgery were significantly closer to the approximated STN target than those DBS patients who
remained stable cognitively following surgery (p=0.05; Figure 7A). No other statistically
significant differences were found between the two groups for the electrode tip locations.
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For the active electrodes in the left hemisphere, the angle from the midpoint of the AC-PC
midpoint to the target in relation to the axial plane differed between the cognitive groups
(t=5.65, p=0.03; Figure 7B). The DBS patients who declined cognitively had electrodes which
were significantly more superior than those patients whose cognition remained stable or
improved following surgery. In the right hemisphere, the angle from the AC-PC midpoint to
the target in relation to the midsagittal plane differed between the cognitive groups (t=4.84,
p=0.04). The patients who declined cognitively had active electrodes which were significantly
more posterior and lateral within the frontal quadrant as compared to the patients whose
cognition remained stable or improved following DBS. Additionally, the distance to/past the
active electrode in the right hemisphere differed between the cognitively groups (t=5.31,
p=0.04), with those patients who declined cognitively having active electrodes located more
laterally than the cognitively stable patients.

Conclusions
We investigated the relationship between the intersection and the location of the surgical
trajectory and the active electrodes and neuropsychological outcome 6 months following
bilateral STN DBS. Declines in MMSE scores were related to electrodes that were more
laterally placed in either hemisphere, particularly when the active electrodes were posterior-
lateral within the frontal quadrant. A similar association was found for decline in DRS scores
in the left hemisphere, which additionally demonstrated a relationship with electrodes which
were more superiorally located. In regard to declines in verbal learning, the electrodes that
were closer to the approximated STN and more superiorally located in the left hemisphere were
associated with declines at 6 months following surgery. However, in the right hemisphere the
electrodes that were located more in the lateral direction were related to verbal short-term
memory declines. Verbal long-term memory declines were found for electrodes located more
posterior-laterally in the left hemisphere. Declines in verbal fluency scores were more variable
with associations found between change scores and electrodes in the lateral and superior
directions in the left hemisphere and those electrodes closer to the approximated STN and more
superiorally and posteriorally located in the left hemisphere. In contrast, semantic fluency
declines were only related to right hemisphere electrodes located more superiorally. Declines
in mood were related to those electrodes located further away from the approximated STN,
particularly those located more inferiorally and laterally in the left hemisphere. Anxiety change
scores were not associated with the location of the electrodes. The results provide preliminary
evidence that 6 months following bilateral STN DBS for PD, cognitive and emotional changes
may be related to the surgical trajectory and electrode placement.

By using difference scores from baseline cognitive functions, we demonstrated that the
relationship between cognitive functioning and electrode placement was not due to pre-existing
cognitive dysfunction but represents the decline in cognitive functioning over 6-months. These
cognitive declines following DBS are commonly reported in the literature for bilateral STN
DBS as a potential side effect of the surgical intervention. However, the factors that are
associated with these declines are poorly understood.

The basal ganglia are richly connected to other subcortical structures, and also specific cortical
regions, including motor, occulomotor, prefrontal associative, and limbic areas.(23) In
conjunction with the globus pallidus, the STN has been labeled as the “central pacemaker of
the basal ganglia,” which is responsible for action selection. Some neurons in the GPi, the STN,
and the thalamus have abnormal phasic activity, which supports the belief that these sites are
involved in bradykinesia and rigidity in PD.(8) However, the STN also projects to associative
and limbic areas of the basal ganglia and the substantia nigra pars retcularis.(24) The STN is
structured into 3 components: the dorsolateral component, the ventromedial component, and
the medial tip. The dorsolateral component (2/3 of the STN) is involved in somatomotor
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function; and the ventromedial component (1/3 of the STN) is involved in associative
processing, while the medial tip of the STN projects to limbic structures. The current study
supports the theory that the STN is intimately involved in associative cognitive processing and
potentially affective functioning.

In a preliminary study correlating electrode location with motor outcomes of STN DBS, Tintner
et al.(25) found that some electrode contacts located within the radiologically-definable STN
failed to improve parkinsonism motor symptoms while others induced dyskinesias and
produced anti-parkinsonian effects. In contrast, Kumar et al.(5) argued that only DBS contacts
located in the radiologically-definable STN produce optimal motor improvements. Moreover,
Rizzone et al.(26) reported that the best clinical effect on Parkinson’s disease-related motor
symptoms was obtained when the STN electrodes were placed in the dorsolateral portion of
the STN. While it is generally recognized that the 4 electrodes allow for versatility to
compensate for final stereotactically placed electrode tips that are within 2–3 mm of the optimal
target(27), deviations in the placement of electrodes may provide us insight into the mechanism
of action of DBS. Clinical evidence from microstimulation has revealed that if the DBS
electrodes are positioned posterior laterally from the STN, the internal capsule will be
stimulated and facial and hemi-body pulling can result. If the electrodes are located more
medial to the STN, the stimulation may impinge on the red nucleus, the medial longitudinal
fasciculus or the zona inserta leading to motor and/or eye deviations. Stimulation occurring
more superior to the STN in the thalamus would result in tremor management without other
PD symptom relief. None of the patients in the current sample exhibited any of these motoric
side effects following DBS.

Although the role of the STN in motor functioning has been clarified, the investigations into
the role of the STN in cognitive functioning remains in its infancy. As reported previously,
Tsai and colleagues(20) were the first to report that the neuropsychological effects of chronic
STN-DBS was related to the more anteriorly located electrodes within the ventral STN.
However, their two groups (cognitive side effect versus no cognitive side effect) were based
on postoperative changes on the MMSE only, which is not an overly sensitive measure of
subcortical cognitive functioning. Their study highlights the importance of investigating the
cause of differential cognitive outcome following STN DBS and was the first to suggest the
potential role of the electrode location.

STN DBS outcome studies have highlighted the role of the STN in verbal memory, verbal
fluency, executive functioning, attention, working memory, and response inhibition. Animal
models have also demonstrated evidence for a role of the STN in attention and response
inhibition.(24) Taken together, this literature has revealed that the STN has a regulatory
function in processing associative and limbic information. Although the precise mechanism is
unknown, two hypotheses have been proposed as to the mechanism of cognitive change
following STN DBS. The first hypothesis proposes that the stimulation is not confined only to
the motor part of the STN; that it spreads to other areas of the STN or neighboring subcortical
structures. The second hypothesis, which is currently favored, proposes that the STN itself is
responsible for the cognitive changes. The current research adds supportive evidence to the
second hypothesis that it is the STN itself and not neighboring structures, that is responsible
for cognitive and behavioral change following stimulation. Those patients whose active
electrodes were closer to the approximated STN were more likely to show verbal learning and
memory and verbal fluency declines six months following surgery. Further research will be
needed to clarify the role of the STN in cognitive functioning. However, current literature
suggests that the STN is not only the central pacemaker for motor functioning but also for
cognitive and behavioral functioning. Future DBS research using microelectrode recordings
and higher resolution imaging with controlled and selective targeting will aid in clarifying the
role of the STN in cognitive and behavioral functioning.
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The STN has also been implicated in the processing of emotional information. Using direct
recordings from macroelectrodes during the presentation of emotionally laden pictures, Brucke
and colleagues(28) found a significant relationship between a desynchronization of STN alpha
activity with pleasantly rated stimuli. This finding suggests that because the STN is involved
in the processing of valence-related emotional processing, stimulation in this area may lead to
emotional changes. Mallet and colleagues(29) further investigated the role of the STN in
cognition and emotions in two patients who demonstrated hypomanic symptoms during
electrical stimulation. The hypomanic state was localized to stimulation of the electrode in the
anteromedial STN. These authors proposed a model in which the STN integrates motor,
cognitive, and emotional components of behavior, and our current research findings supports
this model of the STN, particularly in the left hemisphere.

This study has several limitations. First, the small sample size limits the conclusions that can
be drawn. We chose to focus on verbal memory and verbal fluency changes to limit the number
of statistical analyses; however, an evaluation of a comprehensive neuropsychological
evaluation may reveal further information regarding the role of the STN in cognitive and
behavioral functioning. The statistical power of this study is not sufficient to make clinical
decisions regarding this neurosurgical procedure. Second, the majority of the analyses were
correlational. Consequently, we are limited to discussions of the relationships between the
electrode location and cognitive and behavioral functioning, and causation cannot be assumed.
Third, the electrode artifact found on the MRI images limits the ability to precisely locate the
electrodes and the exact path of the surgical trajectory. Fourth, due to the difficulty in
visualizing the STN on the MRIs, particularly with the artifact, we are unable to say with precise
certainty that the electrodes are located within the STN. We used computational models to
estimate the location of the active electrodes, these results can be misleading as the exact
location of the tip of the electrode within the MRI artifact is unknown. We also used a proxy
measure of the approximated STN which was verified on the patients’ scans. Additionally,
future research should investigate the relationship between the volume of tissue being
stimulated and the neuropsychological outcome. While this study is preliminary, it highlights
the need for future neuropsychological research to investigate the role of the STN in the
relationship between motor, cognitive, and behavioral outcome following STN DBS.

Conclusion
The angle of the surgical trajectory and the proximity of the electrodes to the approximated
STN were related to changes in cognitive and emotional functioning following DBS. The
current findings extend the literature on the role of the STN behavioral functioning and add
support to the hypothesis that the STN plays an integrative role not only in motor function but
also in cognitive and emotional functioning.
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Figure 1. Figures 1 A–C: MRI Analyses
Figure 1A: Co-registration of the 6-month post-operative MRI in the axial plane (right) to the
pre-operative CT (left) of a subject. This co-registration process places the post-operative MRI
in the same spatial position as the CT and enables determination of stereotactic coordinates
based upon the stereotactic surgical frame. R=right, L=left, A=anterior, P=posterior.
Figure 1B: Realignment of the scans to the anterior commissure-posterior commissure (AC-
PC) line shown in three planes. Images are also aligned to at least three other points in the
coronal plane to correct for twist and tilt. The AC-PC midpoint is a point equidistant between
the anterior commissure (labeled AC) and the posterior commissure (labeled PC). R=right,
L=left, A=anterior, P=posterior.
Figure 1C: Measurement of electrode placement on post-surgical MRI. The yellow-colored
line indicates the surgical trajectory from the brain surface to the DBS electrode tip near the
STN. Tracking of this pathway was facilitated by the simultaneous visualization of the lead in
all three planes from the most inferior axial slice where the lead tip was evident to the most
superior slice at the surface of the brain. The DBS lead pathway is also evident on the left side
in the coronal view. The measurement of linear distance between the AC-PC-midpoint and the
electrode tip is reflected in the pink-colored line for the right hemisphere and the blue-colored
line for the left hemisphere.
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Figure 2. Figures 2A, 2B: Stealth Angle Measurements
Figure 2A: Schematic diagram of the Stealth angle measurement for the surgical trajectory in
relation to the axial plane. The angle ranges from −90 to +90 degrees. 0 degrees means the
surgical trajectory is parallel to the axial plane. 90 degrees means the surgical trajectory is
perpendicular to the axial plane. Positive numbers mean the entry point is superior to the target
point. All surgical entry points for the surgical trajectory were superior to the target. For the
AC-PC midline (entry) to target calculations, the positive numbers mean that the entry point
is inferior to the target and the negative numbers mean the entry point is superior to the target.
Figure 2B: Schematic diagram of the Stealth angle measurement for the surgical trajectory in
relation to the midsagittal plane. The angles range between 0 and 90 degrees. 0 degrees means
the surgical trajectory is parallel to the midsagittal plane. 90 degrees means the surgical
trajectory is perpendicular to the midsagittal plane.
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Figure 3. Figures 3A, 3B: Motor Outcome
Figure 3A: Scatterplot with regression line demonstrating the relationship between the angle
of the surgical trajectory to the electrode tip in relation to the midsagittal plane in the right
hemisphere with motor outcome. (p=0.01)
Figure 3B: Motor Outcome. Scatterplot with regression line demonstrating the relationship
between the angle of the surgical trajectory to the active electrode in relation to the midsagittal
plane in the right hemisphere with motor outcome. (p=0.04)
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Figure 4. Figures 4A, 4B: Electrode Location
Figure 4A: Scatterplot with regression line demonstrating the relation between the length of
the track to the active electrode (in mm) in the right hemisphere and the difference score for
semantic fluency (6-month score minus baseline score). The lower the number (in mm) reflects
a shorter track in the right hemisphere and a lower difference score reflects a greater decline
in semantic fluency performance following surgery. (p=0.01)
Figure 4B: Scatterplot with regression line demonstrating the relation between the distance (in
mm) of the active electrode from the midpoint of the AC-PC line in the right hemisphere with
verbal short-term memory difference scores (6-month score minus baseline score). The lower
distance is in a more anterior direction while a higher distance is in a more posterior direction.
A lower difference score reflects worse verbal short-term memory performance following
surgery. (p=0.003)
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Figure 5. Figures 5A–D: Angle Measurements
Figure 5A: Scatterplot with regression line demonstrating the relation between the angle from
the midpoint of the AC-PC line to the electrode tip in relation to the midsagittal plane in the
left hemisphere and Dementia Rating Scale difference scores. The lower the angle reflects a
more posterior-lateral direction in the frontal quadrant and a lower difference score reflects a
greater decline in mental status performance following surgery (p=0.007).
Figure 5B: Scatterplot with regression line demonstrating the relation between the angle from
the midpoint of the AC-PC line to the electrode tip in relation to the axial plane in the left
hemisphere and verbal short-term memory difference scores. The lower the angle reflects a
more superior direction and a lower difference score reflects a greater decline in verbal short-
term memory performance following surgery (p=0.005).
Figure 5C: Scatterplot with regression line demonstrating the relation between the angle from
the midpoint of the AC-PC line to the active electrode in relation to the axial plane in the left
hemisphere and Dementia Rating Scale difference scores. The lower the angle reflects a more
superior direction and a lower difference score reflects a greater decline in mental status
performance following surgery (p=0.001).
Figure 5D: Scatterplot with regression line demonstrating the relation between the angle from
the midpoint of the AC-PC line to the active electrode in relation to the axial plane in the left
hemisphere and verbal learning difference scores. The lower the angle reflects a more superior
direction and a lower difference score reflects a greater decline in verbal learning (p=0.05).
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Figure 6. Figures 6A–6D: Distances Off/To/From Approximated STN
Figure 6A: Scatterplot with regression line demonstrating the relation between the distance (in
mm) of the electrode tip off the approximated STN in the right hemisphere and verbal short-
term memory difference scores. The lower distance numbers reflect electrodes closer to the
approximated STN and a lower difference score reflects a greater decline in verbal short-term
recall. (p=0.03)
Figure 6B: Scatterplot with regression line demonstrating the relation between the distance (in
mm) o the electrode tip off the approximated STN in the left hemisphere and depression
difference scores. The lower distance numbers reflect electrodes closer to the approximated
STN and a lower depression difference score reflects an improvement in depression scores
following surgery. (p=0.004)
Figure 6C: Scatterplot with regression line demonstrating the relation between the distance of
the electrode tip past the approximated STN in the left hemisphere and depression difference
scores. The lower the distance past reflects electrodes located in a more posterior direction and
a lower depression difference score reflects an improvement in depression scores following
surgery. (p=0.003).
Figure 6D: Scatterplot with regression line demonstrating the relation between the distance
past the approximated STN for the midpoint of the AC-PC line to the electrode tip in the left
hemisphere and depression difference scores. The negative numbers reflect a distance to the
approximated STN while positive numbers reflect a distance past the approximated STN and
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a lower depression difference score reflects an improvement in depression scores following
surgery. (p=0.01)
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Figure 7. Figures 7A and 7B: Cognitively Stable versus Cognitive Declines Following DBS
Figure 7A: Difference between those patients who remained stable cognitively and those
patients who declined on at least 2 neuropsychological measures at the 6 month follow-up
evaluation (no patients declined on only one measure) for the distance of the electrode tip to/
past the approximated STN target for the left and right hemispheres. The lower the number (in
mm) reflects a closer position to the approximated STN in the left hemisphere. (p=0.05)
Figure 7B: Difference between those patients who remained stable cognitively and those
patients who declined on at least 2 neuropsychological measures at the 6 month follow-up
evaluation (no patients declined on only one measure) for the angle from the midpoint of the
AC-PC line to the active electrode in the right and left hemispheres in relation to the axial
plane. (p=0.03)
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Table 1

Demographic and Medical Variables for DBS patients (n=17)
N Mean (SD)

Gender (M/F) 12/5
Race (White/Hispanic) 15/2
Handedness (R/L) 17/0
Age at Testing (yrs) 58.2 (11.2)
Education (yrs) 14.5 (2.8)
Age of PD Onset (yrs) 45.8 (8.1)
UPDRS motor score “on” 34.6 (13.4)
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Table 2

Neuropsychological Scores at baseline and 6 months post DBS surgery
Measure Baseline 6 months post p

MMSE 28.1 (2.88) 26.9 (4.43) 0.04
DRS 134.8 (8.74) 134.8 (9.09) 0.44
RAVLT Total 39.5 (12.2) 37.0 (14.4) 0.05
RAVLT STM 8.12 (3.80) 7.75 (4.04) 0.30
RAVLT LTM 7.94 (3.91) 6.88 (4.16) 0.02
Verbal Fluency 31.5 (14.5) 28.3 (11.5) 0.05
Semantic Fluency 17.9 (5.84) 14.3 (4.13) 0.001
BDI 15.1 (7.40) 12.9 (9.23) 0.02
STAI State (%ile) 58.6 (28.3) 54.1 (32.1) 0.73
STAI Trait (%ile) 63.5 (27.1) 59.3 (33.3) 0.23
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Table 3

Electrode Placement Descriptives
Measure Right

M(SD)
Left

M(SD)
p

Amplitude (volts) 3.31 (0.92) 3.54 (0.95) 0.01
Pulse Width (µsec) 63.5 (9.96) 65.3 (15.9) 0.63
Rate (Hz) 165.0 (19.0) 169.4 (26.6) 0.04
Current (mA) 50.7 (27.7) 75.6 (73.9) 0.001
Voltage (volts) 3.72 (0.01) 3.72 (0.01) 0.87
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Table 4

Electrode Tip and Active Electrode MRI Measurements for the Left and Right Hemispheres

Measure

Electrode Tip Active Electrode

Right
M(SD)

Left
M(SD)

Right
M(SD)

Left
M(SD)

Location
    Entry to target (mm) 78.4 (5.12) 78.4 (3.90) 70.2 (4.47) 70.7 (5.29)
    AC-PC midpoint to target (mm) 4.85 (1.64) 4.16 (1.38) 12.1 (1.59) 13.4 (1.54)
Angle Measurements
  Entry to target
    Midsagittal 10.8 (4.61) 8.61 (4.69) 10.5 (4.36) 8.72 (5.04)
    Axial 76.6 (8.08) 73.8 (8.20) 76.1 (8.37) 74.1 (8.20)
  AC-PC midpoint to target
    Midsagittal 48.9 (7.820 53.8 (6.80) 79.3 (10.9) 75.2 (9.81)
    Axial 66.6 (7.50) 59.2 (10.3) 13.8 (39.5) 31.5 (42.1)
Distance off Approximated STN
    Entry to Target (mm) 2.21 (1.02) 1.54 (0.79) 2.30 (0.98) 1.51 (0.84)
    AC-PC midpoint to target (mm) 4.59 (1.86) 4.08 (1.48) 4.22 (2.26) 3.32 (2.15)
Distance Past Approximated STN
    Entry to Target (mm) 5.02 (2.41) 5.07 (1.93) −2.38 (4.66) −0.82 (4.24)
    AC-PC midpoint to target (mm) 1.61 (5.48) 5.03 (3.43) 3.01(8.16) 3.09 (5.87)

J Neurol Sci. Author manuscript; available in PMC 2010 December 15.


