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Abstract

In surgery for subthalamic nucleus (STN) deep brain stimulation (DBS), precise implantation of the lead
into the STN is essential. Physiological refinement with microelectrode recording (MER) is the gold stand-
ard for identifying STN. We studied single tract MER findings and surgical outcomes and verified our
surgical method using single tract MER. The number of trajectories in MER and the final position of lead
placement were retrospectively analyzed in 440 sides of STN DBS in 221 patients. Bilateral STN DBS
yielded marked improvement in the motor score, dyskinesia/fluctuation score, and reduced requirement
of dopaminergic medication in this series. The number of trajectories required to obtain sufficient activity
of the STN was one in 79.0%, two in 18.2%, and three or more in 2.5% of 440 sides. In 92 sides requiring
altered trajectory, the final direction of trajectory movement was posterior in 73.9%, anterior in 13.0%,
lateral in 5.4%, and medial in 4.3%. In 18 patients, posterior moves were required due to significant brain
shift with intracranial air caused by outflow of CSF during the second side procedure. Sufficient STN
activity is obtained with minimum trajectories by proper targeting and precise interpretation of MER find-
ings even in the single tract method. Anterior—posterior moves rather than medial-lateral moves should
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be attempted first in cases with insufficient recording of STN activity.
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Introduction

Subthalamic nucleus (STN) deep brain stimulation
(DBS) has been widely performed for medically
refractory Parkinson’s disease (PD). The clinical
efficacy of DBS depends largely on the lead locali-
zation.'®182) Therefore, precise implantation of the
DBS lead into the STN is a goal of the DBS surgery.
Magnetic resonance imaging (MRI) is widely used
for initial targeting®” and physiological refinement
with microelectrode recording (MER) is the gold
standard to identify the borders of the STN.®:810.12.19)
When the length of the STN activity in MER is
long enough, the trajectory is considered to have
passed through the center of the STN. Sufficient
length of the STN activity is easily obtained with
proper targeting in most patients. However, several
trajectories are required to obtain sufficient length of
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the STN activity in some patients due to individual
anatomical variations.''” If possible, minimum
trajectories of MER are preferable to avoid hemor-
rhagic complications. We studied single tract MER
findings and its interpretation to optimize the use
of MER.

Materials and Methods

Between November 2003 and December 2011, we
performed bilateral STN DBS in 221 PD patients (86
men and 135 women, age 35—82 years, mean 63.9
years, duration of disease at surgery 3—40 years, mean
11.7 years). All patients underwent simultaneous
bilateral implantation of DBS systems by the same
surgeon (A.U.). STN DBS was indicated in most
patients for significant motor complications from
levodopa such as fluctuanation and dyskinesia. We
retrospectively analyzed the number of trajectories
in MER and the final position of lead placement in
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440 sides of STN DBS in 221 patients with medically
refractory PD.

I. Surgical procedure and targeting

Our goal for all cases was to implant quadripolar
DBS electrodes (lead 3389; Medtronic) into the center
of the STN as the most distal contact (contact 0)
of the DBS lead placed at the bottom of the STN.
Our routine procedure was as follows. The Leksell
stereotactic G frame was used. Under sedation with
intravenous administration of propofol, the spon-
taneously breathing patient was placed in a sitting
position. After temporary fixation with ear bars,
the frame was fixed tightly with four sharp pins.
Then, the localizer for the MRI was attached on the
frame and the patient was taken to the radiology
suite for MR imaging.

MR imaging was performed for targeting with a
1.5-tesla MR unit (Intera, Phillips). Standard gado-
linium-enhanced T,-weighted and T,-weighted images
were used. The target localization was based on the
Schaltenbrand—Wahren atlas and direct visualiza-
tion on the MRI using surgical planning computer
software (Frame Link; Medtronic). According to
the atlas, the target of the bottom of the STN was
12 mm lateral from the midsagittal plane, 2-3
mm posterior to the midcommisural point, and
5 mm inferior to the anterior commissure to poste-
rior commissure (AC-PC) line . In direct visualiza-
tion with T,-weighted image, the red nucleus was
employed for target localization.*® The y coordinate
of the target was determined as on the line of the
anterior margin of the red nucleus in the axial
plane. Practically, the y coordinate of the tentative
target determined by the atlas was adjusted by
direct visualization of the red nucleus. The coordi-
nates obtained from these two methods were used
for the initial microelectrode track. Frame Link
software was used not only for target localization
but also for simulation of the trajectory from the
entry point to the target. The entry point was also
determined near the coronal suture 10-20 degrees
from the sagittal plane as the trajectory to avoid
the cortical vein, the cortical sulci, and the lateral
ventricle. Gadolinium-enhanced MR image clearly
identified the cortical veins or intracerebral abnormal
vessels. The initial coordinates of the second side
were revised according to the final position of the
lead on the first side. Namely, the coordinates of
the second side were determined as symmetric to
the final lead position of the first side.

The patient returns to the operating room and was
placed on the table in the supine position with slight
head elevation. The patient was awake or minimally
sedated to facilitate cooperation during the opera-

tion. The stereotactic arc was set according to the
coordinates of the target. A marker for fluoroscopic
visualization of the target was attached to the arc.
A 4-cm sagittal linear skin incision was made on
the planned entry point under local anesthesia with
lidocaine. A 14-mm-diameter burr hole was made
with a perforator and the dura was opened. The
pial surface was cauterized to allow passage of the
electrode cannula. Then, the guiding cannula through
which the recording microelectrodes and DBS leads
were passed was inserted into the brain slowly and
gently until it was 25 mm above the target.

II. MER and evaluation

The target was refined physiologically by single
tract MER. MER was performed to characterize
the physiology of the neuronal environment and
determine proper target localization by confirming
the location of the dorsal and ventral borders of
the STN. We used microelectrodes with a tung-
sten tip (FHC). The neuronal signal was amplified
using the LeadPoint system (Medtronic), band-pass
filtered between 500 Hz and 5 kHz. Recording
began from approximately 15 mm above the target.
The impedance of the electrodes was checked at
first. If the impedance was not between 0.2 MOhm
and 1.5 MOhm, the electrode was replaced. Then
the electrode was advanced slowly using manual
microdrive to permit recording of neuronal activity
throughout the target area.®®1°1219 The usual trajec-
tories passed through the anterior thalamic nuclei
(reticular nucleus), zona incerta, STN, and substan-
tianigra (SN) (Fig. 1). The STN was characterized by
increase of background activity and irregular firing
pattern with large amplitude spikes. Passive joint
movement was also used to confirm the entrance
of the STN.Y MER was usually ended when cells
of the SN were encountered.

Then we evaluated the results of MER. When a
sufficient length of STN activity was obtained (length
more than 4.0 mm), we considered the trajectory
to have passed through almost the center of the
STN and implanted the DBS lead at the trajectory.
If sufficient STN activity was not obtained (length
less than 4.0 mm), the trajectory was assumed not
to have passed through the center of the STN. Then,
altered trajectories were followed until sufficient STN
activity (length more than 4.0 mm) was obtained.
Typically, the next trajectory was undertaken by
moving 2 mm in any direction according to the
functional mapping of the first trajectory. The activity
of the thalamus above the STN, the shape of the
STN, and the approach angle were considered in
determining the direction of the trajectory.

Short STN activity with an absence of thalamic
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Fig. 1 Example of typical microelectrode
recording pattern with LeadPoint system in
subthalamic nucleus (STN) surgery. In this
case, recording started from 16 mm above
target (bottom of STN) and 5.7 mm length
(from -6.1 mm to -0.4 mm) of STN activity
was obtained.

Fig. 2 Sample case 1. In initial recording,
slight subthalamic nucleus (STN) activity with
no thalamic activity was obtained (Ieft). This
trajectory seemed to be too anterior (center
top) or too lateral (center bottom). We moved
the trajectory 2 mm posteriorly. Consequently,
sufficient STN activity was obtained in the
second recording (right).

Fig. 3 Sample case 2. In initial recording,
some thalamic activity and slight subthalamic
nucleus (STN) activity near the target were
obtained (left). This trajectory seemed to be
too posterior (center top) or too medial (center
bottom). In this case, the third ventricle was
markedly dilated, and therefore we moved
the trajectory 2 mm laterally. Consequently,
sufficient STN activity was obtained in the
second recording (right).
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activity above the STN suggested that the trajectory
was too anterior and/or lateral. On the other hand,
short STN with obvious thalamic activity above the
STN suggested that the trajectory was too posterior
and/or medial (Figs. 2 and 3). Considering the shape
of the STN, if the trajectory was too anterior and/or
lateral, STN activity was obtained in the upper part
of the STN. If the trajectory was too posterior and/
or medial, STN activity was obtained in the lower
part of the STN. Regarding the approach angle, if
the approach was from a more lateral and/or anterior
entry point, the trajectory would miss the thalamus.
If the approach was from a more medial and/or
posterior entry point, the trajectory obtained much
thalamic activity. The entry point was different in
each patient because it was determined such that
the trajectory avoided the cortical vein, the cortical
sulci and the lateral ventricle.

III. DBS lead and implantable pulse generator
implantation

After physiological refinement of the target,
quadripolar DBS electrode (Activa 3389; Medtronic)
was implanted through the guiding cannula under
fluoroscopic guidance. The electrode was placed
as the most distant contact (contact 0) placed at
the bottom of the STN. Then, test stimulation was
performed to assess symptom relief and to evaluate
the threshold for adverse effects. The patient was
asked to perform various tasks such as finger
tapping and was checked for cogwheel rigidity on
the affected side. When the DBS lead was placed
close to the corticospinal tract, medial lemniscus,
or oclomotor fibers, adverse effects such as muscle
contraction, paresthesia, or eye movement (double
vision) might be observed, respectively.'® If these
adverse effects occured at a low threshold, the lead
should be replaced to a more suitable position.
Afterward, the lead was fixed using the burr hole
ring and cap of the DBS system under fluoroscopic
guidance.

Subsequently, the patient was put under general
anesthesia and the implantable pulse generator (IPG)
(Soletra; Medtronic) was placed in the infraclav-
icular subcutaneous pocket. The extension wire was
tunneled subcutaneously and connected to the IPG.

IV. Adjusting stimulation parameter

Electrical stimulation began a few days after surgery.
Stimulation parameters were adjusted to produce
maximal clinical benefit for cardinal PD symptoms
without side effects. Preferably, a monopolar elec-
trode setting was used, unless stimulator-induced
side effects required a more focal bipolar stimula-
tion paradigm. Stimulation parameters were 90 psec

of pulse width, 130 Hz of pulse rate, and 2-3V of
amplitude. After surgery, dopaminergic medication
was initially reduced by approximately 50% and
then further adjusted based on stimulation-induced
improvements of PD symptoms. Post DBS evalua-
tions of motor function were performed after initial
adjustment of stimulation and medication (usually
1 month after surgery).

Results

I. Surgical outcomes and hemorrhagic complica-
tions

Table 1 shows initial outcomes in this consecutive
series of bilateral STN DBS. As expected, bilateral
STN DBS yielded marked improvement in the Unified
Parkinson’s Disease Rating Scale Part III motor score
(p < 0.001), dyskinesia/fluctuation score (p < 0.001),
and reduced requirement of dopaminergic medication
(p < 0.001) in most patients. These results seem to
validate our STN DBS surgery.

Two patients (0.9%) had symptomatic intracer-
ebral hemorrhages (ICHs) at the site of the lead
implantation. In one case, hemorrhage was identified
by unexpected electrical silence during MER and
slight bleeding from the cannula. The procedure
was interrupted and emergency computed tomog-
raphy confirmed ICH. We had already implanted
DBS lead successfully in one side and abandoned
the implantation in the affected side. In the other
case, hemorrhage was identified after implantation
of the whole DBS system. This patient showed
hemiparesis after recovery from general anesthesia
for IPG implantation. The number of microelectrode
tracts was two in both cases. These hematomas did

Table 1 Initial clinical outcomes of bilateral STN DBS
in 221 patients

Pre-DBS Post-DBS  p value
UPDRS III motor 17.0 +12.9 12.2 +9.3 <0.001
score (med-on) (med-on)

36.1 +15.4

(med-off)
Dyskinesia/ 6.0+2.8 1.1+1.7 <0.001
fluctuation score
(UPDRS item
32-39)
Medication 594 + 208 236 + 150 <0.001
(LEDD, mg)

Values are expressed as mean + standard deviation. The Wil-
coxon signed-rank test was used for comparison between pre-
and post-DBS values.

DBS: deep brain stimulation, LEDD: levodopa-equivalent dai-
ly dosage, STN: subthalamic nucleus, UPDRS: Unified Parkin-
son’s Disease Rating Scale Part IIL
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not require evacuation but caused hemiparesis, and
these patients mostly recovered with rehabilita-
tion. One patient showed prolonged hemispatial
neglect. Fortunately, cardinal motor symptoms of
PD significantly improved with pallidotomy-like
effect by hematoma without stimulation in both
patients.

II. Result of MER and the final direction of lead
placement

The number of trajectories used to obtain sufficient
activity of the STN was one in 348 sides (79.0%),
two in 80 sides (18.2%), three in 6 sides (1.4%),

Table 2 Number of trajectories to obtain sufficient
subthalamic nucleus

Gwectory  side (%) sidetne) Tl (%
1 177 (80.1) 171 (78.1) 348 (79.0)
2 36 (16.3) 44 (20.1) 80 (18.2)
3 3(1.4) 3(1.4) 6 (1.4)
4 4 (1.8) 1(0.5) 5(1.1)
5 1 (0.5) 0 (0) 1(0.2)

Table 3 Final direction of movement in altered trajectory

i W e oo
Posterior 33 (75.0) 35 (72.9) 68 (73.9)
Anterior 4(9.1) 8 (16.7) 12 (13.0)
Lateral 1(2.3) 4 (8.3) 5 (5.4)
Medial 3 (6.8) 1(2.1) 4 (4.3)
Anterolateral 2 (4.5) 0 (0) 2(2.2)
Posteromedial 1(2.3) 0 (0) 1(1.1)

four in 5 sides (1.1%), and five in 1 side (0.2%)
(Table 2). In most sides (97.2%), sufficient STN
activity was obtained with minimal (one or two)
trajectories. In one side, we could not obtain suffi-
cient STN activity even with seven trajectories and
abandoned DBS lead placement in that side. The
mean number of trajectories to obtain sufficient STN
was 1.25. There was no obvious difference between
the first and second side in the mean number of
trajectories (1.26 in the first side and 1.24 in the
second side). The mean length of STN activity in
the final trajectory was 5.41 + 0.71 mm.

Altered trajectories were required to obtain suffi-
cient STN activity in 92 sides (21.0%). The final
direction of trajectory movement was posterior in
68 sides (73.9%), anterior in 12 sides (13.0%),
lateral in 5 sides (5.4%), medial in 4 sides (4.3%),
anterolateral in 2 sides (2.2%), and posteromedial
in 1 side (1.1%) (Table 3). Anterior—posterior moves
rather than medial-lateral moves were more effi-
cient for obtaining sufficient STN activity in most
sides. Lateral moves were particularly required
in patients with dilatation of the third ventricle
(Fig. 3). Significant brain shift with intracranial air
caused by flow out of the cerebrospinal fluid during
the second side procedure necessitated posterior
moves in 18 cases (Fig. 4)

Discussion

Surgical procedure for STN DBS varies across
centers.” Some groups avoid using MER for place-
ment of the DBS lead in the STN because recent
targeting methods using MRI accurately indicate
position of the STN®*% and use of MER may increase
risk of ICH. However, physiological refinement by
MER is the gold standard for identifying STN and
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Fig. 4 Sample case 3. In the first side,
sufficient subthalamic nucleus (STN) activity
was obtained in initial recording and lead
was successfully placed (left). In the second
side, only slight STN activity was obtained
in the initial recording (center left) and was
needed posterior move to obtain sufficient
STN activity in the second recording (center
right). Posterior brain shift seemed to occur by
outflow of cerebrospinal fluid during the first
side surgery. Postoperative computed tomog-
raphy demonstrated significant intracranial
air collection in the frontal region (right).
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its borders. The optimal region for STN stimula-
tion might be missed due to individual anatomical
variations. In fact, in our series, STN activity was
absent or slight in the first MER in some patients.
Therefore, physiological refinement with MER seems
to be essential before implantation of the DBS lead.
In most centers, the MER criterion for DBS lead
implantation is the length of STN.'” STN recording
of more than 4 mm with good clinical effect without
adverse effect by test stimulation seems to be
feasible.’ In this study, we retrospectively analyzed
the results of MER in STN surgery. A sufficient
length of STN activity (mean length = 5.41 mm) was
confirmed with a minimum number of trajectories
(mean number = 1.25) in MER, and a good clinical
outcome was obtained in most cases. These results
seem to validate our surgical procedure with single
tract MER. Recently, multiple simultaneous MER
using multiple electrode holder is employed in
some centers. It is controversial whether single tract
MER or multiple tract MER is more advantageous.
Amirnovin et al.? demonstrated that the average
STN length of the trajectory selected for the DBS
electrode in the multiple tract MER method was 5.6
+ 0.4 mm on the left and 5.7 + 0.4 mm on the right.
These values are almost equivalent to our result
in single tract MER. The STN is accurately hit by
proper targeting with MRI in most cases. Even if the
center of the STN is missed, subsequent trajectory
guided by precise interpretation of MER findings
will hit the STN with minimum trajectories. Chang
et al.” also asserted that the accuracy of electrode
positioning appears to be acceptable under single
tract MER. Temel et al. compared single tract MER
with multiple tract MER. There were no signifi-
cant differences of the STN length between single
and multiple tract MER. They demonstrated that
multiple MER resulted in better motor outcome but
deterioration in neuropsychological function. More
extensive microlesion from microelectrodes could
be a possible explanation for the deterioration.?”
As the target coordinates of the second side were
determined based on the MER results of the first
side, the number of trajectories in the second side
should be theoretically much fewer. However, the
number of trajectories did not differ between the
first and the second side. This is attributable to
the brain shift during surgery described afterward.
Regarding hemorrhagic complication, two patients
had symptomatic ICH in our series. The number of
microelectrode tracts was two in both cases. In an
early report from the DBS for PD study group, the
number of microelectrode passes used to determine
target location correlated with the risk of hemor-
rhage (2.9 passes in patients without hemorrhage

versus 4.1 passes in patients with hemorrhage).”
Therefore, we recommend a minimum number of
microelectrode insertions.

Among 21% of sides, which required altered
trajectories, anterior—posterior moves rather than
medial-lateral moves were more effective for
obtaining sufficient STN activity. This fact indicates
that individual anatomical variations of the STN
tend to deviate in the anterior—posterior direction.
Anterior—posterior moves rather than medial-lateral
moves should be attempted first in cases with insuf-
ficient recording of STN activity.

Furthermore, as demonstrated in our series,
brain shift from intracranial air caused by outflow
of cerebrospinal fluid during surgery seems
to accelerate posterior shift of the STN. Some
previous studies demonstrated this kind of brain
shift during the second side procedure in bilat-
eral surgery.*'*'¥ Azmi et al.¥ demonstrated that
cerebral atrophy could be a potential risk factor
for pneumocephalus during surgery. Obuchi et al.'¥
demonstrated that enlargement of the body part of
the lateral ventricle was the most reliable factor
for predicting a brain shift.

In our series, lateral shift of the STN was seen in
some patients with dilatation of the third ventricle.
Considering the shape of the midbrain, this finding
represents a reasonable variation. These experiences
are useful in determining the initial target localiza-
tion in subsequent cases. For example, in cases with
remarkable cerebral atrophy, initial coordinates of
the target in the second side should be shifted a
little bit to the posterior. This kind of strategy might
further reduce the number of trajectories needed to
obtain sufficient STN activity in MER.

Conclusions

In STN surgery, sufficient STN activity is obtained
with minimum trajectories by proper targeting
and precise interpretation of MER findings, even
using the single tract method. Anterior—posterior
moves rather than medial-lateral moves should be
attempted first in cases with insufficient recording
of STN activity.
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