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Abstract
Introduction: For deep brain stimulation (DBS) surgery of 
the subthalamic nucleus (STN) in Parkinson’s disease (PD), 
many centers employ visualization of the nucleus on mag-
netic resonance imaging (MRI), intraoperative microelec-
trode recordings (MER), and test stimulation in awake pa-
tients. The value of these steps is a subject for ongoing de-
bate. In the current study, we determined the relative 
contribution of MRI targeting, multitrack MER, and awake 
test stimulation in final lead placement during STN DBS sur-
gery for PD. Methods: Data on PD patients undergoing MRI-
targeted STN DBS surgery with three-channel MER and 
awake test stimulation between February 2010 and January 
2014 were analyzed to determine in which MER trajectory 
final leads were implanted and why this tract was chosen. 

Results: Seventy-six patients underwent implantation of 146 
DBS leads. In 92% of the STN, the final leads were implanted 
in one of the three planned channels. In 6%, additional chan-
nels were needed. In 2%, surgery was aborted before final 
lead implantation due to anxiety or fatigue. The final leads 
were implanted in the channels with the longest STN MER 
signal trajectory in 60% of the STN (38% of the bilaterally im-
planted patients). This was the central channel containing 
the MRI target in 39% of the STN (18% bilaterally). The most 
frequently noted reasons why another channel than the cen-
tral channel was chosen for final lead placement were (1) a 
lower threshold for side effects (54%) and (2) no or a too 
short trajectory of the STN MER signal (40%) in the central 
channel. The latter reason correlated with larger 2D (x and y) 
errors in our stereotactic method. Conclusions: STN DBS 
leads were often not implanted in the MRI-planned trajec-
tory or in the trajectory with the longest STN MER signal. 
Thresholds for side effects during awake test stimulation 
were decisive for final target selection in the majority of  
patients. © 2020 The Author(s)
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Introduction

Bilateral deep brain stimulation (DBS) of the subtha-
lamic nucleus (STN) is an effective surgical procedure for 
patients with advanced Parkinson’s disease (PD) [1]. The 
precise identification of the STN target is paramount for 
maximizing therapeutic benefits while minimizing side 
effects [2]. Many DBS centers employ preoperative visu-
alization of the STN on magnetic resonance imaging 
(MRI) followed by intraoperative microelectrode record-
ings (MER) and test stimulation in awake patients for 
STN localization. The relative value of these different 
steps in STN DBS surgery is a subject for ongoing debate. 
The use of MER facilitates delineation of the electrophys-
iological borders of the STN, but the number of MER 
penetrations may be associated with an increased risk of 
hemorrhage, while accurate STN localization on MRI 
could make awake test stimulation redundant, allowing 
for DBS surgery under general anesthesia [3, 4].

To determine the relative contributions of MRI, MER, 
and test stimulation in STN DBS lead placement, we re-
viewed surgical data on PD patients undergoing STN 
DBS surgery with MER and analyzed where the final DBS 
leads were implanted and why these locations were cho-
sen.

Subjects and Methods

Microelectrode Recordings
Benabid developed an MER holder with five channels for mi-

cro/macro needles, with the central channel aiming at the planned 
surgical target, with additional anterior, lateral, posterior, and me-
dial channels at a 2-mm distance from the central channel [5, 6]. 
In previous work on patients operated on between 2006 and 2010, 
we studied how often each of the five channels used for MER was 
chosen for final STN DBS lead implantation; the central channel 
was chosen in 50% of the cases, the anterior channel in 24%, the 
lateral channel in 10%, the posterior channel in 10%, and the me-
dial channel in 6% of the cases [7].

Because of these results, we reduced the number of MER chan-
nels in the years thereafter to four (central, anterior, lateral, and 
posterior) and then three (central, anterior, and lateral). In some 
patients, we decided to use only one or two MER channels if there 
was considerable brain atrophy, or if blood vessels were present too 
closely to the planned trajectory.

Patients
Between February 2010 and January 2014, 120 consecutive PD 

patients underwent STN DBS surgery at our center. To reduce het-
erogeneity among the patients participating in the current analy-
sis, we retrospectively collected and reviewed the data on consecu-
tive PD patients who underwent MRI-targeted, three-channel 
MER-guided, awake DBS surgery of the STN. Consequently, 33 

patients on whom one-, two-, or four-channel MER was per-
formed, as well as 11 patients on whom no MER was conducted 
because of technical issues, were excluded from our analysis.

Surgical Procedure
Three to 6 months before the day of surgery, the patients un-

derwent a 3-T nonstereotactic MRI (Siemens, Malvern, PA, USA) 
with axial and coronal T2-weighted and 3D volumetric T1-weight-
ed sequences. On the day of surgery, the Leksell stereotactic G 
frame (Elekta AB, Stockholm, Sweden) was placed, and the pa-
tients underwent preoperative frame-based 1.5-T stereotactic MRI 
(Siemens) with axial and coronal T2-weighted and post-gadolini-
um 3D volumetric T1-weighted sequences. The preoperative 3-T 
MRI sequences were coregistered with a stereotactic volumetric 
T1-weighted sequence with the use of SurgiPlan software (Elekta 
AB).

STN target planning was started using standard stereotactic co-
ordinates calculated from the mid-commissural point as follows: 
11 mm lateral, 2 mm posterior, and 4 mm ventral. Target planning 
was subsequently adapted to individual anatomical configuration 
if necessary, based on red nucleus and STN representation on the 
T2 sequences. Trajectory planning was done using the post-gado-
linium volumetric T1-weighted sequence. Entry points were cho-
sen precoronal and 3–4 cm lateral from the midline on a suitable 
gyrus, and the trajectories were then adjusted to avoid penetration 
of ventricles, the caudate nucleus, and blood vessels.

All patients were operated on under local anesthesia in the su-
pine position with the head elevated 20–30° to minimize the out-
flow of cerebrospinal fluid through the 12-mm burr hole trepana-
tions. Cerebrospinal fluid outflow was further minimized by ap-
plying fibrin glue after the three cannulas containing microelectrodes 
(FHC, Bowdoin, ME, USA) had been placed in the holder. Multi-
tract MER (Leadpoint; Medtronic, Shoreview, MN, USA) started 
6 mm above the target point and the microelectrodes were manu-
ally advanced in 0.5-mm steps. The planned trajectory was the cen-
tral channel, with additional anterior and lateral channels at a 
2-mm distance.

Electrophysiological STN activity was considered to be present 
if a broadening of the background noise and a tonic and irregular 
discharge pattern with occasional bursts were detected during 
MER. The length and characteristics of the recordings were re-
viewed and interpreted by the neurophysiologist (L.J.B.) or neuro-
physiology physician assistant (J.D.), a neurologist (R.M.A.d.B. or 
M.F.C.), and a neurosurgeon (P.R.S. or P.v.d.M.). The recordings 
were extended 2–3 mm beyond the target point until the electro-
physiological STN signal stopped or the characteristic signal indi-
cating the substantia nigra pars reticulata was measured.

Therapeutic effects and side effects were evaluated by a neu-
rologist (R.M.A.d.B. or M.F.C.) and a nurse practitioner (M.N.S. 
or M.P.) by monopolar electric test stimulation (60 μs pulse dura-
tion; 130 Hz pulse frequency) through the macro-tip of the micro-
electrode at three different depths along the trajectories with a pos-
itive electrophysiological STN signal. After evaluation of the se-
lected channels by test stimulation, the one with the largest 
therapeutic window, i.e., the lowest current threshold for improve-
ment of PD symptoms and the highest threshold for side effects, 
was chosen for permanent DBS lead implantation (model 3389; 
Medtronic).

The DBS lead was secured to the skull with a Stimloc system 
(Medtronic). Adequate lead placement was evaluated with fluoros-
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copy. Subsequent implantation of one or two implantable pulse 
generators was done in a subcutaneous or subpectoral pocket in 
the infraclavicular region under general anesthesia on the same 
day. On the postoperative day, a computed tomography (CT) scan 
with 2-mm slices was made to evaluate the lead position, and to 
rule out asymptomatic hemorrhage.

Data Analysis
Data on the side operated on first and second are presented 

separately. The accuracy of the stereotactic method was checked 
by comparing the intended lead localization (based on intraopera-
tive MER and clinical testing) to the final lead position on postop-
erative CT coregistered to stereotactic MRI with the use of Surgi-
Plan software (Elekta AB): the x and y coordinates of the center of 
the final lead artifact on axial postoperative CT at the calculated 
stereotactic target depth were compared with the intraoperative x 
and y coordinates used. Both absolute x and y errors and 2D Eu-
clidean (√(x2 + y2)) errors were calculated.

Values are presented as the mean ± standard deviation. Ranges 
are mentioned if relevant. Fisher’s exact tests (for analysis of 2 × 2 
tables) were done when appropriate. Results with a p < 0.05 were 
considered statistically significant. IBM SPSS Statistics 24.0 was 
used for the calculations.

Results

Bilateral DBS placement was planned for 73 patients, 
whereas 3 patients underwent unilateral surgery (2 of 
them had received contralateral STN DBS surgery in pre-
vious years). The average age at surgery was 59 years, with 
an average disease duration of 12 years. The levodopa 
equivalent daily dose averaged 1,558 ± 843 mg (range 
0–6,505). The Unified Parkinson’s Disease Rating Scale 
(UPDRS) motor score averaged 41 (range 19–69) in the 
medication OFF stage, and 15 (range 0–35) in the medi-
cation ON stage.

Surgery
The STN was targeted at 11.0 ± 0.9 mm (range 9.2–13.6) 

lateral, 2.3 ± 0.6 mm (range 0.4–3.9) posterior, and 4.1 ± 0.4 
mm (range 2.9–6.3) inferior relative to the mid-commis-
sural point. Targeting did not differ between the left and the 
right side (data not shown). In 47 (64%) of the bilateral cas-
es, surgery started on the left side. Of the 149 planned STN 
sides, we recorded 147 STN sides, and we implanted 146 
STN DBS electrodes. In one patient with planned bilateral 
implantation, only one side was implanted successfully, 
whereas the other side was not recorded/implanted due to 
fatigue. In another patient with planned bilateral implanta-
tion, the procedure had to be aborted due to anxiety after 
MER on the first side had not shown typical electrophysi-
ological STN activity in any channel.

STN Operated on First
For 1 patient, the intraoperative notes of the MER on 

the side operated on first were lost. For the remaining 75 
STN recorded first, the lengths of the trajectories with 
electrophysiological STN activity are shown in Table 1. 
Following test stimulation, it was decided to implant the 
final DBS lead in the central channel in 32 patients (43%), 
in the anterior channel in 27 patients (36%), and in the 
lateral channel in 11 patients (15%) (Fig. 1). In 3 patients 
(4%), a medial channel was added during test stimulation 
and chosen for final DBS lead implantation when test 
stimulation in the central, anterior, and lateral channels 
induced contralateral muscle contractions at 2–3 mA.

In 1 patient (1%), the first three-channel MER only 
showed typical STN activity over a length of 2 mm in the 
anterior channel. Test stimulation at 3.5 mA in this trajec-
tory caused gaze paralysis. Therefore, the y coordinate of 
the target was moved 2 mm anterior, and a medial MER 

Table 1. Trajectories with electrophysiological STN activity during 
MER

STN 
operated  
on first 
(n = 75)

STN 
operated  
on second 
(n = 71)1

Central (= MRI target) channel
Average length, mm 3.9±1.5 4.1±1.3 (n = 70)
No STN activity, n (%) 5 (7) 3 (4)
≤2.5 mm length, n (%) 13 (17) 7 (10)

2 mm anterior channel
Average length 3.8±1.6 4.0±1.6
No STN activity, n (%) 7 (9) 5 (7)
≤2.5 mm length, n (%) 12 (16) 12 (17)

2 mm lateral channel
Average length 3.7±1.7 3.6±1.8 (n = 67)
No STN activity, n (%) 7 (9) 8 (12)
≤2.5 mm length, n (%) 19 (25) 19 (28)

Extra channel(s) added, n 5 4
2 mm medial channel, n (%) 3 (4) 4 (6)

2.8 mm anteromedial channel, 
n (%) 1 (1) –

4 mm anterior channel, n (%) 1 (1) –

MER, microelectrode recordings; MRI, magnetic resonance 
imaging; STN, subthalamic nucleus. 1  Based on the results ob-
served in the STN operated on first, we adjusted the stereotactic 
coordinates for 3 STN operated on second (see main text for de-
tails) and chose a medial instead of a lateral channel for 2 STN 
operated on second. For another 2 STN operated on second, the 
lateral channel and the lateral + central channels, respectively, 
were omitted because of nearby blood vessels.
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channel was added. Here, a 4-mm trajectory of STN activ-
ity was recorded, and test stimulation up to 5 mA did not 
cause any side effects. Consequently, the final lead was 
implanted 2 mm anterior and 2 mm medial relative to the 
original target (anteromedial).

In another patient (1%), test stimulation at 2 mA 
caused gaze paralysis in both the central and the anterior 
channel. The y coordinate was moved 2 mm anterior, and 
test stimulation in the new anterior channel reduced the 
PD symptoms without causing any side effect. Thus, the 
final lead was implanted 4 mm anterior relative to the 
original target.

The length of STN MER activity of the channel chosen 
for final DBS electrode placement on the side operated on 
first was on average 4.6 ± 0.9 mm (range 1.5–6.0; n = 71).

STN Operated on Second
In 5 (7%) of the 71 bilaterally operated patients, it was 

decided intraoperatively to adjust the stereotactic coordi-

nates and/or MER approach for the second STN based on 
the results observed during MER and test stimulation on 
the side operated on first. In 2 patients, the y coordinate 
was moved 2 mm anterior, in 1 patient the x coordinate 
was moved 2 mm lateral. In 2 patients, a medial instead 
of a lateral channel was used. In 2 other patients, the lat-
eral channel and the lateral plus central channels, respec-
tively, were omitted due to the presence of blood vessels 
nearby these trajectories.

The lengths of the trajectories with electrophysiologi-
cal STN activity of the 71 STN recorded second are shown 
in Table 1. Following test stimulation, it was decided to 
implant the final DBS lead in the central channel in 25 
patients (35%), in the anterior channel in 38 patients 
(54%), and in the lateral channel in 4 patients (6%) 
(Fig. 1).

In 4 patients (6%), a medial channel was added during 
test stimulation and chosen for final DBS lead implanta-
tion when test stimulation in the central and the anterior 

STN implanted first (n = 75) STN implanted second (n = 71) Overall (n = 146)

Fig. 1. Projection of channels chosen for final DBS lead implanta-
tion in 146 STN of 75 patients with advanced Parkinson’s disease 
undergoing MRI targeting, three-channel MER (central [= MRI 
target], 2-mm anterior, and 2-mm lateral channels), and awake test 
stimulation into axial plate V4.5 of the Stereotactic Atlas of the Hu-
man Thalamus and Basal Ganglia [8]. Axial plate V4.5 corre-
sponds to an axial plane located 4.5 mm below the mid-commis-
sural point. The central channel (= MRI target) is encircled in 
green. The number in the circles is the percentage at which the 
final DBS lead was implanted in the corresponding channel of the 
75 STN implanted first (left panel), of the 71 STN implanted sec-

ond (middle panel), and of the 146 STN overall (right panel). ac, 
anterior commissure; Acb, nucleus accumbens; al, ansa lenticu-
laris; bic, brachium of the inferior colliculus; Cd, caudate nucleus; 
DBS, deep brain stimulation; fx, fornix; GPe, external globus pal-
lidus; GPi, internal globus pallidus; Hyp, hypothalamus; ic, inter-
nal capsule; LGN, lateral geniculate nucleus; MER, microelectrode 
recordings; MGN, medial geniculate nucleus; ml, medial lemnis-
cus; MRI, magnetic resonance imaging; mtt, mammillothalamic 
tract; PAG, periaqueductal gray area; PuI, inferior pulvinar; PuT, 
putamen; R, reticular thalamic nucleus; RN, red nucleus; STN, 
subthalamic nucleus.
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channel induced, respectively, contralateral mouth con-
traction (at 1.5 mA), dysarthria (at 2/3 mA), or gaze pa-
ralysis (at 2 mA). The last patient was the one in whom 
the x coordinate was moved 2 mm lateral based on the 
results observed during MER and test stimulation on the 
side operated on first. The final medial DBS lead was thus 
in the originally planned central channel.

The patient experiencing dysarthria at 2 mA during 
test stimulation in the central and anterior channels was 

one of the 2 patients in whom the y coordinate was moved 
2 mm anterior based on the results observed during MER 
and test stimulation on the side operated on first; the me-
dial channel added during test stimulation and chosen for 
final DBS lead implantation was thus 2 mm anterior and 
2 mm medial relative to the originally planned target (an-
teromedial). In the other patient in whom the y coordinate 
was moved 2 mm anterior based on the results observed 
during MER and test stimulation on the side operated on 

Table 2. Reasons why another than the central (= MRI target) channel was chosen for final DBS lead implanta-
tion

STN 
operated on first
(n = 42)

STN 
operated on second
(n = 47)

Total
(n = 89)

No or very short trajectory of the STN MER signal 11 (26) 7 (15) 18 (20)
Longer STN MER signal on other channel 9 (21) 9 (19) 18 (20)
Gaze paresis 6 (14) 10 (21) 16 (18)

At 2 mA 1 3 4
At 3 mA 2 5 7
At 4 mA 1 2 3
At 5 mA 2 2

Mouth contraction 5 (12) 8 (17) 13 (15)
At 1.5 mA 1 1 2
At 2 mA 1 2 3
At 3 mA 1 4 5
At 4 mA 2 1 3

Dysarthria 3 (7) 5 (11) 8 (9)
At 2 mA 1 2 3
At 3 mA 2 2 4
At 4 mA 1 1

Dizziness 3 (7) 2 (4) 5 (6)
At 2 mA 1 1
At 3 mA 1 2 3
At 4 mA 1 1

Warm/strange feeling 2 (5) 2 (2)
At 1 mA 1 1
At 2.5 mA 1 1

Chest pain 1 (2) 1 (1)
At 2 mA 1 1

Leg paresthesia 1 (2) 1 (1)
At 2 mA 1 1

Pupillary dilatation 1 (2) 1 (1)
At 1 mA 1 1

Only test stimulation in final channel 
(not central) first side 2 (4) 2 (2)

Worsening of PD symptoms 1 (2) 1 (1)
Central channel not explored 3 (6) 3 (3)

Stereotactic coordinates adjusted based on 
results first side 2 (2) 2

Due to blood vessel 1 (2) 1 

Values denote n (%). DBS, deep brain stimulation; MER, microelectrode recordings; MRI, magnetic reso-
nance imaging; PD, Parkinson’s disease; STN, subthalamic nucleus.
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first, the final lead was implanted in the anterior channel 
(i.e., 4 mm anterior relative to the original target).

The length of STN MER activity of the channel chosen 
for final DBS lead placement on the side operated on sec-
ond averaged 4.5 ± 1.0 mm (range 0–6.5; n = 66).

Proportion of Implantations in the Central (= MRI 
Target) Channel
Overall, the central channel was chosen for final DBS 

lead implantation in 57/146 STN (39%). Only 13 (18%) of 
the 71 bilaterally implanted patients received both final 
DBS leads in the central channel. Twenty (28%) received 
both leads in the anterior channel, none received both leads 
in the lateral channel, and the remaining 38 patients (54%) 
received the leads in a combined fashion of channels. Table 
2 summarizes the 89 reasons why another than the central 
channel was chosen for final DBS lead implantation, which 
was based on either a better MER signal in another channel 
(40%) or a higher threshold for side effects (54%), but nev-
er on a superior effect of test stimulation on PD symptoms.

Proportion of Implantations in the MER Channel with 
the Longest Segment of the STN Signal
In the STN recorded first, one of the three channels ex-

hibited the longest trajectory of the STN signal in 59/75 
(79%) of the cases, while in 15/75 (20%) of the cases, two 
(n = 13) or three (n = 2) channels showed equally long tra-
jectories of the STN signal, and in 1 patient (as stated be-
fore) none of the three channels exhibited typical electro-
physiological STN activity. In 51/67 (76%) of the STN re-
corded second with central/anterior/lateral channel MER, 
one of the three channels exhibited the longest trajectory 
of the STN signal, whereas in 16/67 (24%) of the cases, two 
(n = 13) or three (n = 3) showed equally long trajectories 
of the STN signal. Figure 2 summarizes the results on the 
channels with the longest trajectory of recorded STN.

In 45/75 (60%) of the STN recorded first, the final DBS 
lead was implanted in (one of) the channel(s) exhibiting 
the longest trajectory of the STN signal. In 40/67 (60%) of 
the STN recorded second, the final DBS lead was implant-
ed in (one of) the channel(s) exhibiting the longest trajec-

STN recorded first (n = 75) STN recorded second (n = 67) Overall (n = 142)

Fig. 2. Projection of MER channels employed during DBS surgery 
on 142 STN of 75 patients with advanced Parkinson’s disease un-
dergoing MRI targeting, three-channel MER (central [= MRI tar-
get], 2-mm anterior, and 2-mm lateral channels), and awake test 
stimulation into axial plate V4.5 of the Stereotactic Atlas of the Hu-
man Thalamus and Basal Ganglia [8]. Axial plate V4.5 corre-
sponds to an axial plane located 4.5 mm below the mid-commis-
sural point. The central channel (= MRI target) is encircled in 

green. The number in the circles is the percentage at which the 
longest electrophysiological STN MER signal was recorded in the 
corresponding channel of the 75 STN operated on first (left panel), 
of the 67 STN operated on second (middle panel), and of the 142 
STN overall (right panel). Total percentages exceed 100% due to 
multiple trajectories with equally long lengths of the STN signal. 
For abbreviations, see legend to Figure 1.
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tory of STN signal. Twenty-seven out of 71 bilaterally im-
planted patients (38%) received both final leads in the 
channel with the longest STN MER signal. Table 3 sum-
marizes the 57 reasons why another than (one of) the 
channel(s) with the longest MER signal was chosen for 
final DBS lead implantation, which was mostly based on 
lower thresholds for side effects (82%), but hardly on a 
superior anti-PD effect (4%).

Accuracy of the Stereotactic Method
In 4 bilaterally implanted patients, no reliable implan-

tation errors could be calculated due to unreliable coreg-
istration with the stereotactic MRI; in 2 cases, the postop-
erative CT contained too much intracranial air, and in the 
other cases, only postoperative CT with 5-mm slices was 
performed. For the remaining 138 leads, the mean x error 
was 0.11 ± 0.95 mm medial (range 2.60 mm medial to 2.20 

Table 3. Reasons why another than (one of) the channel(s) with the longest STN MER signal was chosen for final 
DBS lead implantation

STN 
operated on first
(n = 30)

STN 
operated on second
(n = 27)

Total 
(n = 57)

STN MER signal on central channel only 
0.5 mm shorter, good anti-PD response 2 (7) 1 (4) 3 (5)

Gaze paresis 7 (23) 11 (41) 18 (32)
At 1 mA 2 2
At 2 mA 1 3 4
At 3 mA 4 4 8
At 4 mA 1 2 3
At 5 mA 1 1

Mouth contraction 4 (13) 5 (19) 9 (16)
At 1.5 mA 2 1 3
At 2 mA 2 2
At 3 mA 2 2
At 4 mA 1 1
At 5 mA 1 1

Dysarthria 10 (33) 1 (4) 11 (20)
At 2 mA 2 2
At 3 mA 4 1 5
At 4 mA 3 3
At 5 mA 1 1

Arm contraction 1 (3) 0 (0) 1 (2)
At 2 mA 1 1

Dizziness 1 (3) 0 (0) 1 (2)
At 4 mA 1 1

Warm/strange feeling 2 (7) 0 (0) 2 (4)
At 1 mA 1 1
At 2.5 mA 1 1

Chest pain 1 (3) 0 (0) 1 (2)
At 2 mA 1 1

No good anti-PD response 1 (3) 1 (4) 2 (4)
Nausea 1 (3) 2 (7 3 (5)

At 1 mA 1 1
At 2 mA 1 1
At 3 mA 1 1

Only test stimulation in anterior channel 
(= final channel first side) 5 (19) 5 (9)

Blepharospasm 1 (4) 1 (2)
At 3 mA 1 1

Values denote n (%). DBS, deep brain stimulation; MER, microelectrode recordings; MRI, magnetic reso-
nance imaging; PD, Parkinson’s disease; STN, subthalamic nucleus.
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mm lateral) and the mean y error was 0.66 ± 0.85 mm 
posterior (range 3.10 mm posterior to 1.90 mm anterior) 
(Fig. 3).

The mean 2D Euclidean error between the final and 
the intended lead position was 1.25 ± 0.70 mm (range 

0–3.22). The proportion of leads implanted in the central 
channel was significantly higher if the Euclidean error 
was ≤1.25 mm than if the Euclidean error was > 1.25 mm 
(49 vs. 27%; OR 2.6; 95% CI 1.3–5.4; p < 0.01) (Fig. 4). 
Among the central channels with ≤2.5 mm STN MER 
activity, the Euclidean error exceeded 1.25 mm more of-
ten than it did among the central channels with > 2.5 mm 
STN MER activity (67 vs. 42%; OR 2.7; 95% CI 1.0–7.7;  
p < 0.05).

Postoperative Course
One patient (1%) had a symptomatic subcortical hem-

orrhage manifesting in delirium. The patient recovered 
fully. In 3 patients, the postoperative CT scan showed an 
asymptomatic postoperative intracerebral hemorrhage. 
All 4 patients (5%) with intracerebral hemorrhage under-
went bilateral three-channel MER without the need for 
adding extra channels. The reduction in levodopa equiv-
alent daily dose after 14 ± 5 months (range 2–27) of STN 
DBS treatment averaged 48 ± 24% (range –25 to 100).

Discussion

We examined the relative contributions of MRI target-
ing, three-channel MER, and awake test stimulation in 
final lead placement during DBS surgery on 149 STN of 
76 patients with advanced PD. In 92% of the STN, the fi-
nal leads were indeed implanted in one of the three 

Planned targeting Implantation error

Fig. 3. Projection of planned STN target 
(left panel) and the STN target corrected 
for the observed x and y implantation er-
rors into axial plate V4.5 of the Stereotactic 
Atlas of the Human Thalamus and Basal 
Ganglia [8]. Axial plate V4.5 corresponds 
to an axial plane located 4.5 mm below the 
mid-commissural point. The STN was tar-
geted at (on average) 11.0 mm lateral and 
2.3 mm posterior relative to the mid-com-
missural point (left panel). The mean x im-
plantation error was 0.11 mm medial, but 
ranged between 2.60 mm medial and 2.20 
mm lateral; the mean y error was 0.66 mm 
posterior, but ranged between 3.10 mm 
posterior and 1.90 mm anterior (right pan-
el). The lengths of the bars in the right pan-
el indicate the range in the four directions. 
For abbreviations, see legend to Figure 1.
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Fig. 4. Percentage of STN in which the final DBS lead was implant-
ed in the central channel (= MRI target) relative to the observed 
Euclidean error between the final and the intended lead position, 
categorized by 2D error < 0.67 mm, 2D error 0.67–1.25 mm, and 2D 
error > 1.25 mm. * The difference in percentage between 2D error 
< 0.67 mm and 2D error > 1.25 mm was statistically significant (OR 
4.2; 95% CI 1.7–10.2; p = 0.001). DBS, deep brain stimulation; MRI, 
magnetic resonance imaging; STN, subthalamic nucleus.
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planned channels, showing that the strategy of starting 
with three-channel MER is appropriate. In 3 STN (2%; 2 
patients), surgery was aborted before final lead implanta-
tion due to anxiety or fatigue. The final leads were more 
often implanted in the channels with the longest STN 
MER signal trajectory than in the central channels.

The most frequently noted reasons why another channel 
than the one containing the MRI target was chosen for final 
lead placement were (1) a too low threshold for side effects 
caused by co-stimulation of the nearby internal capsule and 
(2) no or a too short trajectory of the STN MER signal in 
the central channel. The latter reason correlated with larger 
2D (x and y) errors in our stereotactic method. The most 
frequently noted reason why another than the channel with 
the longest STN MER signal was chosen for final lead place-
ment was a too low threshold for side effects caused by co-
stimulation of the nearby internal capsule.

The Value of MER and MRI during STN DBS Surgery
In PD patients, there is a strong coherence within the 

basal ganglia and thalamocortical circuits that can be 
measured in the dorsolateral, sensorimotor part of the 
STN in the beta range (13–30 Hz) [9, 10]. Precise place-
ment of the DBS lead into or close to this part of the elec-
trophysiological STN is required to ensure the efficacy of 
the treatment and to minimize adverse effects [2, 11, 12]. 
Intraoperative localization of the dorsolateral STN with 
the use of MER is therefore of great importance [13, 14]. 
A long length of the STN MER signal does, of course, not 
automatically indicate proper positioning within the dor-
solateral STN. Besides a sudden increase in background 
noise level while moving from the zona incerta and len-
ticular fasciculus (field H2) into the dorsolateral STN, one 
should also heed rhythmic bursts of beta range activity 
[15]. Furthermore, adding a lateral and an anterior MER 
channel to the MRI-targeted channel allows for increased 
spatial resolution of the surgical approach to the dorso-
lateral STN. Determining thresholds for co-stimulation 
of the nearby internal capsule may also provide important 
information on how lateral the STN is targeted.

The use of MER and the number of MER penetrations 
may be associated with an increased risk of hemorrhage 
[3]. Moreover, current MRI techniques enable direct tar-
geting based on a patient’s own brain anatomy [16, 17]. 
Many groups reported good clinical outcomes of MRI-
guided STN DBS without the use of MER [18, 19]. How-
ever, not all MRI sequences properly display the dorso-
lateral STN, and discrepancies were reported when 
 com paring dorsal STN borders on MRI with the electro-
physiological STN [20–23]. In our cohort, unexpectedly 

short STN MER trajectories (≤2.5 mm) were seen in 13% 
of the central (= MRI target) channels. In a recent study, 
Lozano et al. [24] reported a similar (20%) mismatch be-
tween the expected STN on 1.5-T MRI and MER findings. 
They defined mismatch as an STN MER trajectory < 4 
mm. In our cohort, trajectories < 4 mm occurred in 31% 
of the cases. Inaccuracy in the stereotactic methods may 
explain part of such mismatch. In our cohort, we noted 
significant imprecision in the stereotactic method, with 
final DBS leads scattered around the intended target with 
an inaccuracy of up to several millimeters. Similar inac-
curacies with various stereotactic frames haven been re-
ported by other groups [25–27]. Besides the ability of 
MER to properly identify the dorsolateral STN, it thus 
may also supply important intraoperative feedback on the 
accuracy of the stereotactic method applied.

As stated above, MER have been suggested to increase 
the risk of hemorrhage (although we experienced a re-
markably higher percentage of symptomatic hemorrhag-
es during non-MER macrostimulation-only thalamic 
DBS in essential tremor patients [28]). Reducing the 
number of MER channels to three per side is an accept-
able tradeoff to keep this risk as low as possible while still 
benefiting from the useful information provided by MER. 
Future studies comparing STN borders on ultrahigh-field 
MRI to the electrophysiological STN during DBS surgery 
with verified low inaccuracy are needed to determine 
whether MRI can replace MER in localization of the dor-
solateral STN.

The Value of Awake Test Stimulation during STN 
DBS
In our current cohort, the observed side effects during 

awake test stimulation were decisive for final target selec-
tion in the majority of patients. Most of the observed side 
effects were thought to originate form co-stimulation of 
the nearby internal capsule. Of course, one may question 
the clinical relevance of the various observed side effects 
and of the stimulation threshold at which they occurred; 
a channel with mouth contraction or dysarthria at 2 mA 
may not be a wise choice for final DBS lead placement, 
but a channel with gaze paresis at 5 mA and good anti-PD 
effect might have been a good choice. It is rare to employ 
STN DBS above 4 mA at our outpatient clinic.

Performing DBS surgery under general anesthesia 
could offer a major advantage for patient comfort. In re-
cent years, several groups have reported good clinical 
outcomes in parkinsonian patients undergoing STN DBS 
surgery under general anesthesia [4, 29, 30]. To investi-
gate if STN DBS for PD under general anesthesia im-
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proves the outcome by lessening postoperative cognitive, 
mood and behavioral adverse effects, shortening surgical 
time and hospital admittance, and producing a symptom-
atic and functional improvement comparable to that with 
surgery under local anesthesia, we started a randomized 
controlled trial [31]. A total of 110 patients were random-
ized between surgery under local and surgery under gen-
eral anesthesia, and results are expected to be reported by 
the end of 2020.

Limitations of the Study
The present study has several limitations. First, the 

clinical outcome of the patients of the currently studied 
cohort was not analyzed according to a standardized pro-
tocol employing UPDRS scores for all patients. The long-
term clinical effect of the variable choice of channels for 
implantation of the final DBS lead therefore could not be 
determined. Second, we measured the STN MER signal 
in 0.5-mm steps. With the real dorsal border of the STN 
starting between 0 and 0.49 mm above our measured dor-
sal border, and the real ventral border of the STN con-
tinuing between 0 and 0.49 mm below our measured ven-
tral border, our measured STN trajectory lengths under-
estimated the real lengths by 0–0.98 mm. Third, small 
image fusion errors may have occurred during coregistra-
tion of the different MRI sequences and CT images, there-
by potentially influencing the reported implantation er-
rors.

Conclusions

DBS leads in PD patients undergoing MRI-targeted 
STN DBS surgery with three-channel MER and awake 
test stimulation were implanted in the planned trajecto-
ries based on MRI in only 39% of the STN (18% bilater-

ally), and in the channel with the longest STN MER signal 
in 60% (38% bilaterally). The thresholds for internal cap-
sule-related side effects during test stimulation were de-
cisive for final target selection in the majority of patients. 
However, whether the decision to change the final lead 
location from the initially planned target based on side 
effect thresholds is related to the clinical outcome will 
have to be determined by future research.
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