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HIGHLIGHTS

« Transcranial sonography reliably determines electrode position in subthalamic nucleus (STN) in relation to ultrasonic landmarks.
« Combining transcranial sonography with intraoperatively obtained microelectrode recording data improves electrode localization.
« Combined ultrasonic and microelectrode recording data support the selection of preferable electrode contact for STN stimulation.

ARTICLE INFO ABSTRACT

Article history: Objective: To assess transcranial sonography (TCS) as stand-alone tool and in combination with micro-
Accepted 1 November 2023 electrode recordings (MER) as a method for the postoperative localization of deep brain stimulation
Available online 8 November 2023 (DBS) electrodes in the subthalamic nucleus (STN).

Methods: Individual dorsal and ventral boundaries of STN (n = 12) were determined on intraoperative
MER. Postoperatively, a standardized TCS protocol was applied to measure medio-lateral, anterior-
posterior and rostro-caudal electrode position using visualized reference structures (midline, substantia
Parkinson's disease nigra). TCS and combined TCS-MER data were validated using fusion-imaging and clinical outcome data.
Stereotactic neurosurgery Results: Test-retest reliability of standard TCS measures of electrode position was excellent. Computed
Subthalamic nucleus tomography and TCS measures of distance between distal electrode contact and midline agreed well
Transcranial ultrasound (Pearson correlation; r = 0.86; p < 0.001). Comparing our “gold standard” of rostro-caudal electrode local-
ization relative to STN boundaries, i.e. combining MRI-based stereotaxy and MER data, with the combi-
nation of TCS and MER data, the measures differed by 0.32 + 0.87 (range, —1.35 to 1.25) mm. Combined
TCS-MER data identified the clinically preferred electrode contacts for STN-DBS with high accuracy
(Cohefis kappa, 0.86).

Conclusions: Combined TCS-MER data allow for exact localization of STN-DBS electrodes.
Significance: Our method provides a new option for monitoring of STN-DBS electrode location and guid-
ance of DBS programming in Parkinson’s disease.

© 2024 International Federation of Clinical Neurophysiology. Published by Elsevier B.V. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Deep brain stimulation (DBS) of the subthalamic nucleus (STN)
is highly effective in alleviating motor symptoms and side effects
_ o of chronic dopaminergic substitution, thereby improving quality
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the STN improves efficacy of STN-DBS in the individual patient
(Dembek et al., 2019; Horn et al., 2017; Pozzi et al., 2016; Reese
et al.,, 2012; Wodarg et al., 2012). Preoperative STN target determi-
nation on MRI is complicated by common uncertainties in visual-
ization of the STN and its rostral and caudal boundaries
(Bus et al., 2018; Giingér et al., 2018; Polanski et al., 2015). Hence,
intraoperative microelectrode recordings (MER) are employed to
estimate individual functional STN boundaries and intra-STN tra-
jectory lengths, which additionally guide the placement of the per-
manent electrode (Polanski et al., 2015; Benazzouz et al., 2002;
Bjerknes et al., 2018; Steigerwald et al., 2008). Postoperative MRI
or CT are performed to exclude intraoperative complications and
to verify electrode location. However, the position of the electrode
and its stimulation contacts may be distorted by imaging artifacts
of the electrode itself (Pinsker et al., 2008) as well as temporary
pneumocephalus and brain shift (Saleh et al., 2016). Thus, alterna-
tive methods are desirable to localize the electrode in relation to
the STN to ensure correct placement and to identify the clinically
most effective stimulation contacts.

Transcranial B-mode sonography (TCS) has been proposed as a
tool for visualizing the distal metal tip of the electrode for chronic
STN-DBS in relation to the echosignals of substantia nigra (SN)
(Ispierto et al, 2018; Moringlane et al., 2005; Walter et al., 2011,
2016). While it is difficult on MRI to differentiate STN caudal
boundary and SN (Bus et al., 2018; Polanski et al., 2015), TCS can
discriminate SN by its, especially in PD, highly echogenic signals
(Ahmadi et al., 2020; Becker et al., 1995; Berg et al., 2008). Similar
to MRI, however, TCS may not directly visualize the therapeutically
most relevant STN area for DBS which is around the rostral bound-
ary of the STN (Milosevic et al., 2020; Zaidel et al., 2010). The post-
operative identification of this anatomical key structure and its
spatial relation to the position of the stimulation electrode may par-
ticularly be helpful in the process of choosing the potentially most
effective contact of the electrode for chronic DBS therapy. Such
information might reduce programming time usually needed for
the separate clinical testing of each contact with respect to symp-
tom alleviation and side effects of DBS (Koeglsperger et al., 2019).

We hypothesized that combining postoperative TCS, assessing
the electrode position relative to the SN, with MER data on the
rostro-caudal dimension of the STN, once obtained intraopera-
tively, may allow for precise localization of the DBS electrode rela-
tive to STN rostral boundaries in the individual STN at any time
point after surgery. In the present study we compare this combined
approach (TCS-MER) with our current “gold standard”, i.e. the
determination of electrode position by intraoperative stereotaxy
relative to the MRI-defined stereotactic target point and the rostral
STN boundary assessed by MER (stereotaxy-MER). We herewith
also validate a standardized approach of TCS determination of
STN electrode tip position in relation to the SN.

2. Material and methods
2.1. Participants

Six consecutive PD patients (Table 1), selected for DBS accord-
ing to established clinical criteria (Fox et al., 2018), gave their writ-
ten informed consent to participation in this prospective cohort
study. The study was approved by the ethical board of the Univer-
sity of Rostock (identifiers A2018-0074, A2013-0005).

2.2. STN target determination, surgical procedure and microelectrode
recordings

The terminology of the stereotaxic 3-dimensional coordinate
system for DBS refers to dorso-ventral, anterior-posterior, and
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medial-lateral axis. This corresponds to rostro-caudal, anterior-
posterior, and medial-lateral axis in the classical brain anatomy
terminology, which is used as a standard in this article. STN target
identification and stereotaxic trajectory determination was done
on T2-, susceptibility- (SWI), and gadolinium enhanced axial and
transversal T1-weighted 3-Tesla MR images with standard coordi-
nates of the STN of 12 mm lateral to the inter-commissural line and
4 mm below and 3 mm behind the mid-commissural point (Reese
et al., 2012; Steigerwald et al., 2008). These coordinates were
adjusted to the individual MRI anatomy of the STN region to target
the rostral, lateral and posterior (motor) part of the STN (Elements,
Brainlab AG, Munich, Germany).

On day of surgery, a stereotactic head frame (Leksell Stereotac-
tic System, Elekta Instruments, Stockholm, Sweden) was mounted,
followed by a cerebral CT scan to determine individual stereotaxic
coordinates of the STN target. Intraoperatively, an array of up to
five rigid microelectrodes (FHC Inc., Bowdoin, ME, USA), depending
on the individual anatomy, was lowered to 6 mm above the stereo-
taxic STN target by using the STar Drive Manual System (FHC) in
fully awake patients. Patients had been withdrawn from dopamin-
ergic medication for at least 24 h (dopamine agonists 72 h). The
central electrode represented the planned trajectory to reach the
STN target and was surrounded by up to four additional microelec-
trodes equally spaced around with center-to-center distance of
2 mm and 90 degrees angle to each other on a virtual circuit
(FHC STar Array Locking Carrier). MER (online visual inspection
of spiking activity) were done with the Lead Point System (Natus,
Middleton, WI, USA) 1 mm stepwise from 6 mm above the stereo-
tactic target point to just below the ventral boundary of the STN.
The latter was characterised by reduced background noise without
relevant spiking activity, or by signals typical for SN, tonic activity
of higher frequency. Entering the STN at its rostral boundary was
however characterized by increased background noise and the
incidence of phasic and irregular spiking activity (Benazzouz
et al. 2002).

MER mapping of the STN region was followed by intraoperative
test stimulation to assess DBS clinical efficacy and side effects. The
uninsulated tips of the microelectrode guiding tubes
(“macroelectrodes”) served for monopolar constant current stimu-
lation (Lead Point; 130 Hz frequency, 60 ps impulse width) to test
the clinical effects separately per each trajectory. The electrode for
chronic stimulation was implanted in the trajectory with optimum
results of MER and macroelectrode testing, i.e. an as possible long
run through the STN as assessed by MER, contralateral rigidity con-
trol and relevantly reduced bradykinesia at low current amplitudes
of usually 1.5-2.5 mA, and a sufficient therapeutic window charac-
terized by the occurrence of side effects at amplitudes of at least
3.5 mA or higher. Independent of the manufacturer, the implanted
DBS electrodes are equipped with four stimulation ring contacts
(each of the two middle ring contacts of the Boston Scientific elec-
trodes consist of three equally segmented elements) with rostral-
caudal contact length of 1.5 mm and 0.5 mm isolated interspace.
Each electrode was fixed with its two middle contacts in the rostral
part of the STN as suggested by MER and verified by intraoperative
X-ray. The neurostimulator was implanted on the same day under
general anesthesia overlying the pectoralis muscle aponeurosis.

Postoperatively, a cerebral CT was performed within 24hr to
exclude intracranial bleeding and to verify correct electrode place-
ment on fusion with preoperative MRI (Elements, Brainlab AG;
Fig. 1A, B).

2.3. Postoperative assessment of clinical efficacy of STN-DBS
Stimulation parameters and dopaminergic medication were

balanced according to the individual needs of the patients. In this
study, clinical stimulation efficacy measures obtained at least three
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Table 1

Demographic, clinical and stimulation data of the study participants.

Improvement of Implanted device STN-DBS parameters

III Stimulation motor symptoms by

MDS-UPDRS

MDS-UPDRS  MDS-UPDRS

Daily levodopa
equivalent

Daily levodopa

surgery equivalent

Age at

Sex PD

Patient

III Stimulation

OFF |

111

duration
[years]

STN-DBS, assessed on
MDS-UPDRS III

ON/

preoperative
Medication

ON
26

dosage > 3 months
after surgery [mg]

dosage prior to
surgery [mg]

Medication

OFF
24

Medication

OFF
37

[%]
35

Left: C + 4-, 2.3 V, 60 us/130 Hz
Right: C +3-,1.0V, 60 us/130 Hz
Left: C + 2-,3.0 mA, 60 pus/130 Hz

Right: C + 3-, 1.5 mA, 60 ps/

130 Hz

Medtronic Activa RC;

283

533

58

electrode model 3389
Boston Scientific
Vercise Gevia;

51

21

43

18

233

980

60

12

electrode model 2201
Medtronic Activa RC;

Left: C + 3-, 2.5 V, 60 pus/130 Hz

Right: C +3-,2.4V, 60 us/130 Hz
Left: C+3-,1.7 mA, 60 us/180 Hz

Right: C + 4-, 2.2 mA, 60 ps/

180 Hz

19 16 16

11

366

1311

65

electrode model 3389
Medtronic Activa RC;

43

16

28

20

999

1700

67

electrode model 3389

Left: C+4-,1.7 mA, 60 pus/170 Hz

Right: C + 4-, 2.2 mA, 60 ps/

170 Hz

Boston Scientific
Vercise Gevia;

266 16 45 23 49

1605

57

electrode model 2201
Boston Scientific
Vercise Gevia;

Left: C+2-,1.1 mA, 60 pus/130 Hz
Right: C + 2-, 1.1 mA, 60 ps/

130 Hz

19 67

58

433

1400

55

electrode model 2201

anode); 0 to 4, numbered electrode contacts from caudal to rostral (n-, electrode contact = cathode); MDS-UPDRS III, Movement Disorder Society-Sponsored Revision of the Unified

C denotes case of implanted stimulator (C+, case

Parkinson’s Disease Rating Scale, part 3 (motor part); PD, Parkinson’s disease; STN-DBS, deep brain stimulation of the subthalamic nucleus.
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months after electrode implantation using the MDS-UPDRS part 3
(motor score; off-medication/off-DBS vs. off-medication/on-DBS)
were analysed, assuming stable medication and stimulation
parameters at this time. Stimulation contact and parameters cho-
sen upon routine clinical criteria were evaluated after 24 h with-
drawal of dopaminergic therapy. Additionally, contacts were
ranked according to their respective maximum reduction of PD
motor symptoms (lateralized MDS-UPDRS motor score items 3-8
and 15-17) due to a stimulation amplitude titrated to 0.5 mA
below side effects threshold (pulse width 60 ps, frequency
130 Hz). The contact providing maximum reduction per electrode
was named “best contact”.

2.4. STN electrode localization by stereotactic coordinates and MER
(“gold standard”)

Intraoperative MER estimated the rostro-caudal functional
boundaries of the STN in the respective trajectory. The implanta-
tion depth of the permanent DBS electrode was aligned with the
lower end of its most caudal contact (distal metal tip of the elec-
trode) relative to the STN stereotaxic target. The latter was indi-
cated “Omm” with above target values being negative [-] and
below target positive [+]. The position of the upper end of the
uppermost contact of the DBS electrode relative to the rostral
boundary of the STN (motor part; Fig. 2) can thus be estimated
by the equation (1):

MER STN rostral boundary (relative to stereotaxic target)
[mm] + 7.5 mm (electrode length) - implantation depth (lower
end of most caudal electrode contact relative to stereotactic target)
[mm].

The MER STN rostral boundary was estimated 0.5 mm above the
corresponding recording depth owing to uncertainty of this bound-
ary due to MER recording steps of 1 mm.

2.5. STN electrode localization by combining TCS measures and MER

Postoperative TCS was done by an experienced sonographer
(UW) more than three months after DBS surgery at a time of stable
DBS parameters and medication, using a high-end ultrasound sys-
tem (MyLabTwice, Esaote S.p.A., Genova, Italy) equipped with a
2.5-MHz phased-array transducer (PA240). The system settings
were as follows: view, 3; size of aperture, 89°; dynamic range, 6;
dynamic compression, 2; persist, 7; enhance, 3; density, 2; focuses,
1; gray map, 5; mechanical index, 1.0. For assessing DBS electrode
position on TCS we slightly modified our previously reported
method (Walter et al.,, 2011, 2016), as described hereinafter. This
results in measuring the shortest rostro-caudal distance from the
metal tip of the electrode to the rostral boundary of the SN (di-
rectly underneath the caudal boundary of the STN) in virtual exten-
sion of the electrode trajectory. First, the ultrasound plane was
tilted in a coronal plane to visualize the electrode ipsilateral to
insonation in its complete rostral-caudal trajectory relative to the
SN (Fig. 1E,F,H,3A-C). The SN, situated just caudal to the STN, can
be well distinguished from surrounding brainstem structures
thanks to its increased echogenicity. Using low amplification of
ultrasound to detect the SN echosignals and the DBS electrodes,
we regarded the imaging artefact of the distal (caudal) electrode
contact, with formerly estimated size of < 1 mm (Walter et al,,
2011), as negligible and took the distance of the caudal boundary
of the most distal electrode contact to the rostral boundary of
the SN as it was measured directly on a frozen zoomed TCS image.
A location of the distal electrode contact below the rostral bound-
ary of the SN (i.e. typically inside the SN echosignals) resulted in a
negative measure (Fig. 3B), its location superior to the rostral
boundary of the SN in a positive measure (Fig. 3C). In the same
imaging plane, the medio-lateral position of the most distal
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Fig. 1. Comparison of electrode location on transcranial sonography (TCS) versus multimodal neuroimaging. In this patient, the permanent subthalamic nucleus
(STN) stimulation electrode was inserted through the central (i.e. the preoperatively planned) trajectory. Images shown in (A)-(F) are scaled according to the electrode
position. A) Fusion image (Elements, Brainlab) of axial preoperative MRI (STN highlighted in green; substantia nigra [SN], blue; red nucleus, red) with the superimposed
electrode position (orange) documented on postoperative CT at the level of the preoperatively planned stereotactic target depth. B) Fusion of coronal preoperative MRI
(STN, green; SN, blue; red nucleus, red) with the superimposed electrode position (orange) documented on the postoperative CT. Note that the final electrode positioning
based on intraoperative recordings was slightly deeper than planned preoperatively, due to the more caudal localization of the STN assessed on intraoperative microelectrode
recordings (yellow rhombus). C) Postoperative real-time TCS-MRI fusion imaging using the preoperative MRI volume data set with tracing of the planned electrode trajectory
(Elements DICOM Burned-In Export, Brainlab). The tip of lowest electrode contact visualized on ultrasound (arrow) is located slightly deeper than planned preoperatively, in
agreement with the CT-MRI fusion image (B). D) Axial TCS image corresponding to the CT-MRI fusion image (A); orange arrow: transection through electrode; blue arrow:
echosignals of SN (surrounded by blue line); white arrow: reverberation artefacts caused by the electrode. E, F) Coronal TCS image corresponding to the fusion images (B, C);
arrow: lower boundary of the lowest electrode contact. SN echosignals are highlighted in blue (E). The distance measure between electrode tip and midline is highlighted in
green (F). G, H) Zoomed TCS images (G: axial, H: coronal) as displayed on the ultrasound monitor, corresponding to images in (D)-(F); orange arrow: tip of the electrode; white
arrow: reverberation artefacts caused by the electrode; SN echosignals are surrounded by blue line.

electrode contact was estimated by measuring its distance from (Fig. 1D,G,3F-H). In this plane, the anterior-posterior position of
midline (mid of 3rd ventricle, cerebral peduncles and/or midbrain the electrode contact was estimated by measuring the distance
raphe). Then, the ultrasound plane was tilted in an axial imaging of the posterior boundary of the distal electrode contact and the
plane through the midbrain parallel to the orbitomeatal line, again anterior boundary of SN echosignals. Again, a location of the distal
visualizing the distal electrode contact and the SN echosignals electrode contact posterior to the anterior boundary of SN
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2

a = rostral end of electrode to rostral
STN boundary (MER defined)

b = electrode length (7.5mm)

¢ = caudal end of electrode to caudal
STN boundary (MER defined)

A

rostral

>
anterior

a=(b+c)-c ' a
'STN motor I/
STN associative c,/
SN

a = rostral end of electrode to rostral
STN boundary (MER defined)
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>

rostral

b = electrode length (7.5mm)
c = caudal end of electrode to

stereotactic target depth

a=(b-c)+c

N >
anterior

y

0mm (stereotactic target depth)
STN motor

(2]

STN associative

SN

Fig. 2. Sketch of a sagittal view on the localization of an electrode for subthalamic nucleus (STN) stimulation. The electrode is placed in the lateral and dorsal region of the STN
with the two middle contacts within the putative motor part of STN. The lowest contact may rather hit the associative part of STN, the limbic part of STN may be represented
more medial. The substantia nigra (SN) is located just below the STN. Color lines show relevant measures to capture the permanent electrode location. A) Determination of
electrode location by combining intraoperative MER and postoperative TCS data: a = distance of the upper boundary of the uppermost electrode contact to the upper
boundary of the STN defined by MER; b = electrode length from the upper boundary of the uppermost contact to the lower boundary of the lowermost contact (here, 7.5 mm,
identical for the two electrode models; see Fig. 3D,E); ¢ = distance of the lower boundary of the lowermost electrode contact to the upper boundary of the SN assessed on TCS;
d = rostro-caudal diameter of STN defined by MER. As b, c and d can be measured, a can be calculated: a = (b + c¢) - d. Note that for electrodes penetrating the SN, c is a negative
[-] value. B) Determination of electrode location by combining stereotaxy and MER data relative to the STN target depth determined on preoperative MRI (“gold standard”):
a = distance of the upper boundary of the uppermost contact of the electrode to the upper boundary of the STN defined by MER; b = electrode length (7.5 mm); ¢ = distance of
the lower boundary of the most caudal contact of the electrode to stereotactic target depth; d = distance of the upper boundary of the STN defined by MER to stereotactic
target depth. We regarded distance measures to target depth (d) as being negative [-] if starting rostral to target depth and as being positive [+] if starting below target depth.

As b, c and d can be measured, a can be calculated: a= (b -c) +d.

(i.e. typically inside the SN echosignals) resulted in a negative mea-
sure (Fig. 3G), and its location anterior to the anterior boundary of
SN in a positive measure (Fig. 3H). In the same imaging plane, the
medial-lateral position of the most distal electrode contact was
estimated by measuring its distance from midline; if the referring
measures on coronal and axial plane differed, the smaller one was
used for further analysis. To evaluate intra-rater reliability, TCS
measurements were repeated in all patients (12 electrodes) after
6-8 months by the same investigator blinded to the earlier mea-
sures. For assessment of interrater reliability in determining
rostro-caudal electrode position TCS was performed by a well-
trained second investigator (RR) using in each patient the same,
strictly standardized US machine settings. The second investigator
had undergone detailed methodological instruction by the experi-
enced TCS investigator (UW) before independently performing the
measurements in this study.

The position of the upper end of the uppermost contact of the
DBS electrode relative to the rostral boundary of the STN (motor
part; Fig. 2) can thus be estimated by the equation (2): 7.5 mm
(electrode length) + distance DBS electrode tip to SN [mm] -
rostro-caudal extent of the STN on MER [mm].

Again, due to MER recording steps of 1 mm we estimated the
STN-MER extent 0.5 mm longer each at rostral and caudal
boundaries.

2.6. Comparison of CT and TCS measures of medio-lateral electrode
position

Using the postoperative CT data set with a soft tissue kernel, a
multi-planar reconstruction with 0.7-mm slice thickness was
obtained. The CT windowing level was adapted to an electrode dis-
play with nearly their true diameter (1.3 mm). The mid-sagittal
plane through the midbrain (aqueduct and midpoint between
mammillary bodies/cerebral peduncles) and the coronal plane
through the electrodes were used to define the individual midline
(Moller et al., 2017) for measurement of its shortest distance from
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the distal electrode contact per each side. The distance measures
obtained on CT were compared with the referring TCS measures

2.7. TCS-MRI real-time fusion imaging of STN electrode position

For real-time TCS-MRI fusion imaging, we used a recalculated
pre-operative MRI DICOM data set which included the trace of
the planned electrode trajectory with optimized design for TCS-
MRI fusion imaging (Elements DICOM Burned-In Export, Brainlab).
The fusion imaging was performed using the same ultrasound
system (see above), which was additionally equipped with fusion
imaging technology (Virtual Navigator, Esaote). The procedures of
MRI dataset registration, exact superimposition of MR and TCS
images and real-time navigation have been described earlier in
detail (Walter et al., 2016). This protocol uses several deep brain
structures as reference points and achieves a more precise overlap
of TCS and MR image volumes as compared to a skin-surface
registration approach (Ahmadi et al., 2015). On the fused image,
we compared the planned electrode position (visualized on MRI)
with its true postoperative position (visualized on TCS).

2.8. Statistical analysis

Statistical analysis and figure creation were done with Graph-
Pad Prism, version 5.04 (GraphPad Software Inc., San Diego, CA,
USA) and SPSS Statistics 27 (IBM, Armonk, NY, USA). The methods
to determine the rostro-caudal electrode position (TCS-MER vs.
stereotaxy-MER) and the medio-lateral electrode position (TCS
vs. CT) were compared with the Pearson correlation test after pass-
ing D’Agostino & Pearson omnibus normality test, descriptive
statistics and a Bland-Altman plot. Intraclass correlation coefficient
(ICC) assessment was used to analyze intrarater (test-retest) and
interrater reliability in measuring the distances of lowermost elec-
trode contact from SN echosignals and midline on TCS. Clinical
improvement due to STN-DBS, assessed on the MDS-UPDRS motor
score in off-DBS and on-DBS states, was analyzed with the
Wilcoxon matched-pairs test. The agreement between effective
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Fig. 3. Assessment of subthalamic nucleus electrode location on transcranial sonography (TCS). a = anterior, ¢ = caudal, p = posterior, r = rostral. A) Coronal sonogram through
right-sided electrode with visualization of the lower boundary of the lowermost electrode contact inside the substantia nigra (SN) echosignals, which are usually clearly
visible in patients with Parkinson’s disease. B) Zoomed TCS image corresponding to the rectangle in (A). SN echosignals are surrounded by blue line. Red line: distance
between the electrode tip and the rostral boundary of SN echosignals (here: —2.0 mm); green line: distance between electrode tip and midline (here: 8.5 mm). C) Zoomed TCS
image of another patient with the electrode tip located rostrally to the upper boundary of SN echosignals (red line, distance: 0.6 mm). D) Fusion image (Elements, Brainlab) of
coronal preoperative MRI with the superimposed electrode position documented on the postoperative CT in the same patient as shown in (B). In this electrode (model 2201,
Boston Scientific; see insert) the distal contact forms the tip. Note that the CT-MRI fusion image shows the electrode tip (arrow) inside the SN, in agreement with TCS (B). E)
Coronal CT-MRI fusion image (Elements, Brainlab) in the same patient as shown in (C). In this electrode (model 3389, Medtronic; see insert) the distal electrode contact is
distinct from the plastic tip. Note that the CT-MRI fusion image shows the plastic electrode tip inside the SN but the lower boundary of the distal contact (arrow) rostral to the
SN, in agreement with TCS (C). F) Axial sonogram through right-sided electrode with visualization of the electrode tip inside the SN echosignals. G) Zoomed TCS image
corresponding to the rectangle in (F). SN echosignals are surrounded by blue line; red line: touching point of the electrode tip at the rostral boundary of SN echosignals
(distance: 0 mm); green line: distance between electrode tip and midline (here: 8.5 mm). H) Zoomed TCS image of another patient with the electrode tip located anteriorly to
the boundary of SN echosignals (red line, distance: 1.3 mm). I) Ultrasound transducer position for coronal TCS. J) Ultrasound transducer position for axial TCS.

contacts predicted by the TCS-MER method and the clinically most rostro-caudal lowest contact-to-SN distance was excellent (ICC
effective contact(s) for STN-DBS per single electrode was tested 0.96 [95 % CI, 0.84-0.99]); mean difference between measures of
using Cohens kappa. P-values < 0.05 were regarded as statistically the two raters was 0.05 + 0.34 mm (median: 0.1; range: —0.3 to
significant. 0.8 mm).

3. Results 3.3. Comparison of electrode position on planning MRI and

postoperative TCS
3.1. Clinical efficacy of STN-DBS
Real-time TCS-MRI fusion imaging was conducted in a patient
More than three months after electrode implantation, mean in whom the right STN permanent stimulation electrode was, as
stimulation efficacy as assessed on the MDS-UPDRS motor score result of intraoperative testing, inserted through the central (i.e.
(off-medication/off-DBS vs. off-medication/on-DBS) was 43.5 % the pre-operatively planned) trajectory. As a prerequisite, in this
(range: 15.8-67.2 %; Wilcoxon test: p = 0.036) at the stimulation case the STN dimension estimated on intraoperative MER corre-

contact and parameters chosen upon clinical criteria (Table 1). sponded with the STN dimension assessed on the preoperative
MRI, which allowed for a direct comparison of the postoperative
3.2. Test-retest and interrater reliability of TCS measures and the planned electrode position. The postoperative position of

the electrode visualized on TCS matched perfectly the planned
Intrarater reliability of the three distance measures (each  position highlighted on the superimposed preoperative MR image
n = 12) between the lower end of the lowest electrode contact  for anatomical target definition (Fig. 1C).
and the reference structure was excellent (rostro-caudal distance
to SN echosignal: ICC 0.98 [95 % CI, 0.94-1.0]; anterior-posterior 3.4. Comparison of electrode position on postoperative CT-MRI fusion
distance to SN echosignal: 0.91 [0.68-0.97]; medio-lateral distance and TCS
to midline: 0.98 [0.93-1.0]; each p < 0.001; Supplemental Fig. 1).

Mean difference between initial and follow-up measures of Fig. 4 shows the agreement of coronal TCS images of all assessed
rostro-caudal lowest contact-to-SN distance was 0.06 + 0.21 mm electrodes and the corresponding preoperative MR images with the
(median: 0; range: —0.2 to 0.5 mm), which is far below the length respective superimposed electrode position by fusion with the

of one electrode contact itself (1.5 mm). Interrater reliability of postoperative CT (Elements; Brainlab).
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Fig. 5. Comparison of measures of electrode position obtained with ‘gold standard’ and with transcranial sonography (TCS). A) CT and TCS measures of the distance of distal
metal electrode tip to midline (medio-lateral position) were highly correlated. B) The corresponding Bland-Altman plot visualizes the differences between measures “A” (TCS)
and “B” (CT) against the averages of the two measures (best estimation of the true value, which is unknown). Broken line represents mean of the differences (bias), dotted
lines represent the limits of agreement, continuous line represents linear regression of difference versus average. A proportional bias in the data set was excluded (p = 0.76 for
a slope “non- zero”). C) Stereotaxy-MER and TCS-MER measures of the distance of rostral electrode contact to rostral boundary of STN (rostro-caudal electrode position)
correlated by trend. D) The corresponding Bland-Altman plot visualizes the differences between measures “A” (TCS-MER) and “B” (stereotaxy-MER) against the averages of
the two measures (best estimation of the true value, which is unknown). Broken line represents mean of the differences (bias), dotted lines represent the limits of agreement,

continuous line represents linear regression of difference versus average. A proportional bias was excluded (p = 0.37 for a slope “non- zero”).

3.5. Comparison of CT and TCS measures of medio-lateral electrode
position

High correlation was found between CT and TCS distance mea-
sures between the distal electrode contact and midline (Pearson
test, r = 0.86, p < 0.001; Fig. 5A). The Bland-Altman plot showed
neither a proportional bias nor outliers in the data set (Fig. 5B).

3.6. Comparison of stereotaxy-MER and TCS-MER measures of rostro-
caudal electrode position

Mean rostro-caudal extent of the STN estimated by MER was
5.2 + 0.7 (median, 5.0; range, 4.0-6.0) mm in the trajectory chosen

for implantation of the electrode for chronic DBS. Mean difference
between the two methods (stereotaxy-MER vs. TCS-MER) deter-
mining the position of the upper end of the uppermost contact of
the DBS electrode relative to the rostral boundary of the STN was
0.32 + 0.87 (median, 0.55; range, —1.35 to 1.25) mm. The measures
obtained with the two methods correlated by trend (Pearson test,
r = 0.53, p = 0.07) (Fig. 5C). Taking into account a contact length
of the ring contacts of 1.5 mm, each interspaced by 0.5 mm,
12/12 of the distance measures differed by less than one contact
length between the two methods. TCS-MER estimated the elec-
trode positions slightly more cranially (10/12 electrodes). The
Bland-Altman plot showed neither a proportional bias nor outliers
in the data set (Fig. 5D).

<

Fig. 4. Comparison of transcranial sonography (TCS) and CT-MRI coronal fusion images of permanent right and left electrode position in the subthalamic nucleus (STN) in the
six studied patients. All images are scaled and centered according to the position of the lower boundary of the lowest electrode contact; corresponding CT-MRI fusion and TCS
images are shown in stacked order. The fusion images (Elements, Brainlab) show the preoperative MRI along with the superimposed electrode position (orange) documented
on the postoperative CT. The anatomical structures are highlighted as identified on preoperative MRI (green: STN; blue: substantia nigra; red: red nucleus). The yellow
rhombus indicates the STN dimension as assessed on intraoperative microelectrode recordings (MER). Note that in some cases the STN location or diameter measured by MER
was different from the STN location visualised on MRI In the TCS images the position of electrode tip is indicated by a blue bar. Landmark structures visible on TCS (e.g.
ventricles, basal cisterns) agree well with their position on the corresponding CT-MRI fusion image.
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3.7. Identification of optimum electrode contact for STN-DBS by TCS-
MER

In 11 of the 12 STN, one of the two clinically “best contacts” per
electrode for DBS (assessed by the respective maximum lateralized
reduction in MDS-UPDRS by DBS; see Methods) matched with the
contact within the STN proper nearest its rostral boundary as con-
ducted by combined TCS and intraoperative MER (“best contact”
vs. TCS-MER; Cohen'’s kappa, 0.86).

4. Discussion

We here present a combined approach of postoperative TCS,
assessing the electrode position relative to the SN, and use of
MER data on the rostro-caudal dimension of the STN, once
obtained intraoperatively, to reliably estimate the position of the
uppermost contact of the DBS electrode relative to the rostral
boundary of the STN in an individual patient with PD at any time
point after surgery. We demonstrate excellent intra- and inter-
rater reliability and a high agreement of TCS measures with multi-
modal DBS electrode imaging data. TCS, in addition to the MER-
obtained data on rostro-caudal STN extent, therefore allows for
the repeated monitoring of electrode tip position, and, in case of
a neurological deterioration due to slight postoperative electrode
position change, the adaptation of electrode contact programming.

Clinical experience suggests that electrodes for STN-DBS should
be placed in the lateral and posterior part of the STN and that clin-
ically effective contacts are usually found within the STN proper,
near its rostral boundary (Dembek et al., 2019; Horn et al., 2017;
Wodarg et al., 2012). The latter is also supported pathophysiolog-
ically by site-specifically enhanced synchronized oscillatory neu-
ronal activity in the beta frequency band in Parkinsonian motor-
off state, which becomes suppressed by DBS in parallel with rele-
vant reduction of PD motor symptoms (Eusebio et al., 2011;
Feldmann et al,, 2021; Kiihn et al., 2008). The postoperative reli-
able determination of the rostral STN boundary relative to contacts
of the DBS electrode could spare programming time. Indeed, one of
the two contacts nearest rostral STN boundary were selected for
chronic DBS in each case out of our cohort

Today, there is no method to determine the exact anatomic
position of an electrode for DBS therapy inside the STN from imag-
ing data alone. Not only because of imaging artefacts of the DBS
leads on MRI (Pinsker et al., 2008), it is difficult to recognize the
anatomical variability of the STN and its differentiation from other
brainstem nuclei, e.g. SN or red nucleus (Bus et al., 2018; Giingor
et al., 2018; Polanski et al., 2015; Reese et al., 2012). TCS visualizes
DBS electrodes with smaller imaging artefacts compared to CT or
MRI (Walter et al., 2011), and offers a high image resolution of
intracranial echogenic structures near the midline, especially in
the region of upper brainstem and the basal ganglia (Ahmadi
et al.,, 2020; Walter et al., 2008). Moreover, TCS is non-invasive, tol-
erates patient’s movements, and can be easily repeated, making it
an ideal tool for postoperative monitoring of DBS electrode posi-
tion. TCS cannot discriminate the STN directly, but visualizes the
neighboring SN by its high echogenicity, thereby allowing for exact
distance measurement between SN and DBS electrode tip in direct
extension of its trajectory. Using TCS as a stand-alone tool to dis-
criminate suboptimum from optimum STN electrode location, we
have earlier proposed a cut-off value of > 5.0 mm of rostro-
caudal distance of electrode tip from SN echosignals (Walter
etal, 2011, 2016), based on previously reported sizes of DBS target
structures (McClelland 3rd et al., 2005; Richter et al., 2004). This
value corresponds well with the rostro-caudal diameter of STN of
5.2 £+ 0.7 mm assessed here with MER in the trajectory chosen
for chronic STN-DBS. However, we also observed in some cases a
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deviation of location and size of STN estimated on preoperative
MRI from intraoperative MER data (Fig. 4), corroborating previous
findings (Hamani et al., 2005). Here, TCS showed an excellent
intrarater consistency, similar to earlier data (Walter et al,,
2011), with differences far below the length of one contact of the
stimulation electrode between two time points. This also holds
for our inter-rater measurements. Using the TCS method described
here, even a slight displacement of the electrode over time should
be detected, which however needs to be validated in a prospective
blinded study of a greater cohort.

Using combined TCS and MER data, we likewise found differ-
ences in the range of greatest one contact length with the tendency
to measure the electrode position slightly more cranial than with
our “gold standard” of combining intraoperative MER and the
stereotactic target determined on the pre-operative MRI. This
might be due to the smaller size of echoic iron-generated artefacts
in the rostral SN compared to those in the caudal SN (Ahmadi et al.,
2020), leading to a larger measured rostro-caudal distance of the
electrode tip relative to the rostral SN on TCS. Accordingly, no pro-
portional bias could be detected demonstrating that the difference
between methods showed no tendency to get larger (or smaller)
while the average of both methods, the best estimation of the true
value, increases. TCS can well be used as stand-alone method at
any time point during or after surgery (Moringlane et al., 2005;
Walter et al., 2009, 2011, 2016). Nevertheless, it remains to be
shown in ongoing studies whether the combined methodology
with MER data may also be used intraoperatively or early after sur-
gery at a time when intracranial air and/or postoperative brain
shift may distort electrode localization.

Potential limitations of present results are to be considered.
First, our study sample is rather small owing to the extended
real-time TCS-MRI fusion imaging protocol applied for the method-
ological validation which was difficult to tolerate by the DBS
patients. However, with this we were able to provide detailed
imaging data from every single case (Fig. 4) illustrating method-
ological feasibility and precision in a single patient approach,
beyond the presentation of group data. Second, there are several
technical and patient-related factors which may limit the utility
of our combined methodology. Especially, intraoperative MER
must be of reliable technical quality to visually determine STN ros-
tral and caudal boundaries. The location of the DBS electrode on
TCS requires sufficient experience of the examiner and an adequate
temporal acoustic bone window in the individual patient. More-
over, anatomical variability and variability of iron content of sub-
stantia nigra may influence to some degree the exact electrode
localization on TCS in some patients. The inability to directly visu-
alize STN on TCS remains an issue, as SN boundaries may extend
beyond STN in both anterior-posterior and medial-lateral planes
(Bot et al., 2019). A similar objection may even be applied to
MER which also implies a clear-cut border between SN and STN,
despite their sometimes difficult distinguishability (Valsky et al.,
2017). However, the agreement of TCS data with TCS-MRI and
CT-MRI fusion-imaging data in the present study supports the
use of the rostral boundary of SN echosignals in the electrode tra-
jectory as an imaging correlate of SN-STN border. To achieve high
intra- and inter-rater reliability of TCS measures as shown in the
present study, strictly standardized US machine settings as well
as detailed instruction and training of the sonographer by an expe-
rienced TCS investigator are required. CT and MRI data enable com-
parisons on a group level and across centers which is difficult using
combined TCS-MER data. We therefore recommend this method
mainly as a postoperative monitoring tool in the follow-up visits
of patients. TCS and MER are intended not to replace but comple-
ment other neuroimaging methods to localize DBS electrodes,
and potentially save avoidable MRI or CT repetitions on a single
patient level.
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5. Conclusions

Combining postoperative brainstem TCS and intraoperative
MER may be regarded as a promising novel, non-invasive and
time-saving tool to estimate the electrode position for permanent
STN-DBS relative to the rostral boundaries of the nucleus at any
time point after surgery. Such patient centered information may
be used to prospectively identify stimulation contacts potentially
relevant for STN-DBS to spare programming time and to improve
STN-DBS clinical efficacy. Moreover, primary or secondary malpo-
sition of DBS electrodes might be consistently detected and could
help to identify patients who may profit from surgical revision of
electrodes.
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