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ARTICLE INFO ABSTRACT

Keywords: Microelectrode recordings (MERs) are often used during deep brain stimulation (DBS) surgeries to confirm the
Lead-DBS position of electrodes in patients with advanced Parkinson’s disease.

Microelectrode

The present study focused on 32 patients who had undergone DBS surgery for advanced Parkinson’s disease.
The first objective was to confront the anatomical locations of intraoperative individual MERs as determined
electrophysiologically with those determined postoperatively by image reconstructions. The second aim was to
search for differences in cell characteristics among the three subthalamic nucleus (STN) subdivisions and be-
tween the STN and other identified subcortical structures.

Using the DISTAL atlas implemented in the Lead-DBS image reconstruction toolbox, each MER location was
determined postoperatively and attributed to specific anatomical structures (sensorimotor, associative or limbic
STN; substantia nigra [SN], thalamus, nucleus reticularis polaris, zona incerta [ZI]). The STN dorsal borders
determined intraoperatively from electrophysiology were then compared with the STN dorsal borders deter-
mined by the reconstructed images. Parameters of spike clusters (firing rates, amplitudes — with minimum
amplitude of 60 pV -, spike durations, amplitude spectral density of p-oscillations) were compared between
structures (ANOVAs on ranks).

Two hundred and thirty one MERs were analyzed (144 in 34 STNs, 7 in 4 thalami, 5 in 4 ZIs, 34 in 10 SNs, 41
others). The average difference in depth of the electrophysiological dorsal STN entry in comparison with the STN
entry obtained with Lead-DBS was found to be of 0.1 mm (standard deviation: 0.8 mm). All 12 analyzed MERs
recorded above the electrophysiologically-determined STN entry were confirmed to be in the thalamus or zona
incerta. All MERs electrophysiologically attributed to the SN were confirmed to belong to this nucleus. However,
6/34 MERs that were electrophysiologically attributed to the ventral STN were postoperatively reattributed to
the SN. Furthermore, 44 MERs of 3 trajectories, which were intraoperatively attributed to the STN, were post-
operatively reattributed to the pallidum or thalamus.

MER parameters seemed to differ across the STN, with higher spike amplitudes (H = 10.64, p < 0.01) and less
prevalent p-oscillations (H = 9.81, p < 0.01) in the limbic STN than in the sensorimotor and associative sub-
divisions. Some cells, especially in the SN, showed longer spikes with lower firing rates, in agreement with
described characteristics of dopamine cells. However, these probabilistic electrophysiological signatures might
become clinically less relevant with the development of image reconstruction tools, which deserve to be applied
intraoperatively.
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1. Introduction

In many centers, electrophysiological mapping using microelectrode
recordings is performed during subthalamic nucleus (STN) deep brain
stimulation (DBS) surgery in patients with advanced Parkinson’s disease
(PD) (Gross et al., 2006). This mapping is performed in addition to the
main stereotactic targeting using preoperative imaging, to increase the
precision of electrode positioning. Three functional subdivisions have
been described for the STN (Alexander et al., 1990; Parent and Hazrati,
1995): a dorsolateral part associated with sensorimotor functions; a
ventromedial part with associative connectivity; and a medial part with
limbic functions. In reality, no clear septa are known to divide the STN
and more likely, its divisions are implemented as a gradient. Still, many
studies aimed at increasing the accuracy of DBS electrode positioning by
searching for electrophysiological signatures of the STN, especially for
its sensorimotor subdivision (Gross et al., 2006; Rappel et al., 2020;
Seifried et al., 2012).

The electrophysiological pattern of neuronal cells in Parkinson’s
disease is usually described as bursty, irregular, tonic or oscillatory
(Benazzouz et al., 2002; Rodriguez-Oroz et al., 2001). Their frequency,
shape and duration, including their positive and negative phases, were
also analyzed with the objective of identifying the nature of cells, e.g.
dopaminergic or GABAergic (Matsumoto and Hikosaka, 2009a). The
dorsolateral STN was first identified from microelectrode recordings
(MERs) in response to movements (Abosch et al., 2002; Theodosopoulos
et al., 2003). It was shown to present the highest proportion of bursty
and oscillatory cells within the STN (Seifried et al., 2012). Also, p-os-
cillations measured either from MERs (Levy et al., 2002; Steigerwald
et al., 2008) or from local field potentials (Brown et al., 2001; Levy et al.,
2002) were shown to be mainly located in the dorsolateral STN (Alavi
et al., 2013; Zaidel et al., 2010). Similar MER frequency analyses were
performed in an attempt to bring out the differences between the ventral
and dorsal subdivisions (Deffains et al., 2014; Pozzi et al., 2016). Finally,
spatial differences were more clearly found with local field potentials
which also revealed an important theta-alpha [7-10 Hz] region in the
ventral STN, corresponding to the limbic subdivision (Rappel et al.,
2020).

Recently, methods for accurate electrode localizations based on pre-
and postoperative imaging were introduced. For instance, in the last few
years, the Lead-DBS image reconstruction toolbox (Horn and Kuhn,
2015a; Horn et al., 2019) has been made available as an open-source
software (https://www.lead-dbs.org). This tool allows, in particular,
the fusion of magnetic resonance images (MRIs) with computed to-
mography (CT) scans and the display of DBS electrodes along the sur-
gical trajectory in patients with PD. In addition, this tool allows the
superposition of different anatomical atlases. This helps to highlight the
electrodes’ relationship with different neuroanatomical substrates, such
as the subthalamic nucleus (STN). In particular, the DISTAL atlas dis-
plays the STN and its subdivisions; the substantia nigra (SN), located
ventrally to the STN; the thalamus and its subdivisions, as well as the
zona incerta (ZI), both located dorsally to the STN (Ewert et al., 2018).
This subcortical atlas was based on manual segmentations of high res-
olution brain template series, the Montreal Neurological Institute (MNTI)
152 template series, to which a histological atlas and an atlas of struc-
tural connectivity were co-registered (Ewert et al., 2018).

The present retrospective study focused on the intraoperative MERs
of a group of 32 patients with PD who have undergone STN-DBS surgery,
which were postoperatively assigned to a neuroanatomical structure
using Lead-DBS. The first aim was to evaluate the accuracy of the
DISTAL atlas implemented in Lead-DBS by analyzing the concordance of
each MER’s anatomical localization as determined by their electro-
physiological signature with that determined by Lead-DBS. Secondly,
the observation of occasional cells with high spike amplitudes upon
reaching the STN motivated us to search for differences in MER pa-
rameters first between the STN’s subdivisions, and then between the
STN and the surrounding structures.
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2. Materials & methods
2.1. Patients

The study was authorized by the local Ethics Committee (CE N°2018-
02100). All participants signed a consent form to be included. It was
conducted following the recommended ethical guidelines of the Decla-
ration of Helsinki.

Thirty-two patients with PD who consecutively underwent STN-DBS,
for whom imaging and microelectrode recordings were available, were
included retrospectively (13 females, 19 males). The median age was 62
years (interquartile range: 56.7-67.0 years), the youngest subject being
45 years old and the oldest 74 years old at the time of surgery. The
median age at illness onset was 52.0 years (interquartile range:
46.5-55.7 years).

The motor outcomes, evaluated pre-operatively and one year post-
surgery using the Movement Disorders Society-Unified Parkinson’s
Disease Rating Scale (MDS-UPDRS) part III (OFF-drug condition pre-
surgery; OFF-drug/ON-stimulation condition post-surgery), are listed
in Inline Supplementary Table 1; preoperative: mean 38.7, standard
deviation 13.5; postoperative: mean 17.5, standard deviation 9.1).

2.2. Targeting and surgical procedure

Stereotactic targeting was performed by neurosurgeons with preop-
erative 3 Tesla T2 and gadolinium-enhanced T1 MRIs merged with a CT
scan (Leksell® Coordinate Frame G Kit [Elekta, Stockholm, Sweden]).
Trajectory determination was made using Brainlab iPlan Stereotaxy.

A description of the surgical intervention can be found in a previous
study (Boex et al., 2018). The Neurostar DBS-Guide system was used
(Neurostar, Tiibingen, Germany). The microelectrodes were positioned
using a Ben-Gun five-microelectrode holder, offering posterolateral or
anterolateral and posteromedial or anteromedial trajectories, in addi-
tion to the central trajectory. During the procedure, patients were awake
as the electrodes were implanted and as neurologists clinically assessed
the effects of intraoperative macrostimulation on rigidity and muscle
group contractions.

The trajectory chosen for placing the definitive electrode was
selected mainly based on the efficacy of macrostimulation on rigidity
(Boéx et al., 2018). The electrode was generally positioned centering its
contacts 1.5 mm below the STN entry, intraoperatively determined from
MERs as described further below. This depth was also the stimulation
site for the assessment of rigidity changes. Thus, for instance, in the case
of a Lead 3389 electrode (Medtronic Inc, Minneapolis, MN, USA), 2
contacts were located just above stimulation site, with the upper limit of
contact number 2 located at the dorsal STN entry point, and 2 contacts
below the stimulation site. In addition, the positioning of the definitive
electrode was made under fluoroscopy with a stored reference of the
stimulation site position. Hence, the location of the definitive electrode
was carefully monitored intraoperatively in relation with the depths of
each MER (mm) with the known depth of stimulation, i.e. center of the
definitive electrode, verified again with fluoroscopy. Twenty-seven pa-
tients received the Lead 3389 electrode (Medtronic Inc, Minneapolis,
MN, USA), and five the non-directional Vercise electrode (Boston sci-
entific, Marlborough, MA, USA).

2.3. Microelectrode recordings (MERs)

For each patient, the number of microelectrodes (microTargeting
electrode, Pt/Ir [FHC, Bowdoin, Maine, USA]) to be used was chosen
depending on the anatomy seen on preoperative imaging. For most
STNs, 2 microelectrodes were introduced simultaneously (usually one
with a central trajectory, one with a posterolateral trajectory, and
sometimes a third track was added, most frequently with a poster-
omedial trajectory). During the descent, spikes were recorded at every
level, millimeter per millimeter down to 2 mm before the estimated STN
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entrance. From there, spikes were recorded within 0.3 mm steps. The
patients were kept fully awake and could talk from time to time to the
clinicians. It was not recorded however if, for instance, the patients were
eyes closed or not at the time of recordings.

The MERs were performed using the Neurostar DBS-Guide and
NeuroBook systems (Neurostar, Tiibingen, Germany). They were inter-
preted after amplification (x 10,000; band-pass filter: 4th order Butter-
worth filter, 300-5,000 Hz) and digitization (12 bits; 20,000 Hz). Every
MER’s depth (in millimeters) was carefully marked down at the time of
exploration. With the Neurostar Microdrive DBS-Guide, depths are
negative above target (0 mm) and positive beyond.

Intraoperative STN mapping was determined by an electrophysiol-
ogist (C.B.) based on the MERs, applying the original description by
Rodriguez-Oroz et al., (Rodriguez-Oroz et al., 2001), and by Benazzouz
et al. (Benazzouz et al., 2002). Entrance into the STN was characterized
by the first bursting or random firing neurons, and exit from the STN was
determined by the disappearance of neuronal signals or by the recog-
nition of SN cells (more regular, with higher firing rates).

2.4. Pre-processing and electrophysiological parameters

Spike detection, sorting, and clustering were carried out by applying
the method developed by Quiroga et al. (Quiroga et al., 2004). After
visual verification of the spike clusters, some were re-clustered, as
appropriate, especially when this verification step brought out multi-
unit recordings. Only the MERs that lasted at least 45 sec, necessary
for reliable planned pattern analyses (Sharott et al., 2014), and that
showed spike clusters with a minimum peak-to-peak amplitude of 60 pV,
to avoid the confusion of cells with electrical noise, were included. The
considered electrophysiological parameters of each cell were the

100

(Y
o

-100 |-

Neurolmage: Clinical 34 (2022) 102971

following: the global firing rate of spike clusters, expressed as the
number of spikes per second computed over the whole recording dura-
tion; the mean amplitude of spikes, measured as the mean of the peak-to-
peak amplitudes of a cluster’s spikes; the duration of the negative and
positive phases of a cluster’s spikes, measured as the durations between
consecutive crossing zero amplitudes of spikes; and the amplitude
spectral density of p-oscillations. An example of a spike cluster is given
in Fig. 1.

The spectral power of p-oscillations was computed from the MERs, as
first described by Zaidel et al. (Zaidel et al., 2009). First, the longest
stable period of each recording was determined by computing the root
mean square on moving time windows of 50 ms duration. Only the
longest consecutive time series lying between the median root mean
square value and 2 standard deviations was used for the next steps of
analyses. Welch power spectral density was then estimated on the ab-
solute value of the demeaned time series. The spectral estimate was
normalized at each frequency by the total power in the 2-200 Hz range,
and finally the amplitude of the spectral power of p-oscillations (13-31
Hz) was extracted.

2.5. Postoperative image reconstruction

The default pipeline (Horn et al., 2019) using the Lead-DBS Matlab
toolbox (https://www.lead-dbs.org/) (Horn and Kiihn, 2015b) v2.1.7
was applied. Advanced normalization tools (ANTs; https://stnava.
github.io/ANTs/) (Avants et al., 2011) allowed to co-register the brain
images, combining the preoperative 3D T1-weighted (TR = 1930 ms, TE
= 2.36 ms, slice thickness: 1 mm), T2-weighted (TR = 2400 ms, TE =
225 ms, slice thickness: 1 mm), and FLAIR (TR = 5000 ms, TE = 386 ms,
slice thickness: 1 mm) MRIs (Skyra 3.0T scanner, Siemens Medical
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Fig. 1. Illustration of a microelectrode recording analysis with an example of cell recording located in the sensorimotor subdivision of the subthalamic nucleus,
where the firing rate is equal to 17.9 spikes per second, the mean amplitude of spikes to 174 uV, and the negative and positive phases of spikes last 0.3 ms and 0.5 ms,
respectively. Top graph: raw microelectrode recording. Middle graph: spike waveforms obtained with the clustering of the microelectrode recording (the number of
spikes and the firing rate [FR] are also indicated). Bottom graph: interspike interval histograms (ordinate number of times that the delay between two consecutive

spikes is within the time category given on the x-axis, with categories of 1 ms).
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Systems, Erlangen, Germany) with the postoperative CT scan performed
the day after surgery (no other CT scan was performed later; slice
thickness between 0.6 and 1.25 mm; pixel spacing: 0.453/0.453;
Somatom Definition Flash, Siemens Medical). After co-registration,
Lead-DBS performed an automatic correction for brain shifts
(Schonecker et al., 2009). Then, based on the preoperative volumes, the
symmetric image normalization Diffeomorphic Mapping method
(Avants et al., 2008) was used to compute a multispectral normalization
to the ICBM 2009b Nonlinear Asymmetric space (Montreal Neurological
Institute, MNI) (Fonov et al., 2011). The Unified Segmentation method
(Ashburner and Friston, 2005) of the Statistical Parametric Mapping
software (SPM12; https://fil.ion.ucl.ac.uk/spm/) (Friston et al., 1994)
was adopted when the previous approach was unsuccessful. Finally, the
PaCER method was applied to automatically pre-construct the DBS
electrodes and their contacts (Husch et al., 2018).

To determine the location of each MER relative to the anatomical
substrates, the reconstructed images were segmented using the DISTAL
atlas (Ewert et al., 2018), bringing out all the relevant subcortical
structures, including the STN subdivisions. This subcortical atlas was
based on manual segmentations of multimodal (T1, T2, proton density,
T2 relaxometry) high resolution brain template series, the Montreal
Neurological Institute (MNI) 152 template series (http://www.bic.mni.
mecgill.ca/ServicesAtlases/ICBM152NLin2009), to which a histological
atlas and an atlas of structural connectivity were co-registered (Ewert
et al., 2018). The STN subdivisions using the DISTAL atlas can be
brought out using three different representations: either “minimal”,
“medium” or “complete”. The “medium” representation of the STN ac-
cording to the DISTAL atlas was used. Knowing the MERs’ depths (mm)
in reference to the carefully marked depths on the definitive electrode
(see § 2.2.), each MER could then be localized and attributed to one of
the subdivisions of the STN or to one of the other subcortical structures
(Fig. 2), that is: the SN (ventral to the STN), the thalamus (dorsal to the
STN), the nucleus reticularis polaris (surrounding and enfolding the
thalamus), and the ZI (dorsal to the STN).

2.6. Statistical analyses

The entry into the STN was determined intraoperatively from MERs

Neurolmage: Clinical 34 (2022) 102971

as the depth at which the first spikes with an amplitude > 60 pV were
detected. This electrophysiological landmark was considered as the
ground truth, a reference to compare to the STN entry depth determined
with the DISTAL atlas (Ewert et al., 2018) for the same trajectory.

Pearson correlations were computed to determine whether the
electrophysiological parameters were independent, and each variable
was tested for normality (SigmaPlot, Systat Software, Inc., San Jose,
California, USA).

ANOVAs on ranks (Kruskal-Wallis One Way Analysis of Variance on
ranks) were performed to analyze for possible electrophysiological dif-
ferences within the STN between its 3 subdivisions, and to compare the
whole STN and the surrounding deep nuclei. If a statistically significant
difference was found between the subdivisions of the STN, post hoc
pairwise multiple comparisons using Dunn’s Method were carried out. If
a statistically significant difference was found among the deep brain
nuclei, post hoc multiple comparisons were carried out using Dunn’s
Method, but this time confronting the whole STN to the surrounding
nuclei.

2.7. Data and code availability

The Matlab code, other than the Lead-DBS imaging-reconstruction
toolbox (www.lead-dbs.org) used for data analyses and the raw data
(electrophysiological and imaging) will be shared by request to C.B.,
respecting the limitations of the University Hospitals of Geneva through
the University of Geneva (http://www.kheops.ch/).

3. Results

3.1. Concordance between MER locations, determined by
electrophysiology and by imaging-based reconstructions

The distribution of all 231 MERs according to the structures where
they were found is given in Table 1. The localization of every MER,
reconstructed with Lead-DBS using the DISTAL atlas (Ewert et al., 2018),
revealed 144 MERs in the STN (62.3 % of all MERs, 34 STNs, 24 pa-
tients), distributed among the sensorimotor (117 MERs, 81.2 % of STN
MERs, 26 STNs, 20 patients), the associative (22 MERs, 15.3 % of STN

Fig. 2. Image reconstruction of the location of every microelectrode recording (MER) relative to the subthalamic nucleus (STN). The reconstruction was performed
with Lead-DBS, using the medium DISTAL atlas (Ewert et al., 2018), and represents both STNs from an anterior view (Orange: sensorimotor STN; Blue: associative
STN; Yellow: limbic STN). The location of all MERs are indicated with colored dots (Orange: sensorimotor STN; Pink: sensorimotor behind the limbic or associative
subdivisions; Blue: associative STN; Yellow: limbic STN; Grey: substantia nigra, SN; Light blue: zona incerta; Light khaki: thalamic ventro-oralis anterior nucleus, Voa;
Khaki: thalamic ventro-oralis posterior nucleus, VLa). Star symbols indicate the location of MERs for which the measured mean amplitude of spikes was above one
standard deviation of the mean amplitude of all spikes. Note that not all MERs of the Voa, VLa and SN are represented to limit the extension of the figure. Also, more
than one STN MERs can be superimposed on the same position). (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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Table 1
Distribution of all 231 MERs relatively to the structure where they were found
using the DISTAL atlas.

Location and global number Number Number of Number of
of MERs of MERs structures patients in
231 where the MERs  whom were
were recorded, recorded
with their side these MERs
(L/R)
STN Sensorimotor 117 26 20
144 (81.2%) 12L/14R
MERs Associative 22 9 8
(62.3%) (15.3%) 3L/6R
34 STNs Limbic 5 2 2
24 (3.5%) OL/2R
patients
Thalamic Ventro-oralis 4 3 3
7 MERs posterior 2L/2R
(3.0%) nucleus (VLa)
4 Ventro-oralis 3 3 3
thalami anterior 1L/3R
3 nucleus (Voa)
patients
Zona incerta 5 4 4
(2.2%) 1L/3R
Substantia nigra 34 10 7
(14.7%) 4L/6 R
GPe 14 1L 1
GPi 13 1L 1
Nucleus reticularis polaris 12 1R 1
Internal capsule 2 1R 1

For each different structure, the number of MERs are indicated with the number
of left (L) or right (R) structures, and the number of patients.

MERs, 9 STNs, 8 patients) and the limbic (5 MERs, 3.5 % of STN MERs, 2
STNs, 2 patients) subdivisions (Fig. 2, N.B. a few STN MERs in different
patients were found at the same location). Forty-six MERs were localized
in 4 other adjacent structures. Seven MERs were localized in the thal-
amus (3.0 % of all MERs, 4 thalami, 3 patients: 4 MERs in the ventro-
oralis posterior nucleus, VLa; 3 MERs in the ventralis oralis anterior

First side implanted
Right STN

Second side implanted
Right STN
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nucleus, Voa). Among these 7 MERs, 3 belonged to a patient for whom
both trajectories of one side did not pass through the STN at all (not
shown in Fig. 2). In that patient, MERs were intraoperatively assigned to
the STN, but were re-assigned to the VLa and the Voa by the post-
operative image reconstruction. Then, still above the STN entry, 5 MERs
were localized in the ZI (2.2 % of all MERs, 4 ZIs, 4 patients; Fig. 2).
Finally, after exiting the STN, ventrally, 34 MERs were localized in the
SN (14.7 % of all MERs, 10 SNs, 7 patients; (Fig. 2, N.B. some SN MERs
were found at the same location for different patients). Intraoperatively,
6/34 MERs of the SN had been attributed to the STN.

Figure 3 illustrates the location of all the definitive DBS electrodes
for which MERs were localized in the STN (34 trajectories in 23 patients;
21 right, and 13 left trajectories; corresponding to 19 trajectories in 14
patients first implanted in the right STN, and 15 trajectories in 9 patients
first implanted in the left STN). The difference between the depth of the
STN entry determined intraoperatively from MERs and the depth of the
STN entry determined postoperatively from the reconstructed position
of the definitive implanted DBS electrode using the DISTAL atlas (Ewert
et al., 2018) was computed for every couple “definitive electrode —
implanted MER trajectory”. The average difference in the STN entry
depth was found to be of 0.11 mm (standard deviation: 0.8 mm),
meaning that the average STN entrance found with the atlas was slightly
above the one found with MERs (Inline Supplementary Figure 1). In
addition, image reconstructions being performed with the postoperative
CTs made usually on the first postoperative day, additional post hoc
analyzes were performed to test whether a possible pneumocephalus did
affect the differences of STN entry depth found between both methods.
After these post hoc analyses, there was no significant difference (p >
0.1).

All MERs located above the electrophysiologically-determined STN
entry were indeed found to be located in the thalamus or the ZI with the
DISTAL atlas.

In Fig. 4, the firing rate, the amplitude and negative phase duration
of STN spikes, as well as the p-oscillations are plotted according to their
anatomical site of recording, determined using the DISTAL medium atlas
(Ewert et al., 2018). The x-axis indicates the MER depths along the

First side implanted
Left STN

Second side implanted
Left STN

Fig. 3. Image reconstruction of the deep brain stimulation (DBS) electrodes that went through the subthalamic nucleus (STN) and that were located on the
microelectrode explorative trajectories selected for the definitive DBS electrode implantation. The reconstruction was performed with Lead-DBS, using the DISTAL
atlas (Ewert et al., 2018). From upper left to lower right: the right STN when it was the first side to be implanted; the left STN when it was the first side to be
implanted; the right STN when it was implanted after the left STN; the left STN when it was implanted after the right STN. Blue: associative STN; Yellow: limbic STN;
Orange: sensorimotor STN. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Distribution of firing rate (first plot), amplitude (second plot), negative
phase duration (third plot), and p-oscillations (bottom plot) in relation to the
recording depth, for each MER coming from trajectories that passed through the
STN. In each plot, the data of the whole group of patients is shown, and each
symbol represents a single recording in one patient. On the x-axis, the MER
depths are given with the STN entry as the reference depth (0 mm), as deter-
mined intraoperatively by electrophysiology. Depths < 0 mm are located above
the STN entry point along the explorative trajectory, and depths > 0 mm are
located below the STN entry point along the explorative trajectory (with the
Neurostar Microdrive DBS-Guide, depths are negative above target (0 mm), and
positive beyond target).

explorative trajectories, with the STN entry as the reference depth (0
mm), as determined intraoperatively by an electrophysiologist (C.B.):
depths at < 0 mm are located above the STN entry point, whereas depths
at > 0 mm are located below the STN entry point along the explorative
trajectory (as fixed with the used Microdrive).

Forty-one MERs (17.8 % of MERs) from both trajectories of both
sides in one patient were all located outside of the STN (14 in 1 external
globus pallidus, GPe; 13 in 1 internal globus pallidus, GPi; 12 in 1 nu-
cleus reticularis polaris; 2 in 1 internal capsule; Inline Supplementary
Figure 2). For this patient, MERs that were intraoperatively attributed to
the STN were located in the GPe and the GPi by the postoperative image
reconstruction. In addition to Lead-DBS, this unexpected result was also
verified using the Brainlab iPlan Stereotaxy tool. This patient was the
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only one with recordings of the GPe, the GPi, the nucleus reticularis
polaris as well as the internal capsule, and was thus excluded from
further statistical analyses.

3.2. Differences across the STN and between the STN and other
subcortical regions

The duration of the positive phase of spikes was found to be corre-
lated with the firing rate (R? = —0.3, p < 0.001; Inline Supplementary
Figure 4). This link was due to some cells, of the SN in particular, that
showed long positive phase durations of spikes and low firing rates.
Because of this link, the positive phase duration was knowingly not
included in further analyses.

Only the spike amplitudes and p-oscillations were found to be
different across the STN (amplitudes: H = 10.64, p < 0.01; p-oscillations:
H =9.81, p < 0.01). The amplitude was found to be higher in the limbic
subpart (median = 217.8 pV; interquartile range (IR): [190.7-243.3
pV1) than in the sensorimotor (median = 132.7 uV; IR: [116.1-154.8
pV]) and the associative subdivisions (median = 130.3 pV; IR:
[114.1-180.4 pV]), with differences of ranks of 61.53 and 56.49,
respectively (p < 0.05). Ad hoc analyses of the location of the highest
amplitudes of spike (i.e. amplitudes higher than the mean plus one
standard deviation of spikes in Fig. 2; higher than 185 pv: 141.2 pvV +
43.8 pV), are marked by star symbols instead of circles in Fig. 2. These
high amplitudes were found in 15 cases, either in the limbic subregion or
directly adjacent to the limbic subregion, as provided using the medium
DISTAL atlas (one single case in the Voa; one single case in the ZI). The
B-oscillations were found to be significantly less prevalent in the limbic
subdivision (median amplitude spectral density = 0.83, IR: [0.81-0.971)
than in the sensorimotor (median = 1.24, IR: [1.05-1.53]) and the
associative subdivisions (median = 1.26, IR: [1.10-1.51), with differ-
ences of ranks of 58.16 and 62.48, respectively (p < 0.05). On the other
hand, the firing rate as well as the negative phase duration were not
found to differ.

Comparing the electrophysiological parameters among the deep
brain nuclei, a significant difference was found only for the -oscillations
(H = 15.40, p < 0.005). However, the post hoc multiple comparisons
confronting the STN to other surrounding nuclei did not bring out any
significant difference in p-oscillations. The firing rate, the mean ampli-
tude of spikes, as well as the negative phase duration of spikes did not
differ between the analyzed nuclei, including the STN.

4. Discussion
4.1. Electrode localizations

The localization of MERs based on imaging was consistent with
intraoperative electrophysiological mapping for determining the dorsal
border of the STN, based on MER firing patterns, thus cross-validating
the reliability of both methods for this purpose. The first MERs that
were postoperatively located in the STN were recorded at the electro-
physiological STN entry zone, as indicated by the small average differ-
ence found between the depth of the STN entry determined
intraoperatively from MERs and the depth of the STN entry determined
postoperatively from the reconstructed position of the implanted DBS
electrode using the DISTAL atlas. Such high agreement has recently been
described by others, as well (Rappel et al., 2020).

Recently, Nowacki et al. (Nowacki et al., 2018) analyzed the accuracy
of DBS electrode locations using atlases provided within the Lead-DBS
package: in all regards, the DISTAL atlas (Ewert et al., 2018), which
was used here, was the most accurate atlas. However, this group showed
that, although very close, the STN length was significantly different
when comparing the measurement performed using the DISTAL atlas
and the one obtained from MERs. In particular, the reconstructed DBS
electrodes were found too laterally after normalization to the MNI space
and atlas application as compared to the native space and the MERs. In
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the present study, the MERs could not be used to validate the STN length
found with the Lead-DBS reconstruction, as the distinction between
ventral STN MERs and SN MERs was not so clear based on electro-
physiology. However, our study showed that MERs and Lead-DBS were
consistent in determining the STN entry.

Also, Kim et al. (Kim et al., 2019) analyzed the distances of active
contacts to the STN’s center of mass using reconstructions made with the
DISTAL atlas and 7 Tesla MRIs. They found a larger average distance
difference when computed with the DISTAL atlas than when using 7
Tesla imaging. The difference was of 3.5 mm, well above the maximum
difference found in our series for the STN entry (average 0.11 mm, max
1.5 mm). A difference of 3.5 mm, i.e., three times the diameter of the
DBS electrode, is not supported by our results, as illustrated by Fig. 3.
The use of 7 Tesla imaging also recently showed that this new field led to
determining the localization of the STN’s entry more dorsally than
determined from MERs (Bot et al., 2019), or to identifying the standard
target as more ventral than expected with 3 Tesla imaging (Isaacs et al.,
2021). This could reflect a low density of cells at the STN’s border that
can correspond to the usual increases in background “noise” activity in
the MERs observed on the borders of the STN.

It should be recalled that the reconstructed position of the DBS
electrode was performed with the postoperative CTs made usually on the
first postoperative day. Post hoc analyzes showed that the occurrence of
pneumocephalus did not affect the differences found between the depth
of the STN entry determined intraoperatively from MERs and that
determined postoperatively from the reconstructed images.

All other MER locations determined by Lead-DBS were found to
match electrophysiology, except in two patients for whom doubts about
the MER locations had already been raised intraoperatively. For these
two patients, neither the MERs nor the macrostimulation allowed to
identify the location of 3 electrodes, and the image reconstruction using
Lead-DBS confirmed that the DBS leads were misplaced. In one of these
two patients, MERs were eventually found to belong either to the GPe or
to the GPi. This lateral shift could be explained by coordinate errors
during the setup of the stereotactic frame. However, this patient still
benefited from the procedure, with a GPe-DBS leading to an excellent 80
% motor improvement (considering the motor subscores of the Move-
ment Disorders Society-Unified Parkinson’s Disease Rating Scale part III,
OFF-drug/ON-stimulation one-year post-surgery of 4.5, versus OFF-drug
pre-surgery of 38). The efficacy of this GPe-DBS was in agreement with
previous animal models (Vitek et al., 2012). In the second patient, the
DBS electrode passed through the VLa and Voa subdivisions of the
thalamus, and the stimulated contacts have eventually been located in
the VLa by the Lead-DBS reconstruction, with no long-term benefit.
Again in this case, the misplacement may have been due to stereotactic
frame coordinate errors.

4.2. Electrophysiological parameters

By comparing the electrophysiological parameters among the STN
subdivisions, the amplitude of spikes was found to be higher in the
limbic than in the sensorimotor and associative subdivisions. This result,
although found with a low number of MERs from the limbic STN (the
limbic MERs represented only 3.5 % of the total number of STN re-
cordings), was reinforced by the observation that the highest amplitudes
of spikes were found in the limbic subregion or directly adjacent to it.
The spatial location of these spikes with high amplitudes suggests that
these high amplitudes, i.e. amplitudes of extracellularly recorded action
potentials, related to the strength of the field generated by the recorded
neuron, were not solely dependent on the distance of the electrode from
the cell body. These high amplitude spikes could also be due to an
important neuronal excitation of the limbic pathway, in the particularly
stressful situation of awake cranial surgeries. They could also be due to
the excitation of a particular population of STN neurons in this region.
Hence, the reported relationship between the amplitude of spikes and
the STN subdivisions could also be secondary to one of these factors.
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B-oscillations were less present in the limbic STN, in agreement with
previous studies showing a topographical attenuation of p-oscillations
following a dorsoventral gradient within the STN (Alavi et al., 2013).
Again, this could be related to the reduced impact of PD pathophysi-
ology on the limbic basal ganglia-cortical loop and limbic STN (Irmen
et al., 2019; Redgrave et al., 2010; Richardson, 2019). Notably, in
addition to spike amplitudes, p-oscillations could be of importance not
only in DBS for PD, wherein the limbic STN should be avoided to prevent
psychiatric side effects, but also in DBS for other disorders such as
obsessive—compulsive disorder, wherein the limbic STN is a target of
choice (Mallet et al., 2008; Rappel et al., 2020).

When comparing different deep brain nuclei encountered during
DBS surgeries (i.e. Voa, VLa, ZI, and SN) with the STN, no difference in
B-oscillations was detected. Indeed, p-oscillations are not specific to the
STN, rather, they are highly present throughout the basal ganglia and
the cortex of PD patients (Brown et al., 2001; Levy et al., 2002). p-os-
cillations should thus be considered as a trajectory marker rather than a
specific STN marker. Similarly, none of the other parameters differed
among the subcortical structures.

Focusing on the firing rate, no difference was found between the STN
subdivisions. If a difference in the firing rates across subdivisions of the
STN does exist, it is still unclear and controversial (Deffains et al., 2014;
Pozzi et al., 2016). The present work, done with a careful attribution of
each MER to one of the STN subdivisions, adds doubt about the existence
of a firing rate difference among the STN’s subparts in patients with PD.

Nevertheless, a strong link was found between the positive phase
duration of spikes and the firing rate, especially in the SN where some
cells showed particularly long phase durations of spikes and low firing
rates. This could suggest a characteristic of dopamine cells, which would
be expected in the SN, as was earlier described by Matsumoto and
Hikosaka in animal models (Matsumoto and Hikosaka, 2009b). In
human patients, the intraoperative firing rate in combination with the
waveform duration was suggested as being a potential parameter for
distinguishing dopaminergic neurons of the pars compacta subregion
from GABAergic neurons of the pars reticulata subregion (Ramayya
et al., 2014). Further studies focusing on this aspect are needed and
could help identify dopamine neurons in humans based on this
characteristic.

5. Conclusions

Imaging-based reconstruction was in agreement with the electro-
physiological mapping in determining the dorsal STN entry with an
infra-millimetric precision. The Lead-DBS toolbox also allowed us to
identify misplaced electrodes, notably revealing a particular case with a
clinically successful GPe-DBS. The present study supports that Lead-DBS
is reliable in precisely determining the position of DBS electrodes.

Furthermore, some simple electrophysiological parameters differed
among functional subregions of the STN. Spike amplitudes were higher
in the limbic area of the STN. The study further confirms that the
functional subdivisions of the STN differ in terms of p-oscillations, which
are slightly more present in the sensorimotor and associative subparts
than in the limbic subdivision. Thus, both spike amplitudes and p-os-
cillations may help to electrophysiologically distinguish STN sub-
divisions and therefore improve intraoperative targeting and DBS lead
positioning. However, these probabilistic electrophysiological signa-
tures are becoming clinically less relevant with the development of new
image reconstruction tools, which now deserve to be applied
intraoperatively.
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