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ARTICLE INFO ABSTRACT
Keywords: Deep Brain Stimulation (DBS) is an efficacious treatment option for an increasing range of brain disorders. To
Deep brain stimulation enhance our knowledge about the mechanisms of action of DBS and to probe novel targets, basic research in

Parkinson’s disease

animal models with DBS is an essential research base. Beyond nonhuman primate, pig, and mouse models, the rat
Animal models

is a widely used animal model for probing DBS effects in basic research. Reconstructing DBS electrode placement

Rat . . . . . .pe

Rodent after surgery is crucial to associate observed effects with modulating a specific target structure. Post-mortem
o histology is a commonly used method for reconstructing the electrode location. In humans, however,

Neuroimaging 8y y g

Open-source neuroimaging-based electrode localizations have become established.

Research software For this reason, we adapt the open-source software pipeline Lead-DBS for DBS electrode localizations from

humans to the rat model. We validate our localization results by inter-rater concordance and a comparison with
the conventional histological method. Finally, using the open-source software pipeline OSS-DBS, we demonstrate
the subject-specific simulation of the VTA and the activation of axon models aligned to pathways representing
neuronal fibers, also known as the pathway activation model. Both activation models yield a characterization of
the impact of DBS on the target area.

Our results suggest that the proposed neuroimaging-based method can precisely localize DBS electrode
placements that are essentially rater-independent and yield results comparable to the histological gold standard.
The advantages of neuroimaging-based electrode localizations are the possibility of acquiring them in vivo and
combining electrode reconstructions with advanced imaging metrics, such as those obtained from diffusion or
functional magnetic resonance imaging (MRI). This paper introduces a freely available open-source pipeline for
DBS electrode reconstructions in rats. The presented initial validation results are promising.
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1. Introduction

Deep brain stimulation (DBS) is an efficacious treatment option for
various brain disorders and is an established treatment for movement
disorders such as Parkinson’s Disease, dystonia, or essential tremor
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will occur, and even in two-dimensional planes, shearing and straining
of the tissue could lead to imprecisions of dimensions along the imaging
plane (Alho et al., 2017). Conventionally, the target accuracy is assessed
by aligning histological sections with a stereotactic atlas (Paxinos and
Watson, 2007). In this manner, the localization of the electrode’s tip is

Abbreviations

DBS deep brain stimulation

MRI magnetic resonance imaging

dMRI diffusion-weighted magnetic resonance imaging
VTA volume of tissue activated

PAM pathway activation model

PFA paraformaldehyde

WI(Han) Wistar (Han)

SD Sprague Dawley

P&W atlas atlas based on (Paxinos and Watson, 2007)
WHS atlas atlas in Waxholm space

RMSE root mean square error
CSF cerebrospinal fluid
STN subthalamic nucleus (= STh in (Paxinos and Watson,

2007))

Std Dev standard deviation

Abbreviations in the notation of (Paxinos and Watson, 2007)
CA1/CA2/CA3 field CA1/CA2/CA3 of the hippocampus

EP entopeduncular nucleus
LV lateral ventricle

(D)3 V  (dorsal) 3rd ventricle
ac anterior commissure

cc corpus callosum

cp cerebral peduncle

ic internal capsule

mt mammillothalamic tract
opt optic tract

SOX supraoptic tract

(Deuschl et al., 2006; Kupsch et al., 2006). DBS opens up a window to
record electrophysiological data from the living human brain (Kiihn
et al., 2004; Neumann and Kiihn, 2017). Also, it has led to tremendous
insights into the pathophysiology of multiple diseases (Krauss et al.,
2020; Vedam-Mai et al., 2021). Nevertheless, for ethical reasons, many
open scientific questions in humans cannot be resolved.

Animal models, such as the 6-hydroxy-dopamine rodent and 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine macaque Parkinson’s dis-
ease models, have promoted our understanding by permitting re-
cordings of local field potentials in healthy vs. Parkinsonian states and
can be deliberately controlled (Bergman, 2021; Sanders and Jaeger,
2016). Additional benefits of animal models can, among other things, be
seen in (i) the possibility to record from multiple regions of the brain in
parallel and (ii) the accurate post-mortem histological localization of
stimulation electrodes using microscopy. The latter can involve specific
histological staining methods that further support the research question
at hand. Here, we focus on precisely this latter point, namely electrode
localization. Ensuring accurate electrode placements in the targeted
region is a central and crucial point for almost all DBS research questions
(Treu et al., 2020). In human and animal studies alike, the inaccurate
placement of electrodes in another region that researchers assumed may
lead to drastic misinterpretation of scientific results (Horn, 2019).

For the application in humans, neuroimaging for DBS electrode lo-
calizations has been developed since the earlier 2000s (D’Haese et al.,
2012; Miocinovic et al., 2007; Yelnik et al., 2003). In recent years, the
methodology has become increasingly accurate (Horn, 2019; Horn et al.,
2019a; Krauss et al., 2020). Thus, reproducible insights across groups
(Akram et al., 2017; Bot et al., 2018; Caire et al., 2013; Horn, 2019),
transferrable across patients, cohorts, and DBS centers (Al-Fatly et al.,
2019; Horn et al., 2017; Irmen et al., 2020; Li et al., 2021, Li et al., 2020)
could be achieved.

While histological confirmation of DBS electrode placement in ani-
mal studies is considered the gold standard in the field (Borg et al., 2015;
Kiraly et al., 2020; Masis et al., 2018; Rangarajan et al., 2016), the
approach suffers from several disadvantages:

First, histology has some disadvantages regardless of elaborated
staining possibilities: It primarily leads to two-dimensional datasets that
are not straightforward to reconstruct in three dimensions (e.g., for
fusion with digital 3D atlases) (Alho et al., 2017; Amunts et al., 2013).
Problems such as the “straight banana problem™ (Casero et al., 2017)

feasible. Still, a 3D reconstruction of the trajectory of the lead and
objective quantification of the planned trajectory is not easy to
implement.

Second, combining electrode localizations with advanced imaging
modalities, such as diffusion-weighted magnetic resonance imaging
(dMRI) or functional MRI, enables answering novel scientific questions
(Horn et al., 2019b; Horn and Fox, 2020). The latter is not straightfor-
ward when relying on histological localization.

Since the diameter of the electrodes is very small related to their
length (100-200 pm relative to 10 mm, respectively), the practical
problem is that they may easily bend during implantation unless using a
guide cannula. Therefore, without a guide cannula, the trajectory may
deviate from the planned path. Thus, third, electrodes that are not
implanted orthogonally to the processed tissue sections might not be
represented well and will complicate creating accurate 3D models of the
electrode’s trajectory (Borg et al., 2015; Rangarajan et al., 2016). Thus,
an interesting concept both for histology and MRI-based localization is
the use of a guiding cannula, which can be localized in the MRI even
before inserting electrodes and prevent bending of electrodes (Apetz
et al., 2019).

Fourth, metal electrodes are considerably harder than the sur-
rounding tissue. The electrodes cannot remain in the brain when the
histological sections are generated. It may lead to tissue damage when
extracting the electrode (Borg et al., 2015).

Fifth, this method requires the sacrifice of animals. Long-term studies
lead to more animals being tested and sacrificed. Additionally, when
behavioral studies are conducted, an end-point histological verification
of off-target and on-target subjects might lead to loss of time and re-
sources due to dropouts in animals for post-mortem histology (Rangar-
ajan et al., 2016). Post-mortem histological verification of the precise
localization of the electrode tip requires specific tissue processing such
as paraformaldehyde (PFA) fixation and standardized tissue sectioning
to obtain optimal morphological and anatomical structures. In addition,
scientific questions other than electrode localization most often demand
other neurobiological methods than histology. For technical reasons, a
simultaneous investigation combining histological tip localization with
additional methods (quantitative polymerase chain reaction and west-
ern blot) is nearly impossible. The latter underlines the advantage of
accurately localizing the electrode using a technique independent of
tissue processing.



A. Andree et al.

Furthermore, the exact localization of the electrodes plays an
important role when modeling DBS in silico to estimate, e.g., the volume of
tissue activated (VTA).

The VTA is either an approximation based on the electric field dis-
tribution caused by DBS, as described by Astrom et al. (2012). Another
approach is to estimate the VTA based on the firing activity of axon cable
models placed at increasing distances to the electrode (Butson and
Mclntyre, 2005; Mclntyre et al., 2002). The third approach is to char-
acterize the activation of axon cable models placed along anatomically
plausible pathways. The latter is known as the pathway activation model
(PAM) (Gunalan et al., 2017; Howell and McIntyre, 2016). We employed
the recently published open-source toolbox OSS-DBS (https://github.
com/SFB-ELAINE/OSS-DBS; (Butenko et al., 2020)) to characterize the
brain tissue activated due to DBS. OSS-DBS is a Python-controlled
toolbox creating a volume conductor model of the rat brain, including
heterogeneous and anisotropic dielectric tissue properties. The impor-
tance of using frequency-dependent (Butson and McIntyre, 2005; Grant
and Lowery, 2010), heterogeneous (Howell and Mclntyre, 2017), and
anisotropic (/O%strt’)rn et al., 2012; Schmidt and van Rienen, 2012) models
have been described in detail in human in silico models. Hence, for
creating exact volume conductor models of a rat brain, segmented MRI
(separating white, gray matter, and cerebrospinal fluid) is vital to
include the heterogeneity of the brain tissue. Also, co-registered diffu-
sion tensors derived from diffusion MRI (dMRI) are essential to assessing
the anisotropic nature, especially of white matter fiber tracts. This
methodology is described in the chapter Pipeline Adaptation: Lead-DBS
for the Rat. The creation of volume conductor models for DBS in rat
brains is still an evolving field (Bohme and van Rienen, 2016; Butenko
et al., 2020; Schmidt et al., 2018; Sridhar et al., 2019). To visualize and
model comparably small target structures for DBS in the rat, such as the
subthalamic nucleus (STN), relatively high imaging resolution is
needed. In rats, the lens-shaped STN has a size of 0.8 + 0.1 mm?, which
is about 300 times smaller than the human STN (Hardman et al., 2002).
In addition to high imaging resolution, the exact localization of the
electrode is of great importance to estimate the effects of activated
neuronal fibers, especially considering the tiny size of the target struc-
tures of DBS in rats.

Borg et al. (2015) introduced a “multistep registration procedure
based on the skull.” This procedure could produce good co-registration
results between individual computer tomography (CT) scans and high-
resolution MRI atlas (Johnson et al., 2012). While MRI enables clear
visualizing of soft tissue, CT scans can be acquired much quicker, likely
reducing animal movement artifacts and stress.

DBS electrodes cause artifacts in MRI and CT images as an undesired
obstacle: Bright streaks in the tissue encasing the electrode’s lead are
associated with beam hardening and scatter effects caused by metals in
CT scans. These artifacts can be compensated by feasible scanning pa-
rameters optimized for the respective CT scanner used.

The artifacts and side effects (electrode movement in extreme cases)
in MRI are not negligible. While Borg et al. (2015) presented an
approach for ex vivo imaging, Rangarajan et al. (2016) introduced a
multi-modal pipeline for in vivo electrode localization in rats based on
preoperative and postoperative CTs and MRIs, which they also
normalized to the high-resolution MRI atlas (Johnson et al., 2012).
Inspired by these first approaches, we adapted them to the requirements
of DBS rat models with chronic electrodes to avoid beam hardening
effects due to the implanted electrode. In addition, we include in silico
modeling to estimate the VTA and create pathway activation models.

This paper probes the first steps of transferring a widespread and
elaborate electrode localization pipeline for humans, Lead-DBS (www.
lead-dbs.org; (Horn and Kiihn, 2015)), to the rat model. We first
establish a set of imaging parameters using CT in eleven animals from
two centers. We then adjust the code developed for human research to
the rat model and evaluate the usability and reliability of the software by
comparing electrode localization of a group of animals from two centers
as carried out by two of the software developers (user AA and NL). In a
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subset of animals for which histological workup is available, we
compare the results of the two users to stereotactic P&W atlas co-
ordinates estimated by anatomical experts (expert MK and CI). Previ-
ously, postoperative ex vivo (Borg et al., 2015) and preoperative and
postoperative in vivo localization studies (Rangarajan et al., 2016) were
developed and evaluated using the high-resolution MRI atlas (Johnson
etal., 2012). In this study, we compare the localization performed in two
rat strains (Wistar-Han (WI (Han)) and Sprague Dawley (SD)) using the
Waxholm Space (WHS) atlas (Papp et al., 2014) by aligning post-
operative CT images with the atlas space. Therefore, we visually
compared MRI-based and histology-based P&W atlas coordinates as a
next objective. We combine Lead-DBS-based electrode localizations with
field computations in OSS-DBS (Butenko et al., 2020) to assess the effect
of DBS in rats (quantified by the size and shape of the VTA as well as
axonal activation patterns during pathway activation modeling). A
monopolar DBS electrode, implanted in a WI (Han) rat, serves as an
example.

The current study is mainly methodological and consists of an
adaptation of Lead-DBS and OSS-DBS for rats. Both simulation pipelines
are made openly available, and subsequent studies may further assess
the utility of our tool by combining data with advanced neuroimaging
methods from the dMRI/functional MRI spectrum.

2. Materials and methods

The interaction between the Lead-DBS and OSS-DBS software pack-
ages adapted for DBS rat models and the input data used is visible in
Fig. 1. The workflow includes the selection of suitable rat brain atlases
(as described in chapter Imaging and Atlas Data) to define the target
coordinates for DBS in the rat and the subject-specific localization of the
electrodes. Estimating the VTA using OSS-DBS based on electrode lo-
calizations achieved with Lead-DBS and applied stimulation parameters
is possible. In total, we examined eleven rats at two sites. The trials at the
two sites took place subsequently to each other. First, in Rostock, we
tested a protocol for creating postoperative CT scans. While in Rostock,
we did histological examinations on one animal. In Wiirzburg, we
examined all animals histologically. The protocols for creating post-
operative CT scans and post-mortem electrode placement using histology
differed at the two sites. However, this will render the results of our
study more robust to variance in methods across groups.

2.1. Animals

We performed DBS electrode implantation procedures at the
Department of Neurology in Rostock (University Medical Center
Rostock, Germany) and the Department of Neurology in Wiirzburg
(University Hospital of Wiirzburg, Germany). All rats were housed under
temperature-controlled conditions in a 12 h light-dark cycle with water
and food ad libitum. All animal experiments were conducted according to
European guidelines (2010/63/EU) and with permission of the local
animal care committee (Rostock: LALLF M-V/7221.3-1.1-051/17 and
Wiirzburg: RUF-55.2.2-2532-2-767).

In Rostock, we examined six male adult WI (Han) rats (Charles River
Laboratories, Sulzfeld, Germany) (animals r1-r6). Five male adult SD
rats (Charles River Laboratories, Sulzfeld, Germany) were studied in
Wiirzburg (animals w1-w5).

2.2. Electrodes and surgery

We employed four customized monopolar platinum electrodes with
Polyimide insulation (3 pm) and one PI-SNEX-100 electrode (both types
manufactured by Microprobes (Gaithersburg, USA) in Rostock. The
monopolar electrodes had a rounded tip and a diameter of 225 pm. They
were implanted stereotactically. We targeted the dorso-lateral sub-
thalamic nucleus (STN) unilaterally. The target coordinates were
defined relative to bregma as anterior-posterior —3.8 mm, medio-lateral
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Fig. 1. Methodological Workflow: Middle: Linkage of open-source software Lead-DBS (Lead-Group/Lead-Connectome www.lead-dbs.org; Horn et al., 2019a) and
OSS-DBS (https://github.com/SFB-ELAINE/OSS-DBS; Butenko et al., 2020) adapted for deep brain stimulation (DBS) in rat models. Left: Input data are the subject-
specific input (including but not limited to the intended target coordinates as well as postoperative computer tomography (CT)) and the imaging data derived from
rat brain atlas input (including but not limited to segmented magnetic resonance imaging (MRI) data). Right: The dielectric tissue properties are the other required
input. Results are either volume of tissue activated (VTA) based on a representation of the electric field (E-field) or axonal models. Also, pathway activation models
(PAM) along specific fiber tracts can be used. Additionally, it is possible to represent reconstructed electrode trajectories in groups in the context of the used digital

brain atlases.

—2.4 mm, and dorso-ventral —7.6 mm based on the “Rat Brain Atlas” by
Paxinos and Watson (2007) (P&W atlas). In one animal (r6), an infection
occurred at the implantation site with an accompanying dislocation of
the electrode, leading to its exclusion from further studies. Nevertheless,
postoperative CT scans were performed and clearly showed the
dislocation.

In Wiirzburg, customized monopolar Platinum/Iridium electrodes
(UE-PSEGSECN1M; FHC Inc., USA) insulated with epoxy (12.5 pm) were
implanted using the stereotactic P&W atlas coordinates at anterior-
posterior —3.6 mm, medio-lateral —2.5 mm (right), and dorso-ventral
—7.7 mm. These monopolar electrodes had a diameter of 125 pm,
tapered tips, and an approximate length of 120 pm, with a diameter of
less than 1 pm at the tip. Only a tiny portion of the insulation at the tip
was etched away, forming the monopolar electrode contact.

The rats were not stimulated either in Rostock or Wiirzburg.
Nevertheless, it is interesting to note that it would be possible to use the
SNEX-100 electrode for both monopolar and bipolar DBS, unlike the
customized monopolar electrodes.

2.3. Tissue processing and Nissl staining

Histological staining was performed as post-mortem electrode posi-
tion control for one animal (r2) at the Department of Neurology in
Rostock (University Medical Center Rostock, Germany), and for five

animals (wl — w5) at the Department of Neurology in Wiirzburg (Uni-
versity Hospital of Wiirzburg, Germany) to verify the correct DBS elec-
trode placement in the vicinity of the STN.

In Wiirzburg, 40 pm PFA-fixed cryosections were mounted on object
slides and dried for 4 h at room temperature. The sections were then
incubated in cresyl violet solution (1 g cresyl violet +10 ml 100% acetic
acid ad 1 1 distilled water) for 30 min at room temperature. After
washing in distilled water, the sections were dehydrated in ethanol and
then incubated in xylene solution. Similarly, Nissl staining was con-
ducted in Rostock, as described in detail in Supplement A. The coronal
brain slices had a thickness of 30 pm (Fauser et al., 2021).

To determine electrode placement, two anatomical experts in
Rostock and Wiirzburg (MK and CI, respectively) identified anatomical
landmarks, including the STN and other landmarks close to the elec-
trode’s tip (such as the supraoptic tract (sox) and optic tract (opt)). After
the identification, they matched the landmarks to the corresponding
ones in analogous coronal sections of the P&W atlas. Thereby, these
experts ascertained the stereotactic P&W atlas coordinates of the tip.
After this landmark identification, an expert visually tracked the tra-
jectories of the electrodes in the adjacent sections. Nonetheless, the
microscopic dimensions of the electrode further complicated the
identification.
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2.4. Imaging and atlas data

Postoperative CT images were acquired 3-6 weeks after surgery to
examine chronically implanted DBS electrodes (Table C.1). We per-
formed this acquisition at the Core Facility Multimodale Kleintier-
bildgebung (Rostock University Medical Center, Germany) and the
Department of Nuclear Medicine and Comprehensive Heart Failure
Center (University Hospital of Wiirzburg, Germany) for all animals.

In Rostock, we conducted postoperative CT scans with a lethal over-
dosage of Ketamine/Xylazine (300 mg/kg Ketanest, 15 mg/kg Rompun)
in five rats (including animal (r6) with the infection). In one animal (r2),
the same was done in vivo under isoflurane anesthesia (5% initial dose
for 1 min and 2% steady-state, 0.8 1/m oxygen flow). Detailed scanner
settings for the postoperative CT scans are described in Supplement B.
The postoperative CT scans were acquired on a Siemens Inveon PET/CT
Multimodality System for laboratory animals (Inveon®, Siemens
Healthcare Knoxville, USA) with an isotropic voxel size of 24 ym. In
Wiirzburg, we acquired postoperative CTs in vivo on a U-SPECT system
(U-SPECT5/CT E-Class; MILabs, Utrecht, The Netherlands). Data were
reconstructed to an isotropic voxel size of 70 pm.

Neither preoperative nor postoperative MRI scans were acquired.
Instead, postoperative CTs were directly co-registered to the T2-star
weighted MRI of the Waxholm Space (WHS) atlas of the SD rat brain
(Papp et al., 2014). These ex vivo MRIs of one adult male SD rat (post-
natal-day 80, 397.6 g) have an isotropic voxel size of 39 pm. Of note, the
pipeline (as adapted from human neuroimaging) would allow registra-
tion to preoperative MRI acquired in each animal individually (see
below). The MRI data is later (compare chapter OSS-DBS for DBS Field
Computations) used to define the location of the dielectric tissue prop-
erties. With that, the electric potential distribution, VTA, and PAM are
computed (see also chapter Volume of Tissue Activated and Pathway
Activation Models). It is important to note that an isotropic voxel size of
the MRI data is preferable to achieve a uniformly good representation of
the tissue in the in silico model.

2.5. Pipeline adaptation: lead-DBS for the rat

Postoperative CT scans were co-registered to the WHS atlas of the SD
rat brain (Papp et al., 2014) using Lead-DBS. This co-registration was
done independently by the two users (AA and NL) for each acquired
postoperative CT data set. The resolution of the WHS atlas was
decreased to speed up the procedure. As a result, the T2-star weighted
MRI that defines the template space was resliced from 39 pm to 50 pm.
We chose a resolution of 50 pm because both rat DBS electrode di-
ameters both from Rostock and Wiirzburg (225 pm and 125 pm,
respectively) could still be depicted. Also, the averaged dMRI data by
Johnson et al. (2012), which, as described below, was used for modeling
anisotropic tissue properties, has a resolution of 50 pm as well. Based on
our experience, the orientation of imaging data can vary between
different scanner systems. Therefore, before co-registration and local-
izing the electrode, postoperative CT data was reoriented to a right-
anterior-superior direction.

Afterward, the postoperative CT data was roughly aligned to the
WHS atlas brain and finally cropped to only the brain and skull using 3D
Slicer (https://www.slicer.org; Pieper et al., 2004; Pieper et al., 2006).
As stated by Borg et al. (2015), these preliminary steps improved the co-
registration results. Linear co-registration (rigid and affine) of the
postoperative CT data to the T2-star weighted MRI of the WHS atlas was
then carried out using Advanced Normalization Tools (ANTSs)
(http://stnava.github.io/ANTs/; (Avants et al., 2011)) as included in
Lead-DBS. Alternatively, the Lead-DBS pipeline would allow a preop-
erative MRI of the animal, which could subsequently be used for
nonlinear registrations with the atlas, as is standard in the human
pipeline (Horn et al., 2019a). However, compared to human DBS pa-
tients, the rat brain anatomy is more homogeneous across animals, as
also summarized in Table C.2. It is believed that strains such as the SD
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rats or WI rats will be applicable for atlas-based stereotactic procedures
such as DBS because of their uniform size (Paxinos and Watson, 2007).
Based on this assumption, the use of postoperative CT scans and their co-
registration to the WHS atlas could be seen as semi-subject-specific.

Thus, as a first approximation, it can be assumed that the localization
based on this concept could be accurate enough and that preoperative
scans (MRI and CT) are not mandatory. Furthermore, all animals were
very similar in age, size, and weight at the time of implantation.
Although from two different strains, only male adult animals were
studied. After successful co-registration, which was visually approved
and repeated/refined, if necessary, the electrode trajectories were
reconstructed manually using Lead-DBS. For this purpose, the electrode
tip and a point on the electrode trajectory were picked in the co-
registered CT image. This initial localization could be manually
refined using a custom-built tool of Lead-DBS that allows precise ad-
justments of DBS localizations.

2.6. OSS-DBS for DBS field computations

Butenko et al. (2020) introduced the Python-controlled, open-source
simulation platform OSS-DBS. It uses various open-source software, such
as Salome (https://www.salome-platform.org/) by Ribes and Caremoli
(2007) and NEURON (https://www.neuron.yale.edu/neuron/) by Car-
nevale and Hines (2006) to:

e generate a volume conductor model,

e solve a finite element model problem to obtain the distribution of the
extracellular potential in space and time for a given stimulation
protocol and,

e quantify the subsequent neural activation (see the workflow in
Fig. 1).

Within OSS-DBS (Butenko et al., 2020), the electric potential distri-
bution in the rat brain is computed by employing the electro-quasistatic
approximation of Maxwell’s equation (Eq. D.1) (Bondeson et al., 2005).
In Supplement D, we give more details about the applied in silico
modeling procedure. The stimulation coordinates from Lead-DBS
defined the position of the electrode’s tip. The Lead-DBS reconstruc-
tion also provided the trajectory of an electrode. Next, we determined
the animal with the best match of the localization methods (Lead-DBS
and histology, respectively) and computed the potential distribution
resulting from a current-controlled stimulation. Here, we used a rect-
angular pulse with a width of 60 ps, a repetition frequency of 130 Hz,
and a current amplitude of 200 pA (Badstiibner et al., 2017; Fauser et al.,
2021).

First, we approximated the VTA based on the electric field distribu-
tion. Second, we used a PAM to evaluate the activation of axon cable
models placed along anatomically plausible pathways. Fibers were
taken from the WHS atlas repository (https://www.nitrc.org/projects
/whs-sd-atlas, S56280_fiberspline.trk) and derived from dMRI data.
The simulation considered only fibers that passed the STN within a
radius of 2 mm and were at least 3 mm long.

3. Results
3.1. Histological electrode localization

For animal r2, the comparison of the histological sections with the
stereotactic atlas and the visual determination of the distance between
the puncture channel and the STN resulted in an approximate position of
the electrode of anterior-posterior —3.84 mm, medio-lateral —1.59 mm,
and dorso-ventral —8.31 mm in the stereotactic P&W atlas coordinates.
Consequently, the offset of the localized coordinate to the intended
stimulation target was anterior-posterior 0.105 mm, medio-lateral
0.810 mm, and dorso-ventral —0.385 mm. Negative offsets represent a
localized coordinate further posterior, lateral, or ventral than planned.
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The tip locations in all five SD rats from the Wiirzburg site were esti-
mated similarly. The mean value and the standard deviation, as pre-
sented in Table F.1, of the approximate tip position in the five rats were
anterior-posterior —3.24 + 0.29 mm, medio-lateral —2.86 + 0.20 mm,
and dorso-ventral —8.08 + 0.38 mm in the stereotactic P&W atlas co-
ordinates. This procedure resulted in an offset to the intended stimula-
tion target of anterior-posterior 0.47 + 0.24 mm, medio-lateral —0.36 +
0.20 mm, and dorso-ventral —0.06 + 0.38 mm (as summarized in
Table F.2). All electrodes were found to be placed in a more lateral and
anterior position. Three of the five electrodes were located more in
ventral than dorsal direction relative to the corrected stereotactic co-
ordinates. The latter are the planned stereotactic coordinates updated by
a linear registration based on the animals’ weight, as described in
Supplement E.

3.2. Electrode localization via postoperative CT

Beam hardening effects from the metallic electrode and the metallic
fixation screws to the skullcap occurred in all postoperative images
(Fig. 2 &Fig. 3). In animal r2, we observed an artifact in the post-
operative CT image showing two electrodes, likely due to breathing. The
absence of the second electrode in scans performed with a different
scanner setting for the same animal, given in Supplement B, confirmed
that it was indeed an artifact. The scanner setting (set2) used for this
animal (r2) showed similarly promising results as the scanner setting
(setl) used for the other animals.

We checked and manually approved all co-registrations between
postoperative CTs and atlas in all animals. To do so, in Lead-DBS, an
overlay view of red wires representing an edge-detected version of the
T2-star weighted MRI, including soft tissue structures and skull, as
shown in Fig. 3, was used. In the overlays, the users (AA and NL)
compared distinct structures of the skull. Deviations (of approximately
100 pm) between the osseous structures of the T2-star weighted MRI and
the postoperative CT were deemed acceptable if they did not occur in the
vicinity of the target region.

The results of the localized coordinates are summarized in Table F.1.
For the group of animals from Rostock, the means and the standard
deviations in WHS coordinates were anterior-posterior —3.18 + 0.48
mm, medio-lateral 2.61 4+ 0.77 mm, and dorso-ventral —0.83 4 0.10
mm. For the group of animals from Wiirzburg, the WHS coordinates
were anterior-posterior —2.71 + 0.46 mm, medio-lateral 2.69 + 0.23
mm, and dorso-ventral —0.64 &+ 0.15 mm.

3.3. Comparison of histological and lead-DBS localizations

A visual comparison between localizations based on histology and
Lead-DBS is shown in Fig. 4 and Supplement G (Fig. G.1 to Fig. G.5). We
compared the position of the determined positions of the electrodes to
landmarks that are recognizable in all images respective to the corre-
sponding atlases. As landmarks, the optic tract (opt), internal capsule
(ic), dorsal part of the third ventricle (D3V), as well as the lateral
ventricle (LV), field CA1 — CA3 of the hippocampus, and the corpus
callosum (cc) were evident in all images. In cases in which the STN was
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clearly identified, it was also used to characterize the localized tip of the
electrode. In animal w2, the electrode tip was located in the STN at its
dorsal border based on both reconstruction techniques, as shown in
Fig. 4. Here, the coordinates of the electrode tip determined with Lead-
DBS in the postoperative CT scans using the WHS atlas suggested a more
dorsal position than the histological localization method. The electrode-
position determination by both ways showed that the electrode tip in
animal w4 was not located close to the STN but considerably more
anteriorly in the EP.

Using different atlas systems with comparable but different coordi-
nate systems (WHS vs. P&W), it was not immediately possible to
determine the offset between the coordinates localized with Lead-DBS
and the histological coordinates and the intended target coordinates.
We selected the distances relative to bregma and anterior commissure in
the postoperative CTs co-registered to the WHS atlas, as described in
Supplement E and shown in Fig. E.1, to estimate the offset between both
localization methods. By defining the distances relative to bregma and
ac, we demonstrated that the RMSE between the localizations based on
histology and Lead-DBS did not exceed 1 mm in animals w1l-5, as
summarized in Table F.2. While for the offsets relative to bregma, the
anterior-posterior direction showed the highest RMSE with 0.64 mm,
the dorso-ventral direction of the offset relative to anterior commissure
featured its largest RMSE with 0.70 mm. In the medio-lateral direction,
the offsets relative to bregma and anterior commissure were similar
(RSME of 0.27 mm and 0.31 mm, respectively). As visualized in Figs. F.1
and F.2, the results showed high inter-rater agreement between the two
users of Lead-DBS (AA and NL).

3.4. Group visualization and 3D trajectories

When using histology, the electrode tip can be localized relative to
the intended target structures. However, the creation of an overview of
localized electrodes on a group level is challenging. A vital advantage of
the Lead-DBS method and its sister application, Lead-Group (Treu et al.,
2020), is the possible visualization of a group of reconstructed elec-
trodes concerning the target and surrounding structures, as shown in
Fig. 5. With this method, a possible tilt of the implanted electrode can
also be made visible.

3.5. Volume of tissue activated and pathway activation models

For animal w2, for which the best match to the intended stimulation
coordinates was estimated, we calculated bioelectrical effects to
demonstrate the interface’s capability between Lead-DBS and OSS-DBS
as well as the advanced computational methods OSS-DBS. An estimate
of the VTA, as defined by thresholding the vector magnitudes of the
electric field (Fig. 6 B)), was computed. Visualizing the reconstructed
electrodes and their simulated VTAs made it possible to estimate the
influence of the stimulation on the surrounding tissue. The VTA was
pictured with distinct target structures (STN and entopeduncular nu-
cleus (EPN)) and well-defined structures in the P&W atlas (ac, mt, and
sox) (Fig. 6 A)). In addition, Lead-DBS, combined with its sister appli-
cation Lead-Connectome, and OSS-DBS offer the possibility to display

Fig. 2. An exemplary postoperative CT scan: of one rat’s
(animal r1; left) entire head, which also shows the fixation of
the DBS electrode to the skull. The latter comprised adhesive
mounting and three screws (Lense head screws, similar to DIN
7981, stainless steel A2, 1 x 3 mm, Minischrauben.com,
Hofkirchen, Germany). The adhesive mounting consisted of a
bonding agent (Heliobond, Ellwangen, Germany) and dental
cement (Luxatemp Automix Plus, A2, DMG Chemisch-
Pharmazeutische Fabrik GmbH, Hamburg, Germany). The
skull (right) close-up shows beam hardening effects due to the
metallic DBS electrode and fixation screws, which appeared as
typical interference ripples anterior to the electrode.
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Fig. 3. Co-registered postoperative CT: shown as a gray-scale image of the animal (r1) and overlaid over the T2-star weighted MRI of the WHS atlas (Papp et al.,
2014). The red wires represent the outlines of the T2-star weighted MRI of both the soft tissue and the skull. Distinct structures of the skull were used to ensure a good
co-registration as marked by arrows. Challenges in evaluating usual landmarks (bregma and lambda) are due to their covering by dental cement and beam hardening
effects caused by the metallic electrode. The offset between the osseous structures visible here is approximately 50 pm. Thus, the co-registration can be regarded as
successful. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Visual Comparison Animal w2: Schematic drawing (A) and histological plate (B) adapted from the P&W atlas at anterior-posterior —3.60 mm relative to
bregma. The coronal plate, including the electrode tip, is shown for Lead-DBS in the WHS atlas space (C) and a Nissl section (D). Images (A) and (B) were adapted
from the P&W atlas (Paxinos and Watson, 2007) with the publisher’s permission. Image (C) is an overlay of the T2-star weighted MRI (gray-scale image) and the WHS
atlas in transparent colors (Papp et al., 2014). Abbreviations of the anatomical landmarks are defined as subthalamic nucleus (STN), lateral ventricle (LV), (dorsal)
3rd ventricle ((D)3 V), field CA1-CA3 of the hippocampus (CA1-CA3), corpus callosum (cc), cerebral peduncle (cp), internal capsule (ic), mammillothalamic tract
(mt), optic tract (opt), supraoptic tract (sox), and scale bar of inset in (C) 200 pm as well as (D) 100 pm. To improve the comparability of the images, we manually
adjusted the sections’ size to the P&W atlas.

fibers and evaluate their recruitment by the DBS signal as shown in Fig. 6 4. Discussion
D (red - ‘recruited,” purple - damaged or non-physiological). This

assessment of stimulation extent is achieved by: It was demonstrated in human DBS research that electrode dis-
placements of a mere ~2 mm might lead to drastic changes in effectivity
e allocating passive models of myelinated axons along the fibers, in established DBS cases such as Parkinson’s Disease (Horn et al.,
e computing the electric potential distribution on the axonal com- 2019a). In rodents, DBS electrodes are mainly localized using post-
partments, and mortem histology. The disadvantage of this method is that it cannot be
e solving the Frankenhaeuser-Huxley-based equation to probe the performed on live animals. Thus experimental choices are limited. Also,
excitability of the axon models by the extracellular stimulus. potentially, larger animal cohorts become necessary. Other groups have

used neuroimaging methods to localize DBS electrodes in the past. For
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Fig. 5. Group visualization of the electrodes reconstructed in all animals in coronal (A) and sagittal view (D). The coronal view shows the magnification of the groups
rl-r5 (B) and wl-w5 (C). The sagittal view shows the magnification of the groups r1-r5 (E) and wl-w5 (F). Also depicted are the ventricular system, subthalamic
nucleus (STN), entopeduncular nucleus (EP), and substantia nigra (SN) in coronal (top row) and sagittal view (bottom row).
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Fig. 6. Potential Applications: A) is an overview: B) shows the volume of tissue activated (VTA) (based on electric field thresholding and computed with OSS-DBS) in
animal w2, caused by a monopolar electrode design with a rectangular pulse (with a pulse width of 60 ps, a current amplitude of 200 pA, and a pulse repetition
frequency of 130 Hz) with distinct brain structures (subthalamic nucleus (STN), entopeduncular nucleus (EP), anterior commissure (ac = Waxholm space origin),
supraoptic tract (sox), and mammillothalamic tract (mt)). C) shows a planned trajectory of a DBS electrode in the target region, which can be varied in dorsal (D),
ventral (V), anterior (A), posterior (P), lateral (L), and medial (M) direction. In addition, D) shows the pathway activation based on fiber tracts derived from diffusion
tensors obtained from diffusion-weighted MRI imaging data of the WHS atlas (Papp et al., 2014). Activated fibers are red, not-activated fibers white, damaged fibers
magenta. Fibers were taken from the WHS atlas repository (https://www.nitrc.org/projects/whs-sd-atlas, $56280_fiberspline.trk). (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web version of this article.)

instance, Zhao et al. (2020) applied graphene electrodes (which led to
fewer MRI artifacts). They scanned rats to investigate the relationship
between DBS and functional MRI pattern activations (Zhao et al., 2020).
Similar to our approach, Rangarajan et al. (2016) and Kiraly et al.
(2020) used MRI and CT to localize DBS electrodes in vivo in rats and
mice, respectively. A few similar methodological papers exist. To the
best of our knowledge, we provide the first open-source toolbox. It is
standardized to localize DBS electrodes in rodents and subsequently
simulate the stimulation effect on neuronal tissue.

The skull landmarks (bregma and lambda) would have been the first
choice to evaluate the accuracy of the co-registration of CT and MRI.
However, in the postoperative CT scans, these landmarks are obscured
by the adhesive mounting and the screws used to fixate the electrodes.
The use of preoperative scans could circumvent this problem. When
using preoperative CT scans as the basis for the manual co-registration of

postoperative CT scans, as described by Kiraly et al. (2020), the time gap
between the preoperative and postoperative measurements has to be
considered when the animals continue to grow. If the position of the
electrode in the chronic state is to be characterized (2-3 weeks after
surgery), the animal has already developed further, and a manual co-
registration of the images based on osseous landmarks (as done by
Kiraly et al. (2020)) is no longer feasible. Though not performed in the
current study, co-registering subject-specific MRIs is already imple-
mented in Lead-DBS, which is on hand for rat DBS models in future
studies.

4.1. Comparison between histological and lead-DBS localizations

In the present feasibility study, our main aim was to establish an
adjustable open-source pipeline to localize DBS electrodes in rats (or
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other rodents of similar size). Our results showed a high inter-rater
agreement. Using Lead-DBS, the electrode tip was localized further
dorsal than histologically defined. This finding resulted from the visual
comparison of both localization methods and the consideration of the
offset relative to the bregma and anterior commissure.

Several factors could have played a role here: The MRI-based method
could have been flawed due to image resolution or co-registration
inaccuracies. Yet, high inter-rater reliability speaks against the latter
reason. Second, the two methods use different coordinate systems
(bregma and WHS origin in the anterior commissure). Third, different
strains were used to define the atlas space: brain slices of a Wl rat for the
stereotactic P&W atlas, and the WHS atlas an SD rat was imaged. Finally,
histological localization of the electrode tip and trajectory could be less
accurate than assumed. Damage to the brain tissue caused, e.g., by the
extraction of the electrode, might have resulted in the tearing of the
tissue under the electrode, which may explain the dorso-ventral
discrepancy.

Further comparative studies are needed to define more precisely
which method is superior for which scientific question. The assessment
of the correct placement within a specifically stained target region may
only be possible using histology. However, the imaging method could
(potentially) bring a sort of “model-based” three-dimensional view to
the matter that could make electrode localizations more comparable
across animals, cohorts, and even research centers (as shown in Fig. 5). A
similar development was observed in the human DBS field (Horn, 2019;
Treu et al., 2020).

4.2. Limitations

Several limitations apply to the present study, some of which we
already touched upon in the section above. Assuming that the rat brain is
~0.15% in size compared to a human brain (~2 g vs. ~1350 g is usually
reported in textbooks), the applied 50 pm isotropic imaging resolution
was superior to that one in human DBS studies (classically ~0.5-1 mm).
Nevertheless, distortion artifacts and misregistrations cannot be ruled
out, and further confirmation studies (especially using electrode phan-
toms) should be carried out. In some cases, we encountered better co-
registration results when registering the postoperative CT images to
the WHS atlas T2-star weighted MRI with a resolution of 39 pm before
co-registering them to the resliced WHS atlas T2-star weighted MRI with
a 50 pm resolution. For this reason, we recommend using the best
possible resolution, especially for co-registration, if the appropriate
computational hardware and time are available. The most critical lim-
itation is that we directly co-registered postoperative CTs to an MRI atlas
of the rat instead of to high-resolution MRIs of the same animal. Our
experience from human DBS imaging would favor the latter approach,
which should optimally be investigated in upcoming studies (in present
animals, no preoperative imaging could be acquired). However, any in
vivo imaging procedure, such as MRI, dMRI, or CT, is conducted under
general anesthesia. This procedure is associated with a particular animal
strain, e.g., during induction and termination of anesthesia. Therefore, it
is crucial to do only as many in vivo imaging procedures as necessary.

It can be generally assumed that inter-animal anatomy is not as
different in the field of rodent DBS as it is in humans, in whom signifi-
cant variations in gyrification occur. The cortical folds of rodents, on the
other hand, are minimal and well comparable across animals. None-
theless, differences between animal strains (WI and SD) have been
described before. The midbrain and hindbrain of WI rats are longer in
the anterior-posterior direction than those of SD rats (Khan et al., 2018).
In addition, renownedly a transformation between different rat brain
atlases, e.g., the P&W atlas (Paxinos and Watson, 2007) and the Swanson
atlas (Swanson, 1998) based on different strains (WI and SD) and animal
weights is not straightforward.

Another unknown factor to consider is the reliability of the regis-
tration of sections between different atlases. The same holds for the
transformation between coordinates derived from digital atlases, which
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differ in resolution, animal strains, weights, and ex vivo or in vivo im-
aging (Barriere et al., 2019; Johnson et al., 2012; Papp et al., 2014).
When high-resolution preoperative data are available, some advanced
methods already established in Lead-DBS could be applied.

Moreover, ex vivo MRI and CT scans in animals exhibit a much better
resolution than in vivo scans. This lower in vivo resolution is mainly
caused by technical limitations (scan time and radiation dosage) and
possible breathing artifacts. The same holds for dMRI. On the other
hand, ex vivo imaging has limitations as well. These include, among
others, the underestimation of the ventricle size, as the cerebrospinal
fluid drains from the ventricles post-mortem. This fluid drain leads to a
collapse of the ventricles. As described by Llambrich et al. (2020),
specialized CT techniques manage to avoid this difficulty and create CT
images that depict the skull and detailed brain tissue. However, the
necessity to fixate the brains in, e.g., resin makes subsequent histological
examinations impossible (Masis et al., 2018).

The fact that histology has been used and is established (i.e., should
be considered the status quo or gold standard) does not automatically
mean that the method is accurate. In more detail: while we believe that
histological determination of the electrode placement relative to the
target structures is correct, the exact coordinates determined by histology
could be imprecise for the reasons mentioned above (e.g., tissue
shearing, sectioning, deformation of the brain after extraction, etc.). We
qualitatively compared single case examples (e.g., within / outside of the
STN). These examples showed good agreement between the methods
and indicate that, indeed, both sources are correct. The localization of
the electrode of animals w2 and w4 can be cited here as examples. While
in animal w2, the STN was hit in the middle, in animal w4 the EP was hit
unintentionally. Both were evident by Lead-DBS as well as in the his-
tological sections. Such a displacement along the anterior-posterior axis,
as shown here or less pronounced, can lead to direct activation of the EP
or substantia nigra (Butenko et al., 2019).

4.3. Outlook

An advantage of our tool is that the code already established in
humans could be reused. This fact would also allow the incorporation of
putative clinical, methodological novelties for the rodent pipeline (and
vice versa). Since the initial publication of Lead-DBS in 2014 (Horn and
Kiihn, 2015), a more extensive series of methodological advances have
shaped a learning curve of ever more precise localization approaches —
all of which are automatically included in the present tool for rats.
Though no animal-specific preoperative scans were used in the present
study, the pipeline is perfectly capable of having them.

As we advance, optimal protocols would generate high-resolution
multispectral MRIs from animals after DBS implantation and before
surgery and postoperative CT. Lead-DBS works seamlessly with its sister-
application Lead-Connectome (Horn et al.,, 2014; Horn and Blanken-
burg, 2016), which can also be used for rodent data. Hence, preoperative
or postoperative dMRI or resting-state functional MRI data may be
processed and directly incorporated with Lead-DBS results. Beyond
connectivity estimation, the former can also support a more precise
definition of tissue activation using OSS-DBS (Butenko et al., 2020) and
its PAMs.

So far, Lead-DBS includes and OSS-DBS supports both electrode de-
signs presented in this study (SNEX-100; i.e., bipolar stimulation; as well
as the monopolar configuration from Rostock). The electrode design in
rodent studies is essential. Butenko et al. (2021) ascertained that field
focalization in the STN for dorsal implantations depends on the design.
As the tool may become more widespread, adding additional geometries
to the pipeline would be uncomplicated. Designs exclusively built for
recording rather than stimulation as described by (Borg et al., 2015;
Kastner et al., 2020; Masis et al., 2018) could be supported, as well.

OSS-DBS also offers to investigate realistically set axonal pop-
ulations. The recruitment of fibers during DBS is of interest in the
context of pathway activation studies and can be simulated with the
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combined use of Lead-DBS and OSS-DBS. Clinical Parkinson’s disease
research demonstrated that stimulation of specific pathways, such as the
cortico-subthalamic projections, correlates with alleviating symptoms in
patients. At the same time, the recruitment of other pathways can cause
detrimental effects, e.g., stimulation of internal capsule fibers of passage
invokes motor contractions. Therefore, the evaluation of the pathway
activation is a highly relevant tool to understand the DBS mechanism
better and provide a better translatability of the animal research find-
ings. Incorporating the atlas and co-registration algorithms for rats in
Lead-DBS gives users access to automated routines for modeling the
pathway activation implemented in OSS-DBS.

Further methodological advances include the capability of manual
refinements of normalization warp fields using manually placed point-
fiducials (Edlow et al., 2019), already implemented within Lead-DBS.
This method could be directly used to improve electrode placement
accuracy, especially in cases where detailed preoperative data are
available. Since Lead-DBS allows the visualization of the stereotactic
plan of the electrode trajectory (as shown in Fig. 6 C)), potential stim-
ulation targets may be evaluated in advance, i.e., before surgery. Even if
not performed preoperatively for all animals, this could be applied in
individual cases to augment the study design. In combination with OSS-
DBS, this approach could also be used to obtain an in silico assessment of
the effects of stimulation protocols. These effects may result from the
specific geometry of the electrode contacts, the stimulation amplitude,
the stimulation frequency, the pulse duration of DBS, or a combination
thereof.

5. Conclusions

This study presents an adaptation of a well-established simulation
pipeline widely used in human DBS research (Lead-DBS) for application
in rat-model DBS. We incorporated an interface to a biophysical
modeling toolbox (OSS-DBS) that can be used to precisely model the
modulatory impact of DBS onto the biological tissue. We make this novel
joint pipeline openly available. The reproducibility of DBS electrode
localizations by two independent users is one demonstration of its
capability. Our comparison of results from MRI-based (i.e., Lead-DBS)
electrode localizations versus conventional histology-based localiza-
tions also underlines the great potential of this simulation pipeline. We
envision potential novel applications that could include combinations of
advanced neuroimaging methods with models of DBS in rodents.
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