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Abstract

Background: Here we present an open-source sojutmmprising several 3D-printable
mechanical pieces and software tools, for framedtmeotaxictargeting in young and

adult pigs of varying weights.

New method: Localization was achieved using an #nera and CT imaging. The
positions of the tools were followed, after regisibn of the pig stereotaxic space, with a
CT scan and open-source brain atlas. The systenuseakto target the lateral ventricle
and the subthalamic nucleus (STN) in one piglet tava adult Yucatan miniature pigs,

which were either normal weight or obese.

Results and conclusions: Positive targeting wasfiroed in the first trial for all

subjects, either by radiopaque CT enhancementofehtricle or actual recording of the
STN electrophysiological signature. We concludet tbpen-source freely available
models, easily built with low-end 3D printers, atiteir associated software can be
effectively used for brain surgery in pigs, at animal cost, irrespective of the weight of

the animal.

Keywords: Frameless stereotaxis, Yucatan minipig, ventoigtaphy, subthalamic

nucleus, 3D print



Malbert Charles-Henri, Revision 3, Pag8a

Introduction

Pigs are increasingly used in translational resedte to their close resemblance to
humans (1), (2). Furthermore, miniature porcineetiseprovide adult animals easy to
handle (3). In addition, the large gyrencephaliaibrof the pig enables the use of a
clinical scanner without impaired spatial resolat{d). Several digital atlases suitable for
brain surgery are available (5), (6), (7), (8), @me of which, such as those developed
in our laboratory (5), have been published in aenegource format, allowing their
incorporation into surgical guidance software (XBgneric and dedicated algorithms are
also available to register brains differing in latesize, and physiological status to these
atlases with millimetric accuracy (11), (7). Newetess, brain surgery in pigs is complex
compared to that in murine models. For examplerdhtventricle cannulation requires
head placement in a stereotaxic frame, which ima-tonsuming procedure, even for a
well-trained surgical team (12). The complexitytb& procedure, in part related to the
obliquity of the auditory canal (13), has promotdte development of alternate
stereotaxic frames, some of which are magneticnasme imaging (MRI)-compatible
(14), (15), (16). These devices allow precise timgeat the expense of the time required
for co-registration of the frame relative to theusger and to the atlas three-dimensional
(3D) spaces. However, they are not suitable forselsdult miniature pigs weighing
100 kg as the development of the adipose tissuergad the head; this is an important
limitation considering the use of the pig as a nidolehuman obesity (17). Furthermore,
these devices were adequately suited for young arskulls with parietal and frontal
bones parallel to the palate. This was not the caselult animals for which the brain
forms a 50° angle with the palate (4), renderindjfficult to target with a Horsley—Clarke

or Leksell frame.

The past decade has seen a shift toward frameledange technologies for human
neurosurgical procedures as these platforms dreligsmaller, and easier to use than the
more classical stereotaxic frames (18). Unfortugatéhese tools are dedicated to
humans, and the mandatory software required fgetarg is devoted to the human atlas
(19). Furthermore, the human brain is three tinaegdr than the porcine brain, rendering
these platforms too big to be applied to the piglisin addition, the cost of these
platforms and the difficulties in interoperatingok® from different suppliers led to

difficulty with the translation. With the developmteof affordable 3D printers, we believe
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that all of these limitations can be overcome usipgn-source hardware and software
dedicated to porcine brain surgery. The availabilit these tools is likely to promote
porcine brain surgery in a similar way as our fyestcessible porcine atlas, which is used
far beyond in-house research (20), (21), (9), (22).

This study aimed to develop and validate an opemegoset of tools combining
software and hardware components suitable for ati@xie placement of catheters or
electrodes within the brains of adult and growingspirrespective of their weight. The
system used a commercially available 3D localizdrared (IR) camera for precise
positioning. The localizer was the only piece ofdveare that was not open-source or 3D
printable. Each of the tools supporting four refee markers is capable of sub-
millimeter accuracy. The system takes advantag€ustusX software (23), an open-
source software designed by the Norwegian NatiQuahpetence Center for ultrasound
and image-guided therapy. The software procesdeseatata from the infrared localizer
and overlaps them with the models describing theipe brain and stereotaxic supports.
Our system was primarily oriented for the placema&nventricular catheters and push-
pull cannulas that do not require accurate posimnlt was further challenged by
targeting a smaller zone, which requires precisgegasion capabilities. The subthalamic
nucleus (STN) was chosen because it is difficultat@wess and exhibits a specific
electrophysiological signature even in anesthetizedimals (4). All software and
hardware tools constituting the stereotaxic sysaeendescribed in Supplemental Material
1. The hardware tools were designed to be easihtame using an entry-level 3D

printer.
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Materials and methods

1. Animals & ethical considerations

Three animals were used for the experiment: oneiggplarge white piglet (young)
weighing 32 kg and aged 3 months, one adult mireaducatan pig weighing 45 kg
(adult), and one adult miniature obese Yucatarwmghing 85 kg (obese), both aged 2
years. All of the included animals were female aoder the weight span used in porcine
experimental brain surgery. The young animal cdaddfitted in a classical stereotaxic
frame (13), (4), but the adult animal requiredexesitaxic box on which the metal frame
itself was attached (24). The obese animal wasitatde for any published stereotaxic
apparatus due to fattening of the neck. Obesityimdisced in the obese animal using the
protocol described by Malbert et al. (17). All amishwere euthanized at the end of the
surgical procedure. The experiment was conductedt@ordance with the current ethical
standards of European legislation after validatipnthe ethic committee of Rennes
(2015102913338236).

2. Anesthesia

The experiment was performed under general anéatliseng local and systemic
pain suppression protocols. During the entire mtace, including CT imaging, the
animals were placed in ventral recumbency withrtiiad stabilized by an air-tight
cushion containing polyethylene marbles (Vacufornmipl&s; Schmidt, Garbsen,
Germany). General anesthesia was achieved usingfls@ne (Baxter, Maurepas,
France) about 2.5 % v/v, delivered by a positivespure ventilator (AS/3; General
Electric, Milwaukee, USA) connected to an endotesthiiube inserted after sedation with
ketamine (Imalgene, Merial, Lyon, France, 5 mg/kil). Fentanyl was delivered
intravenously using a syringe driver over the ceuo$ the procedure (0.4 pg/kg/min
minimum, Fentadon; Dechra, Montigny le Bretonnekrance). Increases in the heart
rate or blood pressure during potentially painfuhslation were monitored together with
spQ/spCQ (ADU 3; General Electric, Milwaukee, USA) and udgedmodulate the rate
of delivery of fentanyl. The ventilator settings reeselected to lower the spe@® 3%
viv, while maintaining sp®at 98% to reduce cerebral blood flow and intracranial
pressure (25). In addition, subcutaneous and gedbmjections of lignocaine 10% (2-3

ml; Aguettant, Lyon, France) were administered befihe onset of the craniotomy and
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repeated every 90 min. A hot-air heating blanke¥l (Bair Hugger; Cergy-Pontoise,

France) was placed over the animal to maintain lodneemy.
3. Frameless tools

Several tools were designed to facilitate the tns@rand positioning of the cannula
guide (Figure 1, Supplemental Material 1). All béttools were based on a ball within a
cup concept that includedminima a female frame screwed on the skull while cextere
on the burr hole, and a rotating mobile piece torrwla guidance. This design extended a
more complex design by Sudhakar et al. for non-hupramates (18). The mobile piece
was squeezed by a large screw attached to theldvase, which could be replaced by a
screw serving as a cap for longer experiments. réewebile pieces were designed with
different holding sub-units to fit different canawizes, including an adjustable chuck to
maintain the cannula in place without metal screwhjch could otherwise create
artifacts on CT images. This mobile piece was te&te cannula placement in the lateral
ventricle. The most complex mobile piece was usddrget the subthalamic nucleus; this
piece included a stepper motor and was used forabetic placement of the recording
electrodes. We selected a robotic solution becdisthe mobile descender was too
flexible for direct manual descent, and (ii) thadusion allowed continuous artifact-free
recording during targeting. The motor was contoblley an external rotary encoder
placed on a remote controller box to avoid any acinbetween the surgeon and the
mobile piece. The connection schematic and theveodt used by the Arduino controller
(Arduino cc, Italy) are described in Supplementatéfial 1. The software was written in
such a way that one turn of the encoder resulteal 5 pm travel along the electrode
axis. The robotic system was designed to accomrmodat StarFix stereotaxic
microelectrode with an insertion tube (FHC, USAheTquality of the power supply is
important for artifact-free recording of a singleunonal unit. Several types of power
supplies were tested, and an adequate supply waglpd by the A/D converter box used
for electrophysiological recordings (Analog Discove; Digilent, Pullman, USA) that
delivered a noise-free DC. Furthermore, this camfiggon allowed electrical insulation
from the mains once the laptop was running on tigely. The preamplifier was built
around an AD 8232 integrated analog front end (8gdDevices, Wilmington, USA)
enclosed in a shielded miniature box placed closthé skull. This device has already

been successfully used for DBS recordings (26)ai®etbout the construction of the
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actual preamplifier and its performance are givenSupplemental Material 2. The
connections between the electronic boards, eleetrad robotic descender are presented

in Supplemental Material 3.
Figure 1

The tools were designed using RhinoCeros softwére Robert McNeel and Associates,
USA), converted to STL format, and sliced with Witker Cura software (V4.8.0;
Ultimaker B.V.) for final printing. These tools weultimately printed on an Ender pro 3
printer (Creality3D, Shenzhen, China) with a PLAvbl/lactic acid) wire. The sensitivity
of the IR camera to light scattering required tifat printing material was made of black
filament. Details about the printing parametersnbar of individual pieces required, and

printing sequence are given in Supplemental Mdtéria
4. Localizer tools

The localizer tools were tracked by a Polaris Spe(DI, Waterloo, Canada) that
was located approximately 1.5 m above the surgitamle and attached to a Macintosh
computer running CustusX software. Three localitesls were designed with two
reference frames. The schematic for the distandeangle between the reflective markers
was obtained from the Apple library created unaeopen-source license by Brown et al.
(27). This library allowed several localizers tonsitaneously track whether their ROM
definitions (the file format used by the NDI locadr) were inserted into the navigation
software. One tool (the cannula tool) consistedao$tainless steel rod (2 mm OD;
Phymep, Paris, France) attached to a localizer drafhe diameter of the rod was
selected such that it could be inserted into a 2n@b OD stainless steel tube that served
for ventricular access or to attach an additionalier tube to create a push-pull cannula.
The rod outer end was tightly inserted in Luer td 28 female peek adapters (Idex
Health and Science, Oak Harbor, USA) to allow catioa with a Luer-tipped syringe.
The inner end, designed to be inserted into thénbraas carefully polished with a
rotating felt brush under binocular conditions. #rer tool (the coagulator tool)
accommodated a coagulation electrode (Dixi MediCllaudefontaine, France), and the
last localizer was designed to be attached todbetic targeting device. For each tool, a
ROM definition was constructed from scratch usin@lMrchitect software (V6; NDI,

Waterloo, Canada) together with the required .xiekfto be inserted into the CustusX
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navigation software. The two reference frames Hadtical distances and angles between
the reflective markers and were attached to disainsupports. One frame was used
during the initial navigation steps and was placeder the chin of the animal. The
second frame could be adjusted in any directionvaasl designed such that its end was
fixed directly on the skull. As the references wentually identical for the navigation
software, it was possible to exchange them durimgesy to optimize their IR camera
visibility. NDI tracker software (NDI V5.001, Wateo, Canada) was used as the first
step of the surgical procedure to confirm the Wigjpof the tools and optimize the

position of the NDI camera.
5. Software customization

CustusX software (https://www.custusx.org) was @uszed to allow 3D localization
of the coagulator, cannula, and motorized targetoogs. Several files including ROM
definitions have been designed and are availabtbariTools definition for Custus X”
folder of Supplemental Material 1. Once detectedthg IR camera, the tool was
displayed on a real-time screen using a simpliBdrepresentation (included with each
tool). While the ROM files were immediately usabikeis advisable to “pivot” the tool
using the pivoting procedure described in the NB¢thitect software to update the ROM

file; this compensates for small variations in lgvegth of the bar/coagulator.

VTK and STL models of the pig brain ventricles aath of the tools plus the swivel
base are provided in the Supplemental Material. Biodogical models were obtained
from the conversion in VTK format, using 3D Slicesoftware (V4.10.2,
https://www.slicer.org) (28) of the pig brain atldeveloped in our laboratory (5). The
software models were required to be uploaded totuSis before the registration

procedure for a comprehensive representation ofuhgical scene (Figure 2).
Figure 2
6. CT imaging

CT imaging was performed with the animals in ventemumbency using either a
HiSpeed NX:i or a Discovery ST PET/CT (General EiecMilwaukee WI, USA). Data
collection was achieved in helicoidal mode (120 K®00-200 mA, depending on the

scout scan, with a section thickness of 1 mm). Aimum of two scans was achieved per
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animal - the first one after the placement of tktemnal references on the skin, and the
second one once the targeting was completed. Tétesfian also served to calculate the
skull bone thickness and was part of a failsafe@dare to position a drill guard (details
of construction are described in Supplemental Nktelr) on the burr-hole drill. The
second scan confirmed the placement of the cannutae lateral ventricle after the
injection of 2 ml radio-opaque medium (Hexabrix 3ZBuerbet, Villepinte, France).
After completion, the images were transferred frihe CT scanner to the Osirix reader

(29), and ultimately imported into Dicom formatQ@aistusX.
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Results

The sequential steps required for adequate taggatien shown in Figure 3. The steps
were completed in < 30 min for the ventriculogragmg 45 min for the STN recording,

irrespective of the age and weight of the animal.
Figure 3
Positioning

While the external reference chips (for construttisee Supplementary Materials)
were initially planned to be stitched to the skimjng was difficult in adult miniature
pigs due to the hardness of their skin. Thereftbrese references were maintained using
surgical glue (Vetbond, 3M; Cergy-Pontoise, Frarasep rapid and effective alternative.
Registration between the anatomical and real-wsplites was performed by pinpointing
each of the skin's external references with theulagor tool (steps 7 and 11, Figure 3).
Virtual targeting was achieved with the coagulatmwl before skin opening using the
virtual tooltip offset option in CustusX. This ste@s mandatory given that access to the
cerebral target could be limited depending on thel shickness and the target location
(Figure 4).

Figure 4

The precise location of the burr hole was achieaéiér skin opening using a
coagulation current applied on the coagulator tadlich resulted in a dark spot on the
skull. Creation of the burr hole down to the duratter was impossible in the adult
miniature pig using “smart” cranial perforators dese the distance between the two
cortical layers of the skull was too large, i.dp2e the 1.5 mm requirement. Indeed, the
thickness of the adult skull range from 29-35 mretheling on the planned location of
the burr hole. Blocking the unlocking system witieodrop of cyanoacrylate superglue
was sufficient to gain additional perforating tmelss capability and complete dura
matter access. Dura matter opening was achieveabplying a coagulation waveform
current on the coagulator tool. Once the braintfasa was made accessible, a dummy
swivel base, including three screws, was positiomeer the outside hole. The planned
location of the holes used on the skull for screxation was marked with coagulator
current directly applied on the screws. The finaivel base was then fixed firmly on the
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skull and the mobile part was inserted and secured.

Ventriculography

Ventricular access was performed using the cantadf that is, the cannula was
fitted with a slightly longer stainless rod suppagtthe localizer. A second registration
was performed using the external references andbfwioe three screws that maintained
the swivel base. Using a Polaris Spectra 1.5 m filwerskull, the accuracy was less than
the millimeter range using the third screw of thevel base as a test point. Afterwards,
the entire cannula system was inserted approxign@@lmm such that its tip did not
protrude the mobile piece and an adequate anglefoumsl. The tightening screen was
firmly set, and the cannula was slowly insertechgstustusX clues. Once at the correct
location, the guide rod was removed, the cannula fix@d, and the Luer-lock matting
connector was placed on the cannula. Correct plentof the cannula was confirmed by
positive ventricular radio marking (Figure 5); matent was successful in all animals

after the first descent.
Figure 5
STN targeting

STN targeting was achieved after ventriculographg eeplacement of the mobile
cannula guide by the robotic mobile piece withcé heed to drill an additional burr
hole. The electrode guide with rigidifying rod wiaserted rapidly, such that the electrode
tip was in the thalamus once in the guide. Thedrigternal rod was then removed and
replaced with an actual electrode. After adequatergling was achieved by running the
laptop on the battery, the thalamic activity wasnediately recorded as irregular large-
amplitude spikes. The descend was resumed in 10&tgps until a sustained activity
was collected, indicative of the STN entrance. Tdusivity was recorded continuously
over 3.5-4 mm, depending on the animal. Spikingabersparse when the electrode was

excited from the STN, indicative of substantia aigeuronal activity (Figure 6).

Figure 6
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Discussion

To the best of our knowledge, this study represémsfirst demonstration of easy
access to the lateral ventricle and deep brairctsires in an adult obese miniature pig
using a complete frameless stereotaxic systemidaitar 3D printing. While commercial
frameless systems are available, they are costty dasigned primarily for human
surgery, making them poorly suited for porcine sadFurthermore, their software are
purposely trademarked tools that are locked witmdnu atlases. These limitations were
overcome by our open-source design, which wasyeasdembled using an entry-level

3D printer.

Our initial goal was to create a system for easyess to large brain structures,
irrespective of the age and weight of the animahil@/precise, the classic stereotaxic
apparatus requires complex and time-consuming eu@rgs of the head relative to the
frame. One of the most demanding processes washieve symmetrical positioning of
the head relative to the frame. Although the I@malibox designed by the Bjarkam group
(24), (15) represented a step forward, with inadasimplicity without an impaired
resolution, the duration of the placement remaiaedssue. Because the ventricle is a
large structure, a reduced spatial resolution veas@able at the expense of the duration
of the procedure. A more complex placement, forng¥a, STN targeting, was also
possible using a robotic mobile tool. The increaaeduracy needed for STN targeting
was partly due to sequential registration using s&ferences and their subsequent partial
substitution by the screws used to fix the swivasdd The uneven placement of the
fixation holes on the base side was another refagdhis increased accuracy.

Some tools were relatively straightforward to buihile others required maximal
resolution of the printer and the activation of@pkprinting options. Moreover, all of the
tools were built with PLA+ plastic, which are knowm become fragile with time when
placed in a wet environment. One swivel base wasfoueach pig because during time
vitro tests, one of the three flanges constituting #eiving cup was partially broken
upon successive insertion/removal of the mobilegidside from this sensitive piece,
the remaining tools were identical between animasd all were immersed in
sterilization liquid (glutaraldehyde 2%; Steranidsjios, Lille, France) without further

problems. The robotic mobile piece was not stexilibecause the stepper motor was not
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waterproof. One swivel base and its matting occlgdscrew were printed in ABS
(Acrylonitrile butadiene styrene), a waterproof amdproved ductility plastic. The
printing process was not a significant issue degpi¢ increased temperature required for
ABS filament fusion, demonstrating that the STL misdwere suitable for both

thermoplastics irrespective of their heat-shrinkbogfficients.

One limitation of the frameless system was the lalbs@equirement to maintain both
the reference frame and active tool insight for itifeared camera. As the surgery was
supposed to be performed directly on the CT tatile, bulk of the CT enclosure
prevented the location of the camera by approxiiypd®0° (either frontal or dorsal to the
animal, depending on the surgeon's lateral pretesdn Even with the maximal height
between the surgical area and the camera, thisation reduced the visibility of the
reference frame, especially if positioned closéht chin. Two supports dedicated to the
reference frame were designed in an attempt tommei this issue. Nevertheless, the
surgeon must take care when performing the actegisition of both the active and
reference frames, especially during the descetitteotannula. Fortunately, flags present
on the main screen of the CustusX software comglgtamdicated the effectiveness of the
tracking. The physical balance of the tools in slegeon’s hand is another important
issue for the simplicity of the procedure. Whilevesgal attachment possibilities were
incorporated in the design by Sudhakar et al. () most suitable for adequate balance
was selected. Care must be taken when assembkntpdis to match the correct holes
because the ROM files are designed for a spedifctament only.

The difficulties in accessing the cortical surfacé adult pigs cannot be
underestimated. First, the distance between thectwtical layers of the skull is larger
than the limit claimed by “smart” drill supplierhis prevents the use of the clutch
mechanism, which is supposed to act as a failsafecel for preventing dura mater
damage. Conversely, removing the clutch mechanggaired adding a movable ring on
the outside of the drill as a substitute. Howewren when the hole was made, the
accessibility of the dura mater was poor, impedheguse of a dedicated hook to lift the
membrane. The use of a navigable coagulator toslamaalternative for opening the dura
mater, but it was the most challenging surgicatugesof the entire procedure. The use of
a navigable coagulator tool could be made lesslasiging by using surgical grade

magnifier goggles and an additional focused lighirse.
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It was possible to estimate the system's targeiossibilities with specific reference
to the target depth and thickness of the skull. udmssingly, the target possibilities
increased linearly with the target depth. Nevedkg| deeply located targets are more
complex to reach because the system's offsettimpgbday halves when the skull
thickness triples, that is, when a piglet becondidtaKnowing that the encephalon fit
within a box approximately 60 x 40 x 35 mm (5), dmire brain is not accessible with a
single burr hole. This explains the importance wiggal planning and the need for the

swivel base to have a precise location.

The system described here resembles the StealthStaitrgical navigation system
(Medtronic, Minneapolis, USA); the StealthStatisrréstricted to use in humans because
the navigation software does not allow the insartiof alternative atlases (30).
Furthermore, the commercial skull-mounted trajectguide is twice as large as our
design given the space available on the human,skodl is therefore unsuitable for the
porcine brain. Although pigs have a sizeable skilley exhibit limited projection
surfaces that are suitable for positioning a guidieich prevents the placement of the
StealthNavigus guide or alternative commercial gsiduch as the Monteris Axiis. The
size of the swivel base (45 mm), dictated by ttediter of the burr hole, was probably
the maximal acceptable size, knowing that the Skaolaximal usable width was 65 mm.
The size was also an obstacle to the deploymean dfiRI-compatible platform, such as
the NextFrame device (31) or the SmartFrame (3Ballly, the brainsight neuronavigator
allowed custom implant design but required deditatergical tools, resulting in a
practical but costly solution that is yet to be lmhed in pigs (33). The advantages and

disadvantages of these systems are listed in Table
Table 1

The addition of an electromagnetic localizer at tipeof the cannula represent an
exciting addition to the IR localization. Howevdrjs important to balance the system's
increased complexity, cost, and easiness for tagyearge structures such as the
ventricle. While a waterproof stepper may be usefoé price tag for a miniature
waterproof stepper is significant. The most relévamprovement is probably a
simplification of the CustusX user interface argldedication to brain navigation only.
The open-source code is highly versatile, includihgbrid representation with

synchronization of CT based images, ultrasoundoyidad ultrasound 3D reconstruction.
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Several registration methods, which are mandataryhie initial purpose of the software,
e.g., bronchoscopy, also contributed to the conifylegf the interface (23). The

alternative open-source navigation software, 3xe8)iwith the adequate registration
plugin, was powerful but equally complex (28).

In conclusion, we describe an open-source 3D friatliameless stereotaxic system
that is suitable for both adult and young pigsespective of their weight. This system
was not designed to replace the already develapetefbased stereotaxic apparatus, but
as an effective substitute for rapid and easy pnolaeement within sub-millimetric
targets. While it was tested for ventricular accasd recording of STN activity, the
system is suitably flexible for radiofrequency tasng or excitotoxin injections using an
optimal path to the desired target (34). The tapimmiand instrumentation may benefit
future research within this species, and was desligao be easily duplicated with a low-
cost 3D printer using the models supplied.



Malbert Charles-Henri, Revision 3, Pa@é

Conflicts of Interest; The author declares no conflict of interest

Acknowledgement: The author thanks staff of the UE3P unit for anincake, Alain
Chauvin, Mickael Genissel, Julien Georges and Hsabe Gouevec. We also thank

Jean-Francois Rouault for the production of theeexpental diets.

Disclosure Statement and competing interests he authors have no conflicts of interest to

declare.

Guarantor’'s statement Charles-Henri Malbert is the guarantor of thisrkvand, as such,
had full access to all the data in the study akdgaesponsibility for the integrity of the

data and the accuracy of the data analysis.
Funding sources -The study was conducted with the support of INRAE.

Authors’ contribution - C-H.M. planned the experiments, conducted the sfydinalyzed

the data, and was responsible for writing the mempis



10.

Malbert Charles-Henri, Revision 3, Pa@é

References

Malbert C-H: [The brain-gut axis: insights frotihe obese pig modelBulletin de
'academie nationale de medecih®7:1683-1694, 2013

Bech J, Orlowski D, Glud AN, Dyrby TB, Sgrensé@H, Bjarkam CR: Ex vivo
diffusion-weighted MRI tractography of the Gottimgeninipig limbic systemBrain
Struct Func225:1055-1071, 2020

Malbert C-H: Vagally Mediated Gut-Brain Relatstmps in Appetite Control-Insights
from Porcine StudiedNutrients13:467-484, 2021

Sauleau P, Lapouble E, Val-Laillet D, Malbert:CHhe pig model in brain imaging and
neurosurgeryAnimal 3:1138-1151, 2009

Saikali S, Meurice P, Sauleau P, Eliat PA, Rell®, Randuineau G, Vérin M, Malbert
CH: A three-dimensional digital segmented and deédile brain atlas of the domestic
pig. J Neurosci Method$92:102-109, 2010

Conrad MS, Dilger RN, Johnson RW: Brain growthttee domestic pig (Sus scrofa)
from 2 to 24 weeks of age: a longitudinal MRI stu@evelopmental neuroscience
34:291-298, 2012

Villadsen J, Hansen HD, Jgrgensen LM, Keller $thdersen FL, Petersen IN,
Knudsen GM, Svarer C: Automatic delineation of braggions on MRI and PET
images from the pigl Neurosci Method294:51-58, 2018

Orlowski D, Glud AN, Palomero-Galagher N, SgensICH, Bjarkam CR: Online
histological atlas of the Gottingen minipig bratteliyon5:e01363, 2019

Chang SJ, Santamaria AJ, Sanchez FJ, Villami] EMheiro Saraiva P, Rodriguez J,
Nunez-Gomez Y, Opris I, Solano JP, Guest JD, NdgalB vivo Population Averaged
Stereotaxic T2w MRI Brain Template for the Adult ¢atan Micropig. Front
Neuroanatl4:599701, 2020

Malbert C-H: AniMate-An open source software fbsolute PET quantification.
Annual congress of the european association oeauchedicine 43:np, 2016



11.

12.

13.

14.

15.

16.

17.

18.

Malbert Charles-Henri, Revision 3, Pa@8

Véllez Garcia D, Casteels C, Schwarz AJ, DierBA, Koole M, Doorduin J: A
standardized method for the construction of trapecific PET and SPECT rat brain
templates: validation and implementation of a toalli°’LoS Onel0:e0122363, 2015

van Eerdenburg FJCM, Dierx JAJ: A new technidae long term, stress free,
cannulation of the lateral ventricle in postpublerieeely moving, pigs.Journal of
neuroscience method21:13-20, 2002

Marcilloux J-C, Rampin O, Felix M-B, LaplacePJ-Albe-Fessard D: A stereotaxic
apparatus for the study of the central nervousciiras in the pigBrain research
bulletin 22:591-597, 1989

Bjarkam CR, Cancian G, Larsen M, Rosendahl tue KS, Zeidler D, Blankholm
AD, @stergaard L, Sunde N, Sgrensen JC: A MRI-cdiblgastereotaxic localizer box
enables high-precision stereotaxic proceduresgs. piNeurosci Method$39:293-298,

2004

Bjarkam CR, Cancian G, Glud AN, Ettrup KS, &msen RL, Sgrensen J-C: MRI-
guided stereotaxic targeting in pigs based on eat@xic localizer box fitted with an
isocentric frame and use of SurgiPlan computerspian software. Journal of
neuroscience method83:119-126, 2009

Edwards CA, Rusheen AE, Oh Y, Paek SB, JacdbseJKH, Dennis KD, Bennet KE,
Kouzani AZ, Lee KH, Goerss SJ: A novel re-attachattereotactic frame for MRI-
guided neuronavigation and its validation in adaagimal and human cadaver model.
Neural Engl5:066003, 2018

Malbert C-H, Picq C, Divoux J-L, Henry C, HoritevM: Obesity-associated alterations
in glucose metabolism are reversed by chronic dyéitstimulation of the abdominal
vagus nerveDiabetes66:848-857, 2017

Sudhakar V, Mahmoodi A, Bringas JR, Naidoo dlJ&A, Samaranch L, Fiandaca MS,
Bankiewicz KS: Development of a novel framelesdiskwunted ball-joint guide array

for use in image-guided neurosurgehNeurosurgl32:595-604, 2019



19.

20.

21.

22.

23.

24,

25.

26.

27.

Malbert Charles-Henri, Revision 3, Pa@é

Takenaka T, Toyota S, Kuroda H, Kobayashi Mmi&gai T, Mori K, Taki T: Freehand
Technique of an Electromagnetic Navigation Systemitieér to Avoid Interference
Caused by Metal Neurosurgical Instrumehit&rid Neurosurdl18:143-147, 2018

Slopsema JP, Canna A, Uchenik M, Lehto LJ, &de Wilmerding L, Koski DM,
Kobayashi N, Dao J, Blumenfeld M, Filip P, Min HHJangia S, Johnson MD,
Michaeli S: Orientation-selective and directionaded brain stimulation in swine
assessed by functional MRI at 3Neuroimage?24:117357, 2021

Fang X, Sun W, Jeon J, Azain M, Kinder H, Ahi€ung HC, Mote RS, Filipov NM,
Zhao Q, Rayalam S, Park HJ: Perinatal Docosahexaeftod Supplementation
Improves Cognition and Alters Brain Functional Qrgation in Piglets.Nutrients
122020

Cho S, Min HK, In MH, Jo HJ: Multivariate patteclassification on BOLD activation
pattern induced by deep brain stimulation in motgsociative, and limbic brain
networks.Sci Repl0:7528, 2020

Askeland C, Solberg OV, Bakeng JBL, Reinertsérangen GA, Hofstad EF, Iversen
DH, Vapenstad C, Selbekk T, Langg T, Hernes TANavOleira H, Unsgard G,
Lindseth F: CustusX: an open-source research phatfior image-guided therapy.
International Journal of Computer Assisted Radiglagd Surgery.1:505-519, 2016

Bjarkam C: A MRI-compatible stereotaxic localizbox enables high-precision

stereotaxic procedures in pigeurnal of Neuroscience Methoiti89:293-298, 2004
Ramina R, Aguiar PHP, Tatagiba M: Samii’'s Efaénin Neurosurgery. 382, 2007

Parastarfeizabadi M, Kouzani AZ, Beckinghausg&n Lin T, Sillitoe RV: A
Programmable Multi-biomarker Neural Sensor for @btoop DBS.IEEE Access
7:230-244, 2018

Brown A, Uneri A, Silva T, Manbachi A, SieweetlsJH: Design and validation of an
open-source library of dynamic reference framesrésearch and education in optical
tracking.J Med Imaging (Bellinghan$:021215, 2018



28.

29.

30.

31.

32.

33.

34.

Malbert Charles-Henri, Revision 3, Pagé

Fedorov A, Beichel R, Kalpathy-Cramer J, Fiheillion-Robin JC, Pujol S, Bauer C,
Jennings D, Fennessy F, Sonka M, Buatti J, Aylv&riYiller JV, Pieper S, Kikinis R:
3D Slicer as an image computing platform for theaQitative Imaging NetworkMagn
Reson Imagin®0:1323-1341, 2012

Rosset A, Spadola L, Ratib O: OsiriX: an opeurse software for navigating in
multidimensional DICOM images. Digit Imaging17:205-216, 2004

Palys V, Holloway KL: Frameless Functional 8ttactic Approache€?rog Neurol
Surg33:168-186, 2018

Mazzone P, Stefani A, Viselli F, Scarnati EarfReless Stereotaxis for Subthalamic
Nucleus Deep Brain Stimulation: An Innovative Meadhor the Direct Visualization of

Electrode Implantation by Intraoperative X-ray GQohtBrain Sciences$:90, 2018

Larson PS, Starr PA, Bates G, Tansey L, RidwrdRM, Martin AJ: An Optimized
System for Interventional Magnetic Resonance In@a@hnided Stereotactic Surgery:
Preliminary Evaluation of Targeting Accurac@perative Neurosurgery’0:ons95-

ons103, 2012

Ortiz-Rios M, Haag M, Balezeau F, Frey S, Tié&l, Murphy K, Schmid MC:
Improved methods for MRI-compatible implants in haman primatesJ Neurosci
Methods308:377-389, 2018

Frey S, Comeau R, Hynes B, Mackey S, Petrides-imeless stereotaxy in the
nonhuman primatéNeuroimage23:1226-1234, 2004



Malbert Charles-Henri, Revision 3, Pagé

Figure 1. Frameless swivel and base in 3D representatigra@ location (B) fixed on
an adult obese minipig. Note the thickness of #ie.S'he sizes indicated in (C) are in mm.
(D) Actual presentation of the tools used in trearfeless system (the robotic mobile piece is
not shown). 1. Reference frame to be placed uraechin. 1bis. Reference frame to be fixed
on the skull at a distance from the burr hole. Britda tool with stop ring. 3 Coagulator tool.

4. Mobile guide. 5. Swivel base. 6. Swivel locksayew.

Figure 2. Actual procedure for ventriculography in an adiiese Yucatan miniature pig
weighing 85 kg. (A) Position of the external refeze markers on the skin and their
registration with the CT counterpart. (B) Descehthe cannula tool. The cannula tool is
depicted as a conical grey marker, the swivel laasemobile cannula holder are in green, the
target is in red, and the cannula path is presesdealthin green line. The animal was placed
in a non-symmetrical manner with the head slighttgd to investigate the capability of the
system to work with suboptimal positioning relatteethe CT plane.

Figure 3. Flowchart of the surgical procedure used to actes lateral ventricle or to
record the neuronal activity from the STN. The stdicture corresponds to the ventricular
model. Note the green numbers/dots used for regjistr between the anatomical model and
real-world space. The first insert was obtainedhwhte NDI tracking software.

Figure 4. Reconstruction of the theoretical volume (lightd) that can be explored after
insertion of the frameless tool either in a pigleft panel) or an adult miniature pig (right
panel). The outlines of the skull were obtainee@ratihresholding, projection of the actual CT
images using Osirix, and further importation in RhiSoftware. The contours of the brain
were obtained from our pig brain atlas (5), andemeoregistered using 3D slicer with the
actual CT volume of the brain. A small gap betw#en brain and the skull reconstructions
was introduced in the rendering to ease visuatimatiThe diameter of the burr hole
corresponded to the largest available drill from slrgical suppliers. The arrows indicate the
sinuses. Note, in the adult pig, the posterior msitsn of the frontal sinuses engulfing the

dorsal projection of the parietal and temporaliced.

Figure 5. Cannula positioned for ventriculography and ramjiaque underlining the left

lateral ventricle.

Figure 6. (A) Robotic tool for electrode insertion in a gdarget such as the subthalamic

nucleus (STN). The device includes a stepper mtier electronic control of which is
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described in the Supplemental Material. The modldenent is designed to accommodate the
guide tube of an FHC bipolar concentric electrof®). Extracellular recordings of the

neuronal activity recorded during the descent @ #lectrode. The electrode path was
selected to encounter, in sequence, the thalamu$€éaSTN (b), and the substancia nigra (c).
The middle traces are representative of STN neurthres first trace is representative of
thalamic neurons, and the last trace correspondthdosubstancia nigra. The quiescent

recording periods of transitioning between struesware not shown.
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