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Abstract

This protocol describes a procedure to assist surgeons in training for the implantation of microelectrode arrays into the neocortex of the human
brain. Recent technological progress has enabled the fabrication of microelectrode arrays that allow recording the activity of multiple individual
neurons in the neocortex of the human brain. These arrays have the potential to bring unique insight onto the neuronal correlates of cerebral
function in health and disease. Furthermore, the identification and decoding of volitional neuronal activity opens the possibility to establish brain-
computer interfaces, and thus might help restore lost neurological functions. The implantation of neocortical microelectrode arrays is an invasive
procedure requiring a supra-centimetric craniotomy and the exposure of the cortical surface; thus, the procedure must be performed by an
adequately trained neurosurgeon. In order to provide an opportunity for surgical training, we designed a procedure based on a human cadaver
model. The use of a formaldehyde-fixed human cadaver bypasses the practical, ethical and financial difficulties of surgical practice on animals
(especially non-human primates) while preserving the macroscopic structure of the head, skull, meninges and cerebral surface and allowing
realistic, operating room-like positioning and instrumentation. Furthermore, the use of a human cadaver is closer to clinical daily practice than
any non-human model. The major drawbacks of the cadaveric simulation are the absence of cerebral pulsation and of blood and cerebrospinal
fluid circulation. We suggest that a formaldehyde-fixed human cadaver model is an adequate, practical and cost-effective approach to ensure
proper surgical training before implanting microelectrode arrays in the living human neocortex.

Video Link

The video component of this article can be found at https://www.jove.com/video/56584/

Introduction

Recent years have seen the development of technological solutions to the challenge of recording the activity of multiple individual neurons in
the living brain1,2,3. Silicon-based microelectrode arrays perform similarly to conventional wire microelectrodes in terms of signal properties, and
they can record from dozens to hundreds of neurons in a small patch of cerebral tissue4,5,6,7. Microelectrode arrays have allowed scientists to
establish the correspondence between neural activity in the primary motor cortex of monkeys and arm movements8, which in turn has provided a
boost to the development of brain-computer interfaces (BCIs)9.

Microelectrode arrays have been used in humans in two situations: as chronic implants to control BCIs and as semi-chronic implants to study the
activity of individual neurons in patients suffering from epilepsy. Chronic implants, targeting the functional representation of the hand in primary
motor cortex, have allowed patients suffering from tetraplegia to control the motion of a robotic arm or of computer cursors10,11,12,13. Semi-chronic
implants, inserted together with subdural electrocorticography (ECOG) electrodes in patients with drug-resistant epilepsy who are candidates for
epilepsy surgery14, allow single-unit recordings before, during and after seizures, and have begun to shed light on the activity of single neurons
during and in between epileptic seizures15,16,17,18,19. Microelectrode arrays have the potential to significantly improve our understanding of how
the brain functions by establishing a link between the activity of neurons, on the one hand, and the perceptions, movements and thoughts of
human beings, both in health and in disease, on the other20,21.

Silicon-based microelectrode arrays are now available commercially and their use in humans has been approved by regulatory authorities
in the USA in the semi-chronic epilepsy indication. However, these devices are invasive and must be inserted into the brain. The negative
consequences of improper insertion technique, beyond the failure of the device to record neuronal activity, include cerebral hemorrhage and
infection, with the potential for long-lasting or permanent neurological dysfunction. Although the complication rate of microelectrode array

https://www.jove.com
https://www.jove.com
https://www.jove.com
mailto:pierre.megevand@wysscenter.ch
https://www.jove.com/video/56584
http://dx.doi.org/10.3791/56584
https://www.jove.com/video/56584/


Journal of Visualized Experiments www.jove.com

Copyright © 2017  Journal of Visualized Experiments November 2017 |  129  | e56584 | Page 2 of 7

implantation is currently unknown, the rate of potentially serious complications during the implantation of intracranial electroencephalography
(EEG) macroelectrodes is 1-5%22,23. Therefore, the proper implantation of microelectrode arrays requires both extensive neurosurgical skills and
procedure-specific training.

The approaches available for surgeons to hone their skills with microelectrode arrays in a safe environment include non-human mammals
and human cadavers. The ideal training model would faithfully reproduce the size and thickness of the human skull; the toughness and
vascular ramification of the dura; the gyrification pattern, consistency and pulsation of the human brain; the presence of circulating blood and
cerebrospinal fluid; and the overall positioning of the subject in an operating room (OR)-like environment. Thus, animal models need to be of a
sufficient size to provide a meaningful experience to the surgeons. Large non-human primates come closest, but their use for surgical training is
unsustainable both from an ethical perspective and because they are expensive. Rodents do not enter consideration because of their small size;
using even cats or rabbits implies diverging significantly from an OR-like environment.

Human cadavers represent an attractive alternative. Their advantages include the life-like size and shape of the head and brain and the
possibility of setting up surgical training in an OR-like environment. The most obvious departures from a realistic situation are the absence of
cerebral pulsations and bleeding and the modifications in the aspect and consistence of body tissues that are specific to the technique employed
for cadaver preservation24. Fresh-frozen cadavers preserve the consistency and flexibility of many organs and tissues to some extent, but
they have several drawbacks: they start degrading as soon as thawing begins, so that the brain becomes too degraded for the insertion of a
microelectrode array to be performed realistically, and they are a relatively rare and expensive resource. Formaldehyde-fixed cadavers, on the
other hand, are more affordable and available and much more durable, at the expense of hardened tissue consistency.

Here, we establish a procedure using a formaldehyde-fixed human cadaver model to provide neurosurgical training for the implantation
of a neocortical microelectrode array. Our approach allows realistic, OR-like positioning and instrumentation; performing craniotomy and
durotomy and exposing the neocortical surface; attaching the electrode pedestal to the skull bone neighboring the craniotomy; and inserting
the microelectrode array into the neocortex with a pneumatic impactor25. Critically, it enables surgeons to practice the precise alignment of the
microelectrode array (which is connected to the electrode pedestal by a bundle of individually insulated gold wires) parallel to the neocortical
surface26. Our protocol faithfully replicates the indication of microelectrode array implantation together with ECOG implantation in patients who
are candidates for epilepsy surgery. The particulars of the implantation surgery are influenced significantly by the exact type of microelectrode
array; here, we describe the procedure for an array that recently received regulatory approval for use in humans in the USA. The so-called Utah
array comprises a 4x4 mm, 100 microelectrode grid; a transcutaneous pedestal that is attached to the external table of the skull; and a wire
bundle connecting the two.

Protocol

The human cadaver used in this work was provided under the framework of body donations for medical education. Informed consent for body
donation was obtained in writing during the lifetime of the donor. In accordance with the federal and cantonal laws, no review by an ethics
committee was necessary.

Note: This protocol assumes that the persons performing the practice surgery are neurosurgeons with training and expertise in standard
neurosurgical procedures, including patient positioning and head fixation, craniotomy and durotomy, and suturing. In addition to the tools and
equipment specific to the microelectrode array, standard neurosurgical tools and equipment are used.

1. Selection of the cadaver and setup of the operating room

1. Select a specimen with no history of disease or injury to the head, skull and brain.
1. Optionally, perform a computed tomography (CT) scan of the cadaver's head to ensure that there is no significant intracranial lesion

(Figure 1A), e.g. chronic subdural hematoma or an intra-axial expansive lesion. Using the CT scan, identify a target cortical area for
the implantation of the microelectrode array (such as the "hand knob" area of the precentral gyrus, corresponding to the representation
of the hand in the primary motor cortex27, in the case of training for the implantation of a BCI).

2. Position cadaver in lateral decubitus on an operating table. Use an operating table rather than a dissection table in order to add to the realism
of the OR-like environment and facilitates the fixation of the skull clamp and pneumatic impactor. Position the cadaver in lateral decubitus in
order to allow the fronto-temporal approach in a formaldehyde-fixed cadaver, in whom neck rotation is limited.

3. Fix the head in the skull clamp (Figure 1B). Cover with surgical drapes (Figure 1C).
 

Note: In our case, the posterior pins of skull clamp are unusually positioned in the sagittal plane of the head (see Figure 1B), because we
used a skull clamp that had been modified for surgical training purposes to hold a cadaveric head separated from the rest of the body.

1. When using a standard skull clamp on an operating table, place the posterior pins securing the head perpendicular to the sagittal
plane.

2. Exposure of the neocortical surface

1. Incise the scalp using a scalpel, following a question-mark incision to expose the temporal and frontal bones. Dissect the temporalis muscle
along the posterior edge of the incision. Recline the scalp and temporalis muscle by blunt dissection (Figure 1D).

2. Perform a large square fronto-temporal craniotomy, e.g. 5 x 5 cm (Figure 2A). For that purpose, drill four burr holes at the corners of the
intended craniotomy. Then, use the craniotome to connect the burr holes. Remove the bone flap using a spatula, exposing the dura mater.
Store the bone flap in saline solution.

3. Open the dura mater on three sides of the craniotomy using dura scissors (Figure 2B). Recline it and expose the arachnoid membrane and
the surface of the cerebral neocortex (Figure 2C).
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3. Fixation of the electrode pedestal

1. Select a cortical gyrus where the microelectrode array will be implanted. Select a gyral surface that is approximately flat so that the
microelectrode array will lie flush with it when inserted. Ensure that there is no visible blood vessel coursing on the cortical surface where the
microelectrode array will be inserted.

2. Select a site for the fixation of the electrode pedestal on the superior edge of the craniotomy, close to the skin incision, and allowing sufficient
slack for the wire bundle so that the microelectrode array can reach the target gyrus. Screw the pedestal onto the external table of the skull
bone next to the craniotomy (Figure 2D). Use 6 to 8 self-tapping cortical bone screws (6 mm length, 2 mm diameter) to ensure appropriate
fixation.

1. When manipulating the pedestal, always ensure that the microelectrode array does not touch anything (it may be damaged or could
lacerate the neocortical surface) by holding the wire bundle close to the microelectrode array with tweezers with plastic- or rubber-
coated tips (Figure 2E).

4. Positioning and insertion of the microelectrode array

1. Position the microelectrode array parallel with the surface of the target gyrus. Bend the wire bundle as necessary for that purpose (Figure
3A).
 

Note: The stiff wire bundle does not easily conform to the surgeon's wishes. Care and patience are required to obtain good alignment of the
microelectrode array and cortical surface.

1. Optionally, use "dog-bone" titanium straps to secure the wire bundle to the skull and control its course toward the target gyrus. Do not
screw the strap too tightly to avoid damaging the wire bundle.

2. Bring the pneumatic impactor into approximate alignment with the back of the microelectrode array (Figure 3B). Control the connections of
the pneumatic impactor to its control box, and then turn on the control box.
 

Note: Make sure that the pneumatic impactor is at least 5 mm away from the array before turning the control box on, as the pneumatic
impactor might be triggered when first turned on.

3. Use the millimetric screws of the pneumatic impactor holder to refine the impactor's alignment with the back of the microelectrode array
(Figure 3B, inset). Using the impactor, apply an excursion distance- and pressure-controlled tap to the back of the microelectrode array and
insert it into the cortical surface, pushing it through the arachnoid membrane.
 

Note: Check that the microelectrode array is flush with the cortical surface.

5. Positioning of the subdural ECOG grid

Note: This step is optional.

1. Position a subdural ECOG grid over the exposed cortical surface (Figure 3D). If necessary, remove electrodes by cutting through the grid so
that the overall shape of the ECOG grid fits the craniotomy.

2. Orient the ECOG grid so that its wires will exit the dura mater and skull superiorly or posteriorly.
3. Irrigate the ECOG grid with saline before placing it into contact with the cortical surface.
4. Secure the ECOG grid by suturing it to the dura mater at the edges of the durotomy.

6. Repositioning and closure of the dura mater, bone flap, and skin flap

1. Reflect the dura mater back over the exposed cortical surface and suture it to the edges of the durotomy.
2. Screw "dog-bone" titanium straps onto the edges of the bone flap using self-tapping cortical bone screws. Reposition the bone flap within the

craniotomy. Secure the bone flap to neighboring skull bones with the "dog-bone" titanium straps and self-tapping cortical bone screws. Take
care not to crush the wire bundle of the microelectrode array (and those of the optional ECOG grid) between bone edges.

3. Reflect and suture the skin flap. Close the skin incision around the neck of the electrode pedestal (Figure 3E).
1. Alternatively, allow the pedestal to egress the scalp through a separate stab incision made into the scalp flap.

Representative Results

Our protocol uses a formaldehyde-fixated human cadaver model to allow surgeons to practice the surgical procedure of implanting a
microelectrode array into the cerebral neocortex in a realistic, OR-like environment. The option of performing post-mortem neuroimaging, such
as head CT, will confirm the absence of any significant intracranial lesion (Figure 1A) and can help with the selection of the implantation site.
Working with an entire specimen and setting up for surgery on an operating table increases the realism of the training procedure (Figure 1B-1C).
Although formaldehyde fixation somewhat alters the color, texture and stiffness of the body tissues, each step of the surgical procedure to
expose the neocortical surface (skin incision, craniotomy and durotomy) can be performed easily according to standard neurosurgical practice
(Figure 1D and Figure 2A-2C).

The steps of the surgical procedure that are specific to the microelectrode array proceed very similarly to the in vivo situation. The first step
consists of screwing the electrode pedestal to the skull bone near the craniotomy ( Figure 2D-2E). Bringing the microelectrode array into
alignment with the neocortical surface is one of the most delicate steps of the procedure (Figure 3A)26. The positioning and operation of the
pneumatic impactor are also performed in realistic fashion (Figure 3B). Our training protocol provides ample opportunity for surgeons to
experiment with these crucial steps. One departure from lifelike realism is the absence of cerebral pulsation in a cadaver model (the slight
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upwards and downwards movements of the exposed neocortical surface caused by heartbeats and breathing). Nevertheless, the end result of
the training protocol (Figure 3C-3E) closely reproduces the real-life situation26.

If performed by two surgeons, the average operative time for microelectrode array implantation is under 30 minutes, as also reported by others26.

 

Figure 1. Setting up the operating room-like environment. (A) Head CT scan can confirm the absence of any significant intracranial lesion.
(B) Position the head in the skull clamp. (C) Drape the head. The specimen's nose is to the right of the picture, the occiput to the left. (D) Incise
and recline scalp and temporalis muscle. Please click here to view a larger version of this figure.

 

Figure 2. Exposing the neocortical surface and attaching the electrode pedestal. (A) Perform a large square craniotomy. (B) Perform
durotomy. (C) Reflect the dura mater and expose the neocortical surface. (D) Screw the electrode pedestal to the skull bone near the edge of
the craniotomy (inset: close-up on the fixation of the pedestal with bone screws). (E) Hold the fragile microelectrode array with tweezers to avoid
damage from unwanted contact. Please click here to view a larger version of this figure.
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Figure 3. Positioning and inserting the microelectrode array. (A) Bend the wire bundle in order to bring the microelectrode array into
alignment with the cortical surface (inset: close-up on the alignment of the microelectrode array and cortex). (B) Bring the pneumatic impactor
into alignment with the back of the microelectrode array (inset: close-up on the alignment of the impactor and microelectrode array). (C)
Overview of the microelectrode array, wire bundle and electrode pedestal. (D) Position ECOG grid over the cortical surface. (E) Close skin
around the neck of the electrode pedestal. Please click here to view a larger version of this figure.

Discussion

The formaldehyde-fixed human cadaver model and the surgical protocol described here replicate the surgical procedure of implanting
microelectrode arrays into the human cerebral neocortex. Each step of the procedure, including the positioning of the microelectrode array and
its insertion with the pneumatic inserter, proceed in almost the same fashion as in a real-life patient, with the exception that cerebral pulsation
and circulation are absent. The critical steps in the protocol are the alignment of the microelectrode array with the neocortical surface and
its impaction into the cortex using the pneumatic inserter. Care must be taken to approximate the array as parallel to the cortical surface as
possible. In the case that the array does not lie flush with the neocortical surface after the first tap of the pneumatic inserter, one additional tap
can be delivered. Throughout the procedure, the microelectrode array should be protected from mechanical damage. In the case of implantation
in a human patient in clinical conditions, if there is any visible damage to the microelectrodes, bundle or connector, the array should be discarded
and another one used.

The Utah array is currently the only neocortical microelectrode array that has received regulatory approval for use in humans. However, other
types of microelectrodes have been developed in animals and may be used in humans within specific research projects28. Each approach carries
its own advantages and drawbacks, mostly related to the design of the electrodes. For instance, the ballistic insertion technique of the Utah
array, which was developed out of necessity25, requires that the array be precisely aligned with the cortical surface; this requirement does not
necessarily apply to other microelectrodes, which can be pushed gently into the gray matter. Some electrodes allow access to the activity of all
cortical layers29, whereas the Utah array samples from neurons at a single, predetermined depth. One of the major advantages of the Utah array
is the large number of neurons that can be recorded simultaneously, making it particularly appropriate for motor BCIs11.

For neurosurgical laboratory training courses, cadaveric specimens are considered as models of high value, allowing haptic feedback in an
environment presenting specifically human anatomy30,31. There is no universal cadaver model, however, and the embalming technique must be
adapted to each procedure's objectives: are soft tissues (such as the scalp) of importance, or rather the bones, dura mater, cortex, ventricles,
or blood vessels32,33,34,35,36? Fresh or fresh-frozen (cryopreserved) specimens, while frequently considered as the best model for a variety
of surgical procedures, carry the risk of transmitting infectious diseases. Furthermore, they have a very limited working time because of fast
decay31,37,38,39, followed by decreased tissue compliance, ventricular collapse and pneumocephalus35. In the case of our protocol, maintaining a
somewhat firm cortical surface was a requirement to enable the insertion of the microelectrode array, thus precluding the use of a fresh-frozen
specimen. Embalming solutions providing long-term fixative and germicidal properties are also widely accepted30,33,35,40. Cadavers embalmed
according to the Thiel fixation are highly regarded in terms of soft tissue consistency and for developing fascial or internervous planes36,
but the preservation of the brain is thought to lack realism41. Formaldehyde-based fixation causes tissue stiffening and retraction as well as
discoloration35,36,37. However, formaldehyde fixation is widely available and affordable, and formaldehyde-fixed cadavers are very durable. In
the context presented in this paper, the hardening of soft tissues caused by formaldehyde fixation, while being a disadvantage for many surgical
training courses (in particular for orthopedic approaches), turned out to be an adequate model, presenting a stable, but not too rigid surface of
the brain, thus allowing for a realistic application of the cortical microelectrode array on the post mortem brain. Techniques have been developed
to simulate the circulation of blood and cerebrospinal fluid in formaldehyde-fixed cadavers30,31,39 and could complement the present protocol in
order to further increase the realism of the OR-like environment.

Three-dimensional (3D) printing has recently become an accessible and affordable means of replicating body parts for medical and surgical
education. Novel 3D printing and molding using synthetic gelatinous casts provides a realistic brain model with tactile feedback. This approach
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has the advantage of providing a deformable structure that can be printed to reproduce a particular individual's cerebral anatomy and is thus
more anatomically accurate than more generic models42. On the other hand, there are still reservations concerning the stiffness and the tissue
cutting properties of the synthetic material43. In this sense, the cadaveric model gives a broader anatomical framework, including the complete
stratigraphy, not only the brain surface itself.

An alternative to surgical training on human cadavers is practicing on live animals. Implanting a microelectrode array on a primate model, for
instance a macaque monkey, would reproduce most of the features of the actual procedure in a human patient, including surgical positioning and
instrumentation similar to those used in humans, a gyrencephalic brain of a size not very far from that of a human's, and the presence of cerebral
pulsation as well as blood and cerebrospinal fluid circulation. However, while it is acceptable to implant microelectrode arrays in monkeys for the
purpose of neuroscience research, using monkeys solely for surgical training is widely discouraged, for ethical reasons as well as because of
their very high cost. Because few neuroscience centers implant microelectrode arrays in monkeys for research purposes, and because these
centers use few animals at a time (due to the cost of the monkeys themselves and the long and labor-intensive training that neuroscience
research with monkeys generally entails), training for microelectrode array implantation in monkeys is not an option for most surgeons. Using
smaller animals, such as rodents and even cats or rabbits, would depart too much from OR-like realism. One potential advantage of animal
models is that tissue healing allows repeating the entire procedure more than once over the lifetime of the animal. In a human cadaver model,
the entire procedure can be repeated once per hemisphere. That being said, craniotomy does not present any particular difficulty to a trained
neurosurgeon. Provided that the craniotomy is large enough, the specific steps of pedestal fixation and microelectrode positioning and insertion
can be repeated as often as desired during a given session, providing an adequate training opportunity for more than one surgeon. Thus, we
think that embalmed human cadavers are the most appropriate model to train surgeons to implant microelectrode arrays.

Recent breakthroughs in BCI development suggest that microelectrode arrays could represent a clinically significant addition to the therapeutic
and restorative solutions that are available today for patients with severe motor or communicative disabilities11,13,44. In the near future, the
implantation of microelectrode arrays might thus become a required part of the training of neurosurgeons. Refinements in the design of the
microelectrodes themselves, together with improvements in connecting the electrodes to the computer processing neuronal signals (likely
through wireless connections), will reduce the invasiveness of microelectrode arrays and further enhance their usability for both the physicians
and the patients and their caregivers.
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