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 i g  h  l  i  g  h  t  s

We  created  affordable,  customized,
3D-printed  cranial  implants  for  elec-
trophysiology.
These  included  head  posts,  recording
chambers, and  pedestal  base  plates.
Scale  models  and  craniotomy  guides
were also  used  during  planning  and
surgery.
Animal  welfare  was  enhanced  during
surgery and  risk  of  infection  reduced.
To  date,  our  implants  remain  robust
and well-integrated  with  the  skull.
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a  b  s  t  r  a  c  t

Background:  Primate  neurobiologists  use  chronically  implanted  devices  such  as pedestals  for  head  stabi-
lization  and chambers  to  gain  access  to  the brain  and  study  its activity.  Such  implants  are  skull-mounted,
and  made  from  a hard,  durable  material,  such  as titanium.
New  method:  Here,  we present  a low-cost  method  of  creating  customized  3D-printed  cranial  implants  that
are tailored  to  the  anatomy  of  individual  animals.  We  performed  pre-surgical  computed  tomography  (CT)
and magnetic  resonance  (MR)  scans  to generate  three-dimensional  (3D)  models  of  the  skull  and  brain.  We
then used  3D  modelling  software  to design  implantable  head  posts,  chambers,  and  a  pedestal  anchorage
base,  as  well  as  craniotomy  guides  to  aid us  during  surgery.  Prototypes  were  made  from plastic  or  resin,
while  implants  were  3D-printed  in  titanium.  The  implants  underwent  post-processing  and  received  a
coating  of osteocompatible  material  to promote  bone  integration.
Results:  Their  tailored  fit greatly  facilitated  surgical  implantation,  and  eliminated  the  gap  between  the
implant  and the bone.  To  date,  our  implants  remain  robust  and  well-integrated  with  the  skull.
Comparison  with  existing  method(s):  Commercial-off-the-shelf  solutions  typically  come  with a uniform,
flat  base,  preventing  them  from  sitting  flush  against  the  curved  surface  of  the skull.  This  leaves  gaps  for

fluid  and  tissue  ingress,  increasing  the  risk  of microbial  infection  and  tissue  inflammation,  as  well as
implant  loss.
Conclusions:  The  use  of  3D  pr
complex  designs,  avoiding  the
experimental  success  and  imp

© 2017  The  Autho

∗ Corresponding author at: Netherlands Institute for Neuroscience, Meibergdreef
7, 1105 BA, Amsterdam, Netherlands.

E-mail address: x.chen@nin.knaw.nl (X. Chen).

ttp://dx.doi.org/10.1016/j.jneumeth.2017.05.013
165-0270/© 2017 The Author(s). Published by Elsevier B.V. This is an open access articl
.0/).
inting  technology  enabled  us  to quickly  and affordably  create  unique,
 constraints  levied  by traditional  production  methods,  thereby  boosting
roving  the  wellbeing  of  the  animals.
r(s).  Published  by Elsevier  B.V.  This  is  an  open  access  article  under  the  CC
BY-NC-ND  license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).

e under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

dx.doi.org/10.1016/j.jneumeth.2017.05.013
http://www.sciencedirect.com/science/journal/01650270
http://www.elsevier.com/locate/jneumeth
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jneumeth.2017.05.013&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:x.chen@nin.knaw.nl
dx.doi.org/10.1016/j.jneumeth.2017.05.013
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


oscien

1

t
r
r
e
T
c
b
l
c
s
p
e
e
o
F
n
a
s
d
1

fi
i
o
(
t
a
d
e

m
a
c
a
m
g
a
i
f
n
f
2
l
p
e
3
N
i
(
i
p

p
c
f
c
(
i
h
i
h
t
b

X. Chen et al. / Journal of Neur

. Introduction

Primate electrophysiologists use a range of implantable devices
o access and record from brain regions of interest. For electrode
ecordings in awake animals, the subjects are often implanted with
ecording chambers, which protect the brain from the external
nvironment in between experiments (Evarts, 1966; Gardiner and
oth, 1999; Adams et al., 2011). During recordings, researchers
an open up the chamber and insert electrodes directly into the
rain, sampling neuronal activity at various depths and spatial

ocations. For chronic multicellular recordings, researchers may
hoose to implant electrode arrays containing dozens of recording
ites into the brain. These arrays are connected to a skull-mounted
edestal via transcranial wires (Campbell et al., 1991; Nordhausen
t al., 1994; Nicolelis et al., 2003). An interface consisting of either
lectrical contact points or a wireless transceiver unit is mounted
n the pedestal, providing a connection to external equipment.
urthermore, when performing acute recordings, or when a task
ecessitates the spatial stabilization of images on the retina, fix-
tion of the head is commonly achieved using a single-piece,
crew-mounted head post (Adams et al., 2007), or an equivalent
evice with multiple contact points on the skull (Pigarev et al.,
997; Isoda et al., 2005).

For each of these applications, the implant must remain firmly
xed to the skull over extended periods of time. Poorly fitting

mplants may  fail to integrate with the bone, come loose, or break
ff, affecting the welfare of the animals and disrupting experiments
Johnston et al., 2016). Here, we describe how new 3D printing
echniques can be used to ensure a seamless fit between the bone
nd the implant, and to facilitate surgical implantation. We  also
escribe the use of 3D modelling during pre-surgical planning to
nhance the accuracy of electrode insertion.

The technique of 3D printing refers to the process of using a
achine to additively assemble a 3D object layer by layer, using

 digital design as a blueprint. This approach allows for highly
ustomizable designs, which can be printed in small quantities
t affordable prices, due to the relatively low set up costs and
inimal wastage of material. Manufacturers can choose from a

rowing range of materials, including plastics, metals, ceramics,
nd wood, with various degrees of hardness, strength, durabil-
ty, and elasticity. These methods are hence gaining popularity
or use in the laboratory. Recent applications of 3D printing in
euroscience include 3D-printed models of neuronal cell types

or visualization of their morphology (McDougal and Shepherd,
015), as well as 3D-printed lab equipment, such as micromanipu-

ators (Patel et al., 2014; Baden et al., 2015) and cortical recording
latforms, cranial windows, and perfusion chambers for rodent
xperiments (Tek et al., 2008). To promote the sharing of scientific
D models, the National Institutes of Health recently launched the
IH 3D Print Exchange- a free and publicly accessible online repos-

tory for 3D-printable models in the fields of biology and medicine
https://3dprint.nih.gov/). Here, we focus on the use of 3D print-
ng for the creation of customized cranial implants in non-human
rimate (NHP) neurophysiology experiments.

Typically, implants used in NHP neurobiology, such as head
osts and chambers, are one-size-fits-all solutions that can be pur-
hased from companies such as Crist Instrument Co., Inc (for a
ew hundred euros). These off-the-shelf implants require time-
onsuming manual adjustments during each surgical procedure
Adams et al., 2007, 2011; Mulliken et al., 2015), such as bend-
ng of the legs of the implant with pliers or tapping them with a
ammer. However, even if the legs are pliable, a portion of the base
s sometimes flat and rigid (as seen, for example, in Fig. 1A, or the
ead post designed by Adams et al., 2007), making it impossible
o obtain a curved surface. Even after bending of the legs, the fit
etween the implant and the skull is often imperfect, making it
ce Methods 286 (2017) 38–55 39

harder for the implant to integrate with the bone. Furthermore,
the space between the metal and the bone increases the risk of
unwanted growth of granulation tissue in the gap between the skull
and the implant, which may  contribute to infection and inflam-
mation, bone and skin degradation, implant instability, and even
implant failure (Galashan et al., 2011; Johnston et al., 2016; Raphel
et al., 2016).

If a study involves functional imaging experiments, then metal
implants typically cannot be used as they interfere with the mag-
netic field in the scanner and generate an artefact in the signal.
Instead, the implants are generally made from radiolucent mate-
rial such as polyether ether ketone (PEEK) or polyetherimide (PEI).
As the technology for 3D printing with these MR-compatible mate-
rials is still at an early stage of development, we here focus on 3D
printing in titanium. However, it is conceivable that 3D printing
with MR-compatible materials will be possible in the future.

For electrophysiology that involves chronically recording from
dozens of neurons, the CerePortTM from Blackrock Microsystems
(Salt Lake City, Utah) is a popular tool in many primate neuroscience
labs. Its FDA-approved, CE-marked counterpart, the NeuroPortTM,
is used in clinical trials with human patients (Collinger et al., 2013;
Flesher et al., 2016). The CerePortTM pedestal provides a percuta-
neous interface between the implanted multielectrode arrays and
the external data acquisition equipment (Fig. 1B), via an electronic
interface board (EIB) that is screwed onto the upper half of the
pedestal during each experimental session. The base of the pedestal
contains eight screw holes, allowing it to be mounted on the skull.
However, the diameter of the pedestal base is small and it lacks
legs, concentrating the screws over a limited surface area. Fur-
thermore, the base of the pedestal is flat and does not sit flush
against the skull, which may  contribute to problems with infec-
tion and implant detachment. One possible solution is to improve
the attachment to the bone using dental cement. However, in some
animals, tissue builds up between the bone and the cement with
time, thus creating a space that is susceptible to microbial infec-
tion. Another possible solution is to shave the bone down, in order
to create a flat surface. However, it is not easy to remove sufficient
bone so that the flat surface of the implant fits well, and in addi-
tion, this technique reduces the thickness of the skull underneath
the implant, which may  create a weak spot. Hence, we sought to
create implants that provide a better fit with the skull than these
commercial-off-the-shelf solutions.

In previous studies, customized implants were designed using
anatomical scans of the individual animal’s skull, ensuring a good
fit between the bone and the implant, reducing the duration of
surgery, and decreasing the likelihood of granulation tissue growth
and infection (McAndrew et al., 2012; Lanz et al., 2013). These
implants were typically manufactured using computer numerical
control (CNC) machines, which use traditional milling methods
to ‘sculpt’ objects out of a solid block of starting material, under
the control of computer-aided design (CAD) programmes. Several
research labs carry out their design process and production using
CAD software and CNC machines, either in-house (Galashan et al.,
2011; Lanz et al., 2013; Mulliken et al., 2015) or outsourced to a
CNC workshop (Adams et al., 2007) or a company that specializes in
such implants (Johnston et al., 2016). Several companies offer CNC
milling services to create customized solutions for a small range of
implantable products (e.g. Crist Instruments Co., Inc, Hagerstown,
MD;  Gray Matter Research, Bozeman, MT;  Rogue Research Inc.,
Montreal, Canada).

A drawback of these techniques is that they are costly, for several
reasons: CNC machines still rely on traditional techniques, such as

drilling and sawing, to generate the final product. The use of CNC
milling thus requires substantial expertise and training, with an
understanding of the constraints imposed by the tooling-path lim-
itations of the milling devices. To reduce the weight of an implant,

https://3dprint.nih.gov/
https://3dprint.nih.gov/
https://3dprint.nih.gov/
https://3dprint.nih.gov/
https://3dprint.nih.gov/
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Fig. 1. A) One-size-fits-all head posts, such as the one pictured here, have legs that can be bent into the desired shape. However, the metal at the middle of the base (indicated
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y  the arrow) is relatively thick, and cannot be bent. B) The CerePortTM device con
kull-mounted pedestal interface via a wire bundle (top). An electronic interface b
ach  recording session (bottom). The base of the pedestal is flat, leaving a gap betw

or example, it is possible to create internal cavities through CNC
illing. However, this leaves spaces for fluid or tissue ingress,

ncreasing the risk of infection. When creating an object with com-
lex and curved geometry, such as a cranial implant, one typically
equires a ‘5-axis’ milling machine, which is capable of simulta-
eously moving a tool along five different axes. Such machines
re expensive (with a current market price of MD  0.5–1). Due to
he high setup costs for each design, manufacturers are often com-
elled to produce these implants in bulk, to ensure that production
emains cost-effective. Correspondingly, one-off creations tend to
e more expensive. For example, for a customized recording cham-
er, the companies that we contacted charged between D 1500 and

 3000.
The use of 3D printing methods offers several advantages over

NC-based production methods: (1) Complex structures such as
nternal cavities, textured surfaces, and intricate shapes can eas-
ly be created through 3D printing, allowing for innovative and
ightweight designs. The creation of fully enclosed internal cavi-
ies within a single, solid object also avoids problems with fluid
nd tissue ingress and infection. (2) Less material is used, leading
o reduced wastage and cost. (3) Setup costs and times are relatively
ow, while production costs and times are comparable to those of
NC milling. Hence, both prototypes and final versions of implants
an be produced rapidly, within a timescale of hours to weeks. (4)
hould modifications be required, it is relatively easy to go through
ultiple iterations of the design, to achieve an ideal solution.

For these reasons, 3D printing is increasingly popular in the
linical realm for the creation of customized medical implants, par-
icularly in orthopaedics, cranio-maxillofacial surgery, and cochlear
mplant surgery, ensuring a tailored fit to the anatomy of individual
atients (Rengier et al., 2010; Parthasarathy, 2014; Chae et al., 2015;
ok  et al., 2016). It is also used as an educational and training tool,
roviding medical personnel and patients with an intuitive under-
tanding of human anatomy, and allowing surgeons to practice
heir technique on biologically realistic 3D-printed tissues during
f one or more electrode arrays that are implanted in the brain, which connect to a
onnects the pedestal to the data acquisition and/or stimulation equipment during
e base and the skull (indicated by the arrow), or requiring thinning of the bone.

mock surgeries (Rose et al., 2015a,b). 3D printing has also catalyzed
promising developments in the field of tissue engineering, result-
ing in the creation of biomimetic 3D-printed scaffolds for tissue
and organ regeneration (Murphy and Atala, 2014; Chia, 2015; Wu
and Hsu, 2015). In medical and commercial settings, clinicians and
engineers typically use specialized software packages such as the
Mimics Innovation Suite (Materialise, Leuven, Belgium) to design
their prosthetic implants. However, subscription costs are often
high, amounting to thousands of euros per year.

The benefits of bringing 3D modelling technologies into the
field of primate neurobiology have previously been highlighted by
McAndrew et al. (2012) and Lanz et al. (2013). McAndrew et al.
designed their customized recording chambers using costly soft-
ware packages (Mimics and SolidWorks), and in both studies, the
chambers were then manufactured from radiolucent PEEK mate-
rial, using CNC milling techniques. The high costs of using the
software, as well as unfamiliarity with CNC machining techniques,
might constitute a barrier to access and to wide adoption of these
new technologies by the research community.

Here, we  describe how researchers can make use of free, open-
source software to design customized implants, and exploit recent
advances in 3D printing to produce affordable, form-fitting metal
implants, while eliminating the need for CNC milling (Avila et al.,
2012). We  will outline the steps involved in the design of head
posts, chambers and pedestal anchorage plates that have closely
fitting legs and bases, making implantation quick and easy, while
leaving little to no room between the bone and the implant. We  will
also illustrate the mapping of brain vasculature in regions of inter-
est, with the goal of minimizing the damage caused by insertion
of electrodes. Finally, we  will show how non-invasive anatomi-
cal mapping techniques can be used to plan the exact locations of
craniotomies and sites of electrode insertion prior to surgery, and

describe how to construct guides to mark the desired positions of
implants and craniotomies during surgery.
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. Materials and methods

We  produced customized implants for male rhesus macaque
onkeys, ranging from 4 to 7 years of age and 6.5 to 11.0 kg in
eight at the time of implantation. Seven of these animals were

mplanted with head posts, and two of the seven also received
 recording chamber. In one animal, we implanted an anchorage
late that acted as a base for two CerePortTM connectors (Blackrock
icrosystems).

In the following sections, we first describe our methods for
enerating 3D models of the brain and skull, which are crucial
or implant design and surgical planning. Next, we describe how

e created the customized implants (head posts, chambers, and
edestal anchorage plates), as well as craniotomy guides that were
sed as aids during surgery.

We made anatomical scans using computed tomography (CT)
nd magnetic resonance imaging (MRI). CT scans are relatively
uick and easy to carry out, and yield excellent images of hard tis-
ue such as bone, hence they were used to generate 3D models of
he skull. However, the image quality from a CT scan is not suffi-
ient for clear visualization and segmentation of soft tissue such as
he brain. We  therefore used structural MRI  scans to generate 3D

odels of the brain. It is possible, but not necessary, to place the
nimal in a stereotactic frame for these scans. Here, we  acquired
he CT and MRI  scans without using a stereotactic frame.

.1. Generating a 3D model of the skull

The CT scans were acquired in a Philips Brilliance scanner, with
 field of view of ±250 mm,  a matrix size of 512, a slice thickness of
.9 mm,  an increment of 0.45 mm,  a tube of 120 kV and tube current
f 285 mAs, and a rotation time of 0.75 s. For induction of anaesthe-
ia, we administered medetomidine (0.08 ml/kg i.m.) and ketamine
0.07 ml/kg i.m.). If the procedure lasted for over 30 minutes, a sec-
nd dose of ketamine (0.07 ml/kg) was given. When returning the
onkey to its home cage, we administered an antagonist, atipame-

ole (0.08 ml/kg i.m.).
We  imported ‘digital imaging and communications in medicine’

DICOM) images from the CT scans into either InVesalius 3.0 (Win-
ows) or OsiriX Lite 7.5.1 (Mac). Using this free software, we
erformed automatic thresholding and segmentation to generate a
D model of the skull (Fig. 2). The model was exported in the STere-
Lithography (STL) format, which describes the surface geometry
f a three-dimensional object using a triangulated Cartesian coor-
inate system, and is compatible with many 3D modelling software
ackages. STL is the industry standard in 3D printing, and it does
ot intrinsically specify the model units (e.g. mm,  cm,  inches). Our
odelling was  always carried out using units of millimetres, and
e did not encounter any difficulties when exporting STL files or

haring them between various software programmes. For a more
etailed description of how this was carried out, please refer to the
ocument titled, ‘How to create a 3D mesh STL from DICOM’ in the
upplementary Information.

.2. Generating a 3D model of the brain

To aid the planning and design of our customized implants, we
arried out anatomical MRI  scans and generated 3D models of the
rain to identify regions of interest. This non-invasive approach
llowed us to optimize the location of each implant, and tailor it to
he anatomy of individual animals. For animals that received multi-

le implants, such as a head post and a recording chamber or a head
ost and a pedestal anchorage base, we verified that the implants
ere spaced sufficiently far apart from each other. Where possible,
e conducted our MRI  scans before implanting the animals with a
ce Methods 286 (2017) 38–55 41

titanium head post, to ensure that the MRI  images would be free of
metal-induced artefacts.

The MRI  scans were acquired in a Philips Ingenia CX 3T scanner,
with a 3D T1-TFE gradient echo pulse sequence, SAG SENSE parallel
imaging, a matrix size of 512, a slice thickness of 0.5 mm,  an incre-
ment of 0.5 mm,  sequential acquisition of slices, and TE = 7.3 ms,
TR = 15.9 ms,  and flip angle of 8◦. The anaesthesia protocol was
identical to that of the CT scans, as described in Section 2.1.

Segmentation of the brain could be performed in either one
of two ways: largely automatically on a Linux operating system,
or semi-automatically on a Windows or Mac  platform. For auto-
matic segmentation of the whole brain (Linux), we converted
the DICOM images that were generated from the MRI  scans into
compressed NIfTI files using either the dcm2nii or dcm2niix tool
(Li et al., 2016, https://www.nitrc.org/projects/dcm2nii/) and pro-
cessed them in FSL 5.0.9 (FMRIB, Oxford, UK, https://fsl.fmrib.ox.ac.
uk/fsl/fslwiki/FSL). The Brain Extraction tool (BET) v2.1 was  used
for skull stripping, to generate the isolated brain volume. Next,
the FAST automatic segmentation tool was  used to differentiate
between cerebral spinal fluid, white matter and grey matter, gener-
ating output volumes for these three types of tissue. The segmented
volume was then imported into 3D Slicer 4.4.0, where the tis-
sue types were converted into 3D models using the Model Maker
function, and exported in STL format (Fig. 3). For a more detailed
description of how this was carried out, please refer to the docu-
ment titled, ‘Automatic brain segmentation’ in the Supplementary
Information.

For segmentation of individual brain regions (e.g. the superior
colliculus and visual cortex), or for segmentation of the whole brain
on non-Linux operating systems, we  imported the DICOM images
from the MRI  scans directly into 3D Slicer. We  identified regions of
interest with the aid of a stereotaxic atlas (The Rhesus Monkey Brain
in Stereotaxic Coordinates, Paxinos et al., 1999), and we  performed
slice-by-slice semi-automatic segmentation of the brain or region
of interest using the Editor module (Fig. 4). For a more detailed
description of how this was carried out, please refer to the docu-
ment titled, ‘Slicer manual’ in the Supplementary Information. We
then generated models of brain tissue and exported them as STL
files.

2.3. Generating a 3D model of blood vasculature

The brain is supplied by a vast network of vessels, with some
of the large vessels located on the surface of the brain, and corti-
cal arteries and veins running perpendicular to the surface (Weber
et al., 2008). For studies in which large numbers of electrodes are
inserted into the cortex (for example, using Utah arrays from Black-
rock Microsystems), we hypothesized that it would be useful to
non-invasively obtain anatomical models of the brain vasculature,
prior to surgical insertion of the arrays. This would aid the planning
of the layout of arrays upon the cortical surface, and avoid damag-
ing large blood vessels. We tested the feasibility of this approach in
one animal.

In this animal, a contrast-enhanced MR  angiography (CE-MRA)
was performed during an MRI  scan session, to identify the anatomi-
cal location of blood vessels. This was  carried out in a Philips Ingenia
CX 3T scanner, with a T1-FFE gradient echo pulse sequence, window
width = 795 HU, window level = 408 HU, a matrix size of 336, a slice
thickness of 1 mm,  an increment of 0.5 mm,  a coronal acquisition
orientation, sequential acquisition of slices, TE = 1.9 ms,  TR = 4.0 ms,
and flip angle of 18◦. The animal was anaesthetized (as described
in Section 2.1) and head-fixed in a stereotaxic frame to ensure sta-

bility of the image. A gadolinium tracer (0.15 ml/kg), also known
as contrast dye, was  intravenously infused, followed by an infu-
sion of 0.9% NaCl to flush out the contrast dye. Two sequences
were obtained: one prior to infusion of gadolinium, and the other
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Fig. 2. After carrying out a CT scan, we used InVesalius software to generate a 3D model of the skull from DICOM files.
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ig. 3. We  performed automatic extraction and tissue segmentation of the whole 

urfaces using 3D Slicer (B).

uring the infusion of gadolinium. Using the MR  scanner software,
he sequence that was obtained in the first series was subtracted
rom that obtained in the second, and a maximum intensity pro-
ection (MIP) of the subtraction data was generated, allowing the
isualization of blood vessels of ≥0.4 mm in diameter.

We imported the MRA  subtraction images (in DICOM format)
nto InVesalius, and used the software to segment the images via
utomated threshold setting. We  generated a 3D model of the vas-
ulature, which we then exported in STL format.

.4. Alignment of models
We  imported the STL models of the skull, brain tissue, and blood
essels into MeshLab 1.3.4 beta, and removed loose fragments
sing the Cleaning and Repairing tool, ‘Remove isolated pieces with
from MRI data using FSL software (A), and converted the segmented volumes into

regard to diameter.’ The Laplacian smoothing function was  used to
smooth the surfaces of the models.

We exported the cleaned and smoothed models as STL files,
and imported them into 3D Slicer. The models of the skull, brain,
and blood vessels were manually aligned using the Transforma-
tion module in 3D Slicer (Figs. 5 and 6). We  then exported the
transformed models as STL files for further processing.

2.5. 3D modelling of implants
Software that is used for 3D modelling and design can be broadly
categorized into two groups: some are optimized for the design of
top-down, precisely engineered objects (e.g. tools and mechanical
parts), while others are better suited for the creation and handling
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Fig. 4. We  performed manual segmentation of the brain (green regions) on MRI  data using 3D Slicer software (colours are visible in the online version of the paper).
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ig. 5. We  performed an MRA in one animal, and visualized the blood vessels InVe
D  models of the brain and skull using 3D Slicer.

f complex, naturalistic-looking objects (e.g. animals and plants).
 few are capable of handling both types of data.

For the in-house creation of most of our customized objects
head posts, craniotomy guides, and pedestal anchorage bases),
e used a combination of Autodesk Inventor Professional 2015

nd Blender 2.76 software. Blender is a free, open-source 3D engi-
eering and design software that is suitable for the modelling of
echanically engineered parts, while being powerful and agile

nough to handle complex biological data. Hence, it had the advan-
age of being able to perform all the modelling functions that we
eeded, while being freely available. For the modelling of parts with

imple geometry, we also used Inventor, a proprietary software that
s popular for 3D mechanical design. However, we  found it to be less
uitable for working with biological data, as attempts to import a
odel of a complex structure such as the skull would cause the
 software (left). We generated a 3D model of the blood vessels, and aligned it with

software to crash when running on an Intel® Core TM i7-4771 HP
computer with 32 GB of usable RAM. Other software packages, such
as SolidWorks (Dassault Systemes) and 3-matic (Materialise), are
proprietary software that accomplish similar tasks to Blender, and
our recording chambers were designed by an external contractor
using SolidWorks. We  note, however, that these models could also
have been made free-of-charge using Blender. For more detailed
instructions on how to use Blender for modelling of customized
objects, please refer to the document titled, ‘Blender manual’ in the
Supplementary Information.

For each of the 3D-designed objects, we  identified key anatom-

ical landmarks, such as the locations of targeted brain regions and
the occipital ridge (indicated by the arrow in Fig. 6). We  used these
to plan the precise position and design of implants, optimize the
site of craniotomies, and ensure that in the case of animals with
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Fig. 6. Different regions of the visual cortex, such as V1 and V2 (purple), V3 and
V4  (yellow), and other areas (green) were coarsely segmented and aligned with the
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Fig. 7. Head posts with customized bases and legs were modelled using a combi-
kull using 3D Slicer (colours are visible in the online version of the paper). We
sed anatomical landmarks, such as the occipital ridge (indicated by the arrow), to

dentify the sites of craniotomies and implants.

ultiple implants (e.g. a head post and a recording chamber), the
mplants were spaced apart from each other. In some cases, particu-
arly when planning the site of craniotomies for electrophysiology,
he region of interest was identifiable primarily through stereotaxic
oordinates, rather than anatomical landmarks. When we designed
ur recording chambers, for example, we used stereotaxic coordi-
ates to determine the precise location of the chamber on the skull
more details are provided in Section 2.7). Certain features could not
e 3D printed (e.g. screw threads, narrow pins, grooves, and small
oles), and hence required manual machining. Our mechanical
ngineers advised us on the design of these features. For exam-
le, we ordered taps and dies to create screw threads of the desired
izes on the head posts and pedestal anchorage base, and ensured
hat the design of the prints allowed them to be clamped securely
uring the addition of screw threads.

.6. Modelling of head posts for head fixation

The design of the top portion of the head post was  standard-
zed across animals, to ensure compatibility with lab equipment.

e created this part in Inventor, and subsequently imported it into
lender in the STL format. The design called for a screw thread
t the top of the head post, which was too fine to be 3D-printed.
ence, we printed this element as a solid rod, and the screw thread
as added manually after 3D printing. We  modelled the base and

egs of the head post using Blender, and tailored them to the cur-
ature of the animal’s skull (Fig. 7). When planning the location
f our customized head posts, we ensured that the front legs of
he head posts were positioned close to but not less than ∼2 mm
rom the anterior-most part of the supraorbital ridge (also known
s the eyebrow bone). For a more detailed description of how
his was carried out, please refer to the document titled, ‘How to
reate a custom-designed head post’ and the template file, ‘tem-
late head post.blend’ in the Supplementary Information.

.7. Modelling of recording chambers

For our superior colliculus (SC) experiments, we planned the
osition of the recording chambers using the external ear canals

s stereotaxic landmarks to obtain the location of AP0, and identi-
ed the horizontal plane that passed through the interaural line
nd the infraorbital ridge. We  used a stereotaxic atlas (Paxinos
t al., 1999) to locate the SC, and segmented the structure using 3D
nation of Inventor and Blender software. The anteriormost parts of the head posts
were positioned several milimetres away from the supraorbital ridge (indicated by
the  arrow).

Slicer. We  generated three perpendicular model planes, and posi-
tioned them such that one plane passed through the interaural line
and the infraorbital ridge, another passed through the midsagittal
plane, and the last passed through the SC (Fig. 8). STL files contain-
ing models of the skull, SC, and planes were sent to an external
contractor, who designed the chamber using SolidWorks software.
To ensure that the SC would be accessible to electrodes that were
inserted through the chamber, the chamber was oriented to match
the trajectory of electrodes, and centred on the point of intersec-
tion between the skull and the two  planes that ran through the SC.
The legs and base of the chamber were custom-fit to the curvature
of the skull.

2.8. Modelling of pedestal anchorage bases

In one of the monkeys, we aimed to chronically implant Utah
arrays into the right hemisphere of the visual cortex, and two stan-
dard CerePortTM pedestals (Blackrock Microsystems) on the skull
over the left hemisphere. This necessitated careful planning of the
locations of electrode arrays on the visual cortex, and calculation of
the location and size of the corresponding craniotomy. We  first car-
ried out a segmentation of the whole brain, as described above, and
identified the location of V1 and V4 using anatomical landmarks
such as the lunate sulcus. We  then determined the boundaries of
the craniotomy that would be made during surgery. This allowed us
to choose the precise location of our implant(s) on the skull, ensur-
ing that they did not overlap with the craniotomy or with the head
post (Fig. 9).

CerePortTM pedestals have a flat base that is not tailored to the
curvature of the animal’s skull (Fig. 1B), and they sometimes detach
from the bone. Hence, we  designed a customized pedestal anchor-
age base that acted as an interface for the two pedestals (Fig. 9)
while ensuring a close fit to the skull. The upper surfaces of the
pedestal anchorage base were designed in Inventor, and included
screw holes for the subsequent attachment of the two  CerePortTM

pedestals. The screw threads themselves were too fine to be 3D

printed. We  therefore added holes as markers, to which screw
threads would later be added. Models of the CerePortTM pedestals
and their USB mating interface were also created using Inventor,
and all the models were imported into Blender. The CerePortTM
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ig. 8. For superior colliculus recordings, guiding planes were constructed using 3
lectrodes, thereby determining the position of our chamber (pink; colours are visi

odels were positioned over the skull, close to but not over-
apping each other, to minimize the footprint of the base. The
ustomized base and legs of the anchorage base were generated
sing Blender, and the two pedestals shared a connecting leg. For a
ore detailed description of how this was carried out, please refer

o the documents titled, ‘How to model a Cereport baseplate’ and
How to make a wire bundle conduit in a leg’ and the template
le, ‘template pedestal anchorage base.blend’ in the Supplemen-

ary Information.

.9. Modelling of craniotomy guides as surgical aids

The implantation of recording chambers and electrode arrays
equires careful planning of the craniotomy, which determines the
ccessibility of brain regions of interest. As part of our pre-surgical
lanning, we  printed surgical guides to aid us during the opera-
ion. These animals had previously received a head post implant for
ead fixation, which we used as landmark. The craniotomy guide
onsisted of a ‘grasper’ with a cut-out portion that matched the
hape of the head post (allowing the grasper to be fixed to the head
ost in lock-and-key fashion during surgery), a cutting guide that
elineated the boundaries of the craniotomy, and a rod linking the
rasper to the cutting guide (Fig. 10). For a more detailed descrip-

ion of how this was carried out, please refer to the document titled,
How to create a craniotomy guide for chamber implantation’ and
he template file, ‘template chamber craniotomy guide.blend’ in
he Supplementary Information.
er software. A cylinder demarcated the volume that would be accessible to depth
the online version of the paper).

2.10. Visualization of models

All the models were exported in STL format. For easy visualiza-
tion and sharing, 3D PDF files were generated through a multistep
process, which required a combination of software tools. First, each
of the models that were associated with an individual animal, such
as the skull, the brain, and the implant(s), were imported into
MeshLab in STL format, and exported as OBJ files. The OBJ files
were then imported into a new project in DAZ Studio 4.7 (Win
and Mac, https://www.daz3d.com/daz studio), and the project was
saved as a single U3D file, containing all the models. We  down-
loaded and modified a LaTeX script (Win, Mac  and Linux), U3D2PDF
(http://www.wiki.david-3d.com/making a 3d pdf), and generated
an interactive PDF rendering from the U3D file. The 3D PDF file could
be shared easily amongst collaborators, and opened in Adobe Acro-
bat Reader, affording viewers a rotatable and zoomable 3D view of
the design. For a more detailed description of how this was  car-
ried out, please refer to the document titled, ‘How to create a 3D
PDF’ and the sample LaTeX code, ‘sample 3D PDF tex code’ in the
Supplementary Information.

2.11. 3D printing

We identified 3D printing companies in our region through the
online search platform, 3dhubs.com, which allowed us to select

printing companies based on the print material, model of the
machine, print resolution, geographical location, price, and cus-
tomer reviews. We  consulted various 3D printing companies to
ensure that our designs could be printed in precise detail, and

https://www.daz3d.com/daz_studio
https://www.daz3d.com/daz_studio
https://www.daz3d.com/daz_studio
https://www.daz3d.com/daz_studio
https://www.daz3d.com/daz_studio
https://www.daz3d.com/daz_studio
http://www.wiki.david-3d.com/making_a_3d_pdf
http://www.wiki.david-3d.com/making_a_3d_pdf
http://www.wiki.david-3d.com/making_a_3d_pdf
http://www.wiki.david-3d.com/making_a_3d_pdf
http://www.wiki.david-3d.com/making_a_3d_pdf
http://www.wiki.david-3d.com/making_a_3d_pdf
http://www.wiki.david-3d.com/making_a_3d_pdf
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46 X. Chen et al. / Journal of Neuroscience Methods 286 (2017) 38–55

Fig. 9. A virtual craniotomy was made in the skull over the right hemisphere, showing the visual cortex of the brain (yellow; colours are visible in the online version of the
paper).  A pedestal anchorage base (purple) was created as a support for two  CerePortTM pedestals (Blackrock Microsystems, green and orange), and positioned so as to avoid
the  craniotomy and head post (grey). Note that in this animal, the CT scan of the skull was obtained after the implantation of a (non-customized) head post, hence the skull
and  head post are fused into one model, and some metal-induced artefacts are visible around the base of the head post.
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ig. 10. Craniotomy guides (red) were designed for use during surgical implantati
t  the desired locations on the skull (colours are visible in the online version of the
ost  (blue), and a cutting guide that marked the boundary of the craniotomy.

hat their print resolution would be adequate for the task at hand.
able 1 displays the mean cost of each print.

Occasionally, our printers identified minor errors in our models
hat prevented them from being printed, such as unintended holes
nd non-manifold edges. We  performed mesh repair and clean up
sing Meshmixer 3.2 software (Win and Mac, http://meshmixer.
om). Meshmixer (Autodesk, Inc.) is a popular free software with
n ‘Inspector’ tool that allows the user to analyze a model for errors
r irregularities, and fix them rapidly. The software generated solu-

ions to fill small holes and delete unwanted regions – an automated
pproach that saved us from the substantial time and effort that
sually accompanies manual repair.
hambers (left), and electrode arrays (right), allowing the trepanations to be made
). Each craniotomy guide consisted of a grasper that could be attached to the head

For cheap and rough rapid prototyping of objects such as the
skull, prints were made from acrylnitrile butadiene styrene (ABS)
or polylactic acid (PLA) plastic, through a process known as fused
deposition modelling (FDM).

For rapid prototyping of objects such as head posts, chambers,
pedestal bases and pedestals, we wanted high-quality prints that
would closely resemble the final titanium product, with the preser-
vation of fine details. Similarly, our craniotomy guides needed to
be accurate in form, but did not have to be made of a strong or

expensive implantable material such as metal. For these applica-
tions, resin prints were made using stereolithography (SLA), with a
Form 1+ 3D printer (Form Labs, Somerville, MA), offering 25-micron

http://meshmixer.com
http://meshmixer.com
http://meshmixer.com
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Table  1
Average cost of each type of print, categorized by material, object, and version (P:
prototype; F: final object; R: anatomical reference). For rapid prototyping, prints
were made from PLA plastic or resin. The craniotomy guides that were used during
surgery were printed in clear resin, while the final versions of implants such as
the  head posts, chambers, and pedestal anchorage base, were printed in Grade 1
titanium. The prices include the cost of post-production that was  carried out within
the 3D manufacturing company, but do not include post-production that was  carried
out  by our workshop. They also exclude the cost of adding a biocompatible coating
to  the base (described in section ‘Osseo-compatible coating.’).

Material Print Version Number of
units

Mean cost per
unit (D )

Resin Head post P 2 21.71
Pedestal base P 1 43.14
Craniotomy guide F 5 27.68
Cortex R 1 36.97

Titanium Head post F 7 399.00
Pedestal base F 1 355.02
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Chamber F 2 503.83

PLA  plastic Skull R 7 36.74

esolution in the vertical dimension. Additionally, prints of seg-
ented cortical tissue were made in resin, and used as anatomical

eferences.
The final implants were printed by an industrial 3D printing

ompany in Grade 1 titanium, using a process known as direct
etal printing (DMP). The dimensions of the printed parts had an

ccuracy of ±50 microns, which was adequate for our purposes.
For a more detailed description of how this was  carried out,

lease refer to the document titled, ‘How to 3D print an object’
n the Supplementary Information.

.12. Post-processing

After printing, we carried out further post-production process-
ng. We  removed support structures from all the objects. We  added
xternal screw threads to the head posts. One of our head posts had

 minor defect, causing two of the legs to be bent at an odd angle.
e used pliers to bend them into the correct shape.
For the chambers, we added ridges and pins. A disadvantage of

D printing is that the resolution of the printed objects (∼25 �m
or resin, ∼50 �m for titanium, and ∼200 �m for PLA plastic) is
ypically worse than that which is achievable through CNC machin-
ng (∼2 �m).  As a result, the surface quality of 3D-printed objects
s worse than that of CNC-machined objects. We  found that this
id not affect the overall quality and functionality of our printed
bjects, except for the interior surface of our chambers, which had
o be smoothened in order to facilitate cleaning and reduce the risk
f infection. Hence, the interior wall of the chambers was  electro-
olished to a roughness of Ra < 0.05 �m (yielding slight thinning of
he material).

For the pedestal anchorage base, we added internal screw
hreads to the holes on the upper surface. Note that these holes
ere not oriented perpendicular to the surface, but at an angle of

7.5 degrees, to match the angle of the screw holes on the base of
he CerePortTM pedestals. Hence, a special clamp was  made to hold
he pedestal anchorage base firmly in the correct position and set it
t the correct angle during the addition of screw threads (Fig. 11).

Examples of the printed objects are shown in Fig. 12.

.13. Osseo-compatible coating

Hydroxylapatite (HA) is a synthetic form of calcium phosphate

a naturally occurring component of bones and teeth), which is
opularly used as a biomaterial for bone repair and substitution
Surmenev et al., 2014; LeGeros, 2016). Commercial orthopaedic
nd dental implants are coated with HA granules, to promote
Fig. 11. To add internal screw threads to the holes on the upper surface of the
pedestal anchorage base, a special clamp was designed, positioning the holes at a
17.5-degree angle.

osseointegration between the bone and the implant (Søballe et al.,
1990; Cook et al., 1992; Lanz et al., 2013; Raphel et al., 2016). The
bottom surfaces of our implants were plasma sprayed with HA by
the company Medicoat AG (Mägenwil, Switzerland), at a cost of
D 230 per implant. Note that this procedure is not widely adopted in
the field of primate neurobiology, and we have previously observed
successful osseointegration of implants that were not coated with
HA. Hence, to our knowledge, the benefits of doing so are neither
well-researched nor well-established in monkeys. Nevertheless,
we felt that the potential benefits merited the additional expen-
diture. A 30-micron titanium bond layer was added to the lower
surfaces of the legs and base, followed by a 50-micron layer of HA.
During the coating process, the screw holes were masked to pre-
vent alterations of their dimensions and surface smoothness. For a
more detailed description of how this was carried out, please refer
to the document titled, ‘How to order a coating of hydroxylapatite’
in the Supplementary Information.

2.14. Surgical procedure

All experimental surgical procedures complied with the NIH
Guide for Care and Use of Laboratory Animals (National Institutes
of Health, Bethesda, Maryland), and were approved by the insti-
tutional animal care and use committee of the Royal Netherlands
Academy of Arts and Sciences.

A course of antibiotics was  started two  days prior to each
operation, and the animal was weighed to obtain the correct
dosage. Anaesthesia was induced with intramuscularly admin-
istered ketamine (7 mg/kg) and medetomidine (0.08 mg/kg). We
administered 0.1 ml  atropine (concentration 0.5 mg/ml) if the heart
rate dropped below 75 bpm. The animal was placed on a heated mat
to allow continuous regulation of body temperature. Eye ointment
was applied to maintain hydration of the eyes. Xylocaine ointment
was applied to the ear bars of the stereotaxic frame, and the animal’s
head was  secured in the frame.

For maintenance of anaesthesia, the animal was intubated and
ventilated with 0.8–1.5% isoflurane (20% O2 and 80% air). An
intravenous catheter was  inserted into a vein in the arm. During
surgical implantation of head posts and chambers, we admin-
istered fentanyl at 0.005 mg/kg on indication, Ringer-glucose at

10–15 ml/kg/hour, and antibiotics intravenously. During surgical
implantation of electrode arrays, we additionally administered
midazolam at 0.5 mg/kg (concentration 5 mg/ml) once per hour.
ECG, heart rate, external blood pressure, SpO2, CO2, tempera-
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ig. 12. 3D-printed objects for primate electrophysiology: a head post (A), a pedes
esin  (D). The price indicated is the average printing cost.

ure, muscle tone, respiration, and the response to pain stimuli
ere monitored continuously. The head was shaved and cleaned
ith chlorhexidine solution and alcohol. For installation of cranial

mplants, a semi-circular flap of skin was carefully detached from
he skull over the desired implant location, reflected, and wrapped
n damp cotton swabs to keep it moist. Methods of implanting a
ead post, chamber, and pedestal anchorage base, and post-surgical
ecovery are described separately in the following sections.

.14.1. Head post implantation
The titanium head post was autoclaved to ensure sterility. The

mplant was placed on the skull, with the front legs positioned close
o the brow ridge, and adjusted such that it fit perfectly against the
kull. We  used 2-mm-diameter Ti cortex screws (DePuy Synthes,
mersfoort, Netherlands) to secure the head post to the bone. A
mall incision was made in the flap of skin, just large enough to
llow egress of the head post, and the skin was then pulled over the
ead post, covering its legs. We  positioned the hole in such a way
hat slight tension was maintained on the skin. The wound margins
ere sutured together, and an extra stitch was made around the

ase of the protruding section of the head post, to hold the skin
losed around the newly made hole.

.14.2. Chamber implantation
Prior to use, we sterilized our resin craniotomy guide by soak-

ng it in alcohol for 30 min, and we autoclaved the Ti chamber. For
he implantation of chambers (and electrode arrays), in addition
o stereotaxic coordinates, we used a craniotomy guide to iden-
ify the precise location of the craniotomy, as determined during
re-surgical planning (Fig. 10). First, the guide was affixed to a
ead post, which had been implanted during an earlier procedure.

ext, the circumference of the desired craniotomy was  traced using

 marker pen, and the craniotomy was made with a trepan. The
hamber was positioned over the circular craniotomy and secured
o the bone with Ti screws. A small incision was made in the flap
se (B) and a chamber (C) made from titanium, and a craniotomy guide made from

of skin, just large enough to allow egress of the chamber. The skin
was pulled back over the legs of the chamber and sutured closed.
To seal off the chamber, we used a cap from Crist Instrument Co.,
Inc (Hagerstown, MD), which had an interior rubber ring and was
secured using three screws that protruded into a groove running
around the outer diameter of the chamber.

2.14.3. Pedestal anchorage base implantation
The titanium pedestal anchorage base was autoclaved to ensure

sterility. The implant was  adjusted until its position on the skull
was correct. Ti screws were used to secure the anchorage base to
the bone. We filled the screw holes with bone wax to prevent tissue
and fluid egress during the recovery period, in which we expect
integration of the implant with the bone. The skin was  pulled back
over the entire implant and sutured closed. We  plan to attach the
CerePortsTM during a second surgery in which the arrays will be
inserted into the visual cortex.

2.14.4. Recovery
Ten minutes before the end of the surgery, the ventilator

was switched to stand-by mode, allowing spontaneous breathing.
Upon conclusion of the procedure, the monkey was  released from
the stereotactical apparatus. The isoflurane was  switched off and
an antagonist was administered i.m. (atipamezole 0.008 mg/kg),
allowing the animal to wake up. Subjects were closely monitored
following the operation and given several weeks to recover. For
the animal that received a pedestal anchorage plate, a minimum
interval of two  months is planned between the implantation of
the anchorage plate and the implantation of the electrode arrays

and CerePortsTM. Postoperative care included analgesia with fina-
dyne i.m. (1–2 mg/kg) on the day of the surgery, followed by oral
Metacam that was  spread on pieces of fruit or mixed with syrup, at
0.1 mg/kg per day, for the six days following the surgery.
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 flush against the surface of the skull, leaving little room for fluid ingress.

3

p
w
o
s
n
w
n
r
b

a
i
r
g
a
o

3

i
s
d
b
W
b
i
t
i
H

t
t
m
a
w
m
a
l
l
a
m

3

n
o

Fig. 14. The skin surrounding the customized head post implants showed no signs
Fig. 13. During surgical implantation, our customized implants sat

. Results

Compared to non-customized mass-produced implants, our 3D-
rinted implants were faster and easier to implant, as their base
as already optimally or close-to-optimally shaped. For one of

ur chambers (described in detail below), we had to bend the legs
lightly with pliers to obtain a good fit. The other implants needed
o further modification during surgery. In all cases, including those
here our implants were manually adjusted, we  observed little to

o gap between the base of the implant and the skull (Fig. 13),
educing the chances of tissue and fluid ingress, and subsequent
acterial infection and tissue inflammation.

At the time of implantation, most of our animals were juveniles,
ged 4 to 7 years old, and the time interval between their anatom-
cal scan and the date of implantation was up to 10 months. This
aised the question of whether normal cranial development and
rowth would lead to changes in their bone structure, adversely
ffecting the fit of the implant. During surgery, however, we
bserved no effect of elapsed time on the fit of the implant.

.1. Chamber implantation

In one of the animals that received a chamber, the location
ndicated by the craniotomy guide perfectly matched that of the
tereotaxic coordinates. In the other animal, however, we noticed a
iscrepancy of approximately 1 cm between the location predicted
y the surgical guide and that based on stereotaxic coordinates.
e positioned the craniotomy based on the location prescribed

y the surgical guide. However, after making the craniotomy and
nserting the bottom lip of the chamber into the hole, we  found
hat the chamber legs did not fit perfectly against the bone, making
t unlikely that our implantation location was exactly as planned.
ence, we bent the legs with a pair of pliers to match the skull.

In both animals, we  found that the craniotomies were slightly
oo large, hence we filled the gap with dental acrylic. We  suspect
hat this was due to a small mismatch between the size of the hole

ade by the trepan and the planned size of the chamber. In one
nimal (the one for which a manual adjustment of the chamber legs
as made), the gap was located on only one side of the chamber and
easured less than half a millimetre, hence requiring only a small

mount of dental acrylic, whereas in the other animal, the gap was
arger (although still smaller than 1 mm)  and we  built up a small
ayer of dental acrylic around the implant. We  plan to make small
djustments to the design of the chambers in future, to prevent the
ismatch in size.

.2. Pedestal anchorage base implantation
To position the pedestal anchorage base on the skull, we did not
eed to use a surgical guide as this could easily be done by eye. One
f the legs of the implant had a distinctive shape that allowed it to
of  retraction in some animals (left), and up to 3 mm of retraction in others. One
animal received a pedestal anchorage base (right) and the skin over the implant
was healthy, with little sign of the procedure in the months after surgery.

fit snugly against the curvature of the occipital ridge (a prominent
protrusion of the bone in macaques, as shown in Fig. 6), and we
adjusted the position of the implant until a close fit was  obtained.
We did not observe any gaps between the skull and the implant.
Hence, we did not need to modify the legs or use dental acrylic.

3.3. Implant integration

At the time of writing, the post-surgical implantation period
ranged from 11 months to ∼2 years and none of our animals devel-
oped problems with their customized implants.

In the animals that received customized head posts, we  gen-
erally observed little retraction of the skin (Fig. 14, left panel),
indicating improved health of the surrounding tissue, and good
integration between the customized head posts and the skin. This
contrasts with our previous experience with non-customized head
posts, where we noticed that the skin surrounding the implants
sometimes retracted by several millimetres.

For one of the animals that received a customized head post,
we carried out a post-operative MRI  scan, allowing us to visualize
the effects of the metal head post on the quality of the scan. We
observed significant artefacts in the region of the brain underlying
the head post, extending approximately one centimetre from the
base of the head post and occluding the anatomy of the frontal
cortex (Fig. 15). However, we were still able to obtain a clear view
of the temporal, parietal, and occipital lobes, and visualize the visual
cortex (our region of interest in that animal).

At the time of writing, the chambers had been implanted for 13
and 16 months respectively. After surgery, we cleaned the cham-

bers regularly using hydrogen peroxide and betadine solution. The
electropolished interior walls were smooth and easy to clean. We
did not observe any loss of fluid from the chambers, and they
remained stable and free of infection. In one of our animals, the
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ig. 15. The titanium head post generated artefacts in a post-operative MRI  scan 

bscuring the anatomy of the frontal lobe. The resulting distortions in the shape of t
ead  post.

ase and legs of the chamber were not covered with dental acrylic.
n this animal, the skin around the chamber remained healthy, with
ess than 2 mm of retraction around the cylinder base, but retraction
ccurred over the anterior-most leg of the chamber.

A pedestal anchorage base was implanted in one animal for eight
onths at the time of writing. The skin was closed back over the

mplant, allowing the wound to heal fully after the surgery. The
verlying skin was healthy with normal fur growth, and the site
f implantation was no longer visible a few months after surgery
Fig. 14, right panel), although we were able to feel the raised edges
f the anchorage base when palpating the skin.

This same animal had previously been implanted with a non-
ustomized head post. For reasons unrelated to the implantation
f the customized pedestal anchorage base, the head post came

oose and we carried out a CT scan in order to assess the integrity
f the skull underneath the head post. This gave us the opportunity
o non-invasively visualize the pedestal anchorage base as well.
he metal implant created substantial artefacts in the image, which
ere identifiable by their bulky forms and jagged surfaces (Fig. 16).
e palpated the skin and verified that these structures were indeed

rtefacts and were not actually present.

. Discussion

We  here described how 3D printing could be used as a pow-
rful tool to speed up surgery time, deliver customized results,
nd potentially reduce subsequent risk of infection and implant
ailure. These new techniques were embedded within a larger pro-
ess, which included more traditional techniques, and substantial

lanning and post-processing. Setting up a workflow, compiling the
equisite software tools, and finding reputable contractors to carry
ut the printing process required an initial investment of time and
nergy. Once our protocols were in place, however, this information
arcated by arrows, top), disrupting the signal in the vicinity of the head post and
in (demarcated by arrows, bottom) closely followed the contours of the legs of the

could be shared readily and used to generate a wide range of well-
tailored products. In this Discussion, we cover various aspects of the
process, and provide insight into the challenges and advantages of
this approach.

4.1. Support and infrastructure

While 3D printing is a highly innovative and even revolu-
tionary technology, representing the forefront of digital design
and automated production, the present methods also rely upon
an ecosystem of manual labour and machining. Critical to our
approach was ready access to MR  and CT scanning facilities, along
with logistical and technical support, which allowed us to gener-
ate 3D models of our animals’ anatomy. An alternative strategy
is to carry out a surgical survey, in which the skin is temporar-
ily retracted and a mould is taken of the skull, forming the basis for
future modelling (Betelak et al., 2001). However, obtaining a cast of
the skull is labour-intensive and time-consuming. We  also believe
that CT or MR  scanning is preferable because it avoids an addi-
tional surgical procedure. McAndrew et al. (2012) have previously
attempted to perform a non-invasive ‘skull mapping’ procedure
in an awake animal, using a stereotaxic needle to scan the head
in three dimensions (with the skin intact) in order to generate a
3D representation of the skull. However, this failed to accurately
capture the morphology of the skull (perhaps due to the overlying
muscle and skin tissue), and the authors abandoned this approach
for MRI  and CT data acquisition.

Throughout the design process, we worked closely with our
mechanical workshop and 3D printing service providers, obtain-

ing advice on the design considerations to be taken with our prints.
Some of these arose from the constraints imposed by 3D printing
technology, while others were related to principles in engineering,
such as the calculation of tolerances, dimensions of screw holes and
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Fig. 16. A CT scan revealed the overall contours of the pedestal anchorage base, although numerous artefacts were generated in the image, due to the metallic nature of the
i

s
t
t
t

r
p
O
p
a

i
m
s
p
w
d

i
c
a
a
d
t

4

d
t
h
p
o
e
c
f
m

b
(
S
D
m
s
d
m
r
p

mplant.

crew threads, and material strength. If we anticipated that certain
ools might be needed during the post-processing stage, such as
hread cutters or clamps with which to securely hold our prints,
hese were ordered or made in advance by our workshop.

With a choice of numerous rapid prototyping companies in our
egion, we had our plastic and resin prints made by several service
roviders, and selected the providers who offered the best value.
n occasion, prints were ready for collection as soon as the day after
lacement of the order. The prompt service and good print quality
llowed the production process to proceed rapidly.

For our titanium prints, we benefitted from geographical prox-
mity to both a leading industrial 3D printing company, and a

edical coating company (MediCoat, Switzerland). Due to their
hort production times, we typically received our new titanium
rints within three weeks from the date that the order was  placed,
hile coating of prints with HA took one to two  weeks from the

ate that the medical coating company received the implant.
After the titanium parts were printed, post-processing work

ncluded electro-polishing of the interiors of chambers, which was
arried out by a third-party company. Our mechanical workshop
dded ridges and pins to chambers, and screw threads to head posts
nd the pedestal anchorage base. Two of our head posts had slight
efects due to printing and/or design errors; however, we were able
o rectify them easily by bending the legs with pliers.

.2. 3D printing materials

The machines on which our prints were built ranged from
esktop printers, such as the Ultimaker and the Form, to indus-
rial printers that printed in metal. Whenever possible, we  printed
igh-quality prototypes to check and evaluate our designs, before
rinting them at higher cost in titanium. The relatively low cost
f the prototype prints allowed us to take advantage of the ben-
fits offered by 3D printing: the ability to quickly create unique,
omplex implants that were customized to individual animals, and
reedom from the design constraints imposed by traditional CNC

illing methods.
To ensure that our designs would be printable, we  acquired a

asic understanding of how various 3D printers work. FDM printers
for plastic prints) build their objects in the air, layer by layer, while
LA printers (for resin prints) build their objects from a solution.
uring the printing process, both FDM and SLA printers add extra
aterial known as ‘support structures’ to the print. The support

tructures act as scaffolds and prevent the print from deforming

ue to gravity. Many commonly used FDM printers, such as the Ulti-
aker, are hobbyist machines, which tend to produce their prints

elatively quickly and at low resolution. They build prints out of
lastics that have low melting temperatures, and can often yield
uneven results. Due to the properties of the print material and the
deposition process, FDM prints can be fragile, especially at thin
points. Similarly, when it comes to printing using SLA, low-cost
resin prints tend to become brittle when exposed to UV light and
may  therefore fall apart over time. Hence, unless these low-cost
plastic or resin prototypes are intended for short-term use, their
form should be robust in design. We  do note, however, that the
range of materials on offer continues to expand. For higher prices, it
is possible to produce prototypes using materials that confer prop-
erties such as additional strength, toughness, biocompatibility, and
flexibility to the prints.

Unlike plastic and resin prints, titanium prints are built up layer
by layer within a bed of metal titanium particles. Hence, they do
not require additional structures to support their weight. The tita-
nium particles are fused together at high temperatures by a laser
beam, yielding extremely strong, durable prints, which accounts
for the popularity of this technique in the aerospace, automotive,
and health industries. Medical implants are typically manufactured
using medical-grade titanium, and various methods of enhancing
their biocompatibility are under development. These include the
coating of implants with osteocompatible materials such as cal-
cium phosphates, the embedding of bactericidal silver particles into
the osteocompatible coating (Valle et al., 2012; Lanz et al., 2013),
and the creation of nano-scale pores on the surface of the implants
via metal laser sintering, grit blasting, or acid etching, in order to
promote osseointegration (Buser et al., 1991; Hacking et al., 2012;
Raphel et al., 2016). Titanium has the added advantage of being
ductile enough to be bent manually with pliers, if the need arises
(e.g. during surgical implantation of one of our chambers, we per-
formed manual bending of the legs, due to a discrepancy between
the planned and actual location of the implant).

We  note that if an animal with a metal implant undergoes a
structural MR  or CT scan, the implant is likely to distort the mag-
netic field and produce artefacts in the signal, which may  obscure
the anatomy of the brain and/or skull in the region of the implant (as
seen in Figs. 15 and 16). Hence, any anatomical or functional scans
of the brain should ideally be obtained prior to implantation with a
titanium object, particularly if the location of the implant is close to
that of the brain region of interest. Nevertheless, under certain cir-
cumstances, it may  be useful to carry out an anatomical scan – such
as when the researchers want to verify the location of an inserted
electrode, or check the quality of the underlying bone and assess
the level of integration between the skull and the implant (Adams
et al., 2007). We  would refrain from performing functional scans

in animals with a metallic head post, due to concern over potential
overheating of the implant, and also because this is not widely done
(further research on the thermal conductance properties of various
metals in an MR  scanner might be useful). Radiolucent materials,
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uch as PEEK, are widely used in applications that require exten-
ive post-operative scanning (Mulliken et al., 2015), in combination
ith ceramic (rather than titanium) screws. However, 3D printing

n PEEK is still at a relatively early stage of development, hence radi-
lucent implants are usually manufactured through CNC milling
McAndrew et al., 2012; Lanz et al., 2013).

Besides plastics, resins and metals, biologically inspired materi-
ls are starting to be developed. Recently, a study demonstrated
he use of a novel synthetic osteoregenerative material, termed
hyperelastic bone,’ which is composed of hydroxylapatite (90%)
nd polycaprolactone or poly(lactic-co-glycolic-acid) (10%) (Jakus
t al., 2016). This material could be rapidly 3D printed, and had
roperties mimicking that of naturally occurring bone, such as high
orosity, elasticity and strength. A cranial implant made out of
yperelastic bone was used to repair a defect in the skull of a mon-
ey (Jakus et al., 2016), and the researchers found that it integrated
eadily with the bone and was well vascularized just four weeks
fter the surgery, making it a promising material for the creation of
uture implants in neuroscience.

.3. 3D modelling software

We  explored a wide variety of 3D modelling tools, with a focus
n free, open-source software. InVesalius, OsiriX, FSL, and 3D Slicer
ere used for processing CT and MR  imaging data, while Blender,
eshLab, and DAZ Studio were used for 3D design and render-

ng. Imaging data is typically stored in the DICOM format, and is
eadily accessible through a number of software tools. However, a
lethora of file formats are used in 3D modelling- the most popu-

ar of which include the STereoLithography (STL), OBJect (OBJ), and
oLYgon (PLY) formats. Each programme was able to handle a spe-
ific set of 3D file formats, necessitating a diverse range of software
o cover all the functions required. We  hope that other researchers
ill be able to take advantage of the proposed workflow (Table 2),

hereby reducing the time needed to identify the necessary soft-
are tools and their interfaces so that they can quickly assemble

heir own coherent workflow. We  have also assembled a series of
eference manuals that are available for download in the Supple-

entary Information (please refer to Section 4.6, ‘Sharing amongst
esearchers’).

.4. Craniotomies

In one of our SC animals, our craniotomy guides were combined
uccessfully with pre-surgical planning and stereotaxic measure-
ents, providing us with accurate delineations of the craniotomy

oundaries. Furthermore, the precisely tailored fit of our implant
elped to verify that it was correctly positioned on the skull during

mplantation, as slight deviations from the planned location yielded
 suboptimal fit. In some cases, such customization can reduce or
liminate the need for researchers to undertake post hoc imaging
tudies to determine the optimal trajectory of electrodes that are
nserted through a chamber (Kalwani et al., 2009). For example,

e successfully obtained recordings from the superior colliculus in
ne of our animals via a customized recording chamber, without
eeding to carry out a post-operative scan (at the time of writing,
e have not started recording from the other animal, but we  also

xpect that a scan will not be necessary). Nevertheless, these meth-
ds are not always foolproof. In one animal, we noticed a disparity
etween the surgical guide and the intended stereotactic coordi-
ates, as well as an imperfect fit between the chamber and the
kull. We  expect the likelihood of these mismatches to decrease as

esearchers gain experience with these methods.

In both animals, we found that the craniotomy was slightly too
arge relative to the diameter of the chamber and we  used dental
crylic to fill in the gaps. Hence, the exact size of the printed cham-
ce Methods 286 (2017) 38–55

ber should be carefully measured and compared to the trepan to
ensure as close a fit as possible. As an alternative to dental acrylic,
one could consider using Geristore® (DenMat, Lompoc, CA), a resin
ionomer which reportedly offers several advantages over dental
acrylic such as enhanced biocompatibility (Johnston et al., 2016),
or a hydroxylapatite paste such as Mimix  QS (Biomet Microfixation,
Jacksonville, FL) (Adams et al., 2011).

4.5. Design considerations

During the 3D modelling process, we considered several designs
for our implants. For example, we  tested various configurations for
the layout of our pedestal anchorage base, and adjusted the number
of legs and their positions. During surgery, we found that one of
the legs of the anchorage base extended laterally under the muscle
tissue surrounding the implantation site, slightly impeding access
to one of the screw holes. Hence, for future implants, we plan to
generate a 3D model of the overlying skin and muscle tissue from
our MRI  scans, to ensure that the legs and screw holes are readily
accessible.

All of our designs featured multiple legs per implant. A disadvan-
tage of this is that the raised profile of the legs may  cause the skin to
recede from the implant, eventually exposing the bone (Mulliken
et al., 2015). This only occurred in one of our implants (a chamber),
for just one of its legs. The problematic leg was  positioned close to
an existing head post, which may  have contributed to the retraction
of the skin. An alternative technique, described by Mulliken et al.
(2015) for the creation of customized PEEK chambers, is to embed
the screw holes within the wall of the chamber itself (Mulliken
et al., 2015). Downsides to this approach are that the circumference
of the chamber is increased, and the anchor points of the screws are
concentrated within a small region rather than distributed over a
larger area, which may  contribute to mechanical instability.

Adams et al. (2007) have reported using titanium head posts
with feet of a similar thickness to ours (1 mm),  and they found that
14 months after implantation, the bone had grown over the feet,
partially embedding the head posts and screws within the skull.
We generally observed little retraction of the percutaneous wound
margin in our animals, perhaps due to the precautions taken during
surgery to keep the skin firmly wrapped around our implants, as
well as to the low profile of our feet (∼1 mm).

We  identified several improvements that could be made to the
design of our chambers. Firstly, we  electropolished the interior of
our chambers, as well as the upper half of the exterior. In one ani-
mal, we  found that the lower half of the chamber exterior tended
to accumulate dirt due to its rough surface. Hence, we plan to elec-
tropolish the whole cylinder in future iterations (though not the
legs). Secondly, the design of our chambers included a pin that
protruded from the exterior wall of the chamber; however, during
recordings from the SC, we found that the pin was unnecessary and
limited the number of positions that could be accessed using our
microdrive, and we  may  choose to eliminate the pin from subse-
quent designs. Thirdly, our chambers were designed with a lower
‘lip’ around the base of the cylinder, which extended below the
surface of the skull, and enhanced the seal between the chamber
and the bone. However, the presence of the lip prevented us from
testing the fit of the chamber legs against the skull, prior to mak-
ing the craniotomy. Hence, for future chamber implantations, we
plan to print out a lipless version of the chamber in resin, which
will be used to determine the exact position of the chamber, based

on the fit between the skull and the chamber legs, before carry-
ing out the craniotomy. We  could even combine the lipless resin
chamber with our craniotomy guide, producing a single chamber-
craniotomy resin guide.
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Table 2
Workflow for each type of printed object, listing the software and file formats that were involved. The numbers in the ‘Output’ columns refer to the order of the steps involved. ‘1/2’ indicates that these steps could be performed
simultaneously or in any order.

Steps Description Software File formats Output

Skull model Brain model Head post Chamber Pedestal base Craniotomy guide

CT scan Obtain anatomical scans of skull – DICOM 1 1 1/2 1/2 1/2
MRI  scan Obtain anatomical scans of brain and/or blood

vessels
– DICOM 1 1/2 1/2 1/2

3D  modelling of skull Generate model of skull, identify anatomical
landmarks

InVesalius/OsiriX, MeshLab STL 2 2 2 3 3 3

3D  modelling of brain Generate model of brain, identify anatomical
landmarks

3D Slicer/FSL, MeshLab STL 4 4 4

3D  modelling of object Align anatomical models, design customized
objects

3D Slicer, Blender/Inventor STL 3 5 5 5

Generate  STL/PDF files Generate STL files for printing and 3D PDF files for
sharing

MeshLab, DAZ Studio, LaTeX STL, OBJ, U3D, PDF 3 3 4 6 6 6

3D  print in plastic Create rapid prototypes using fused deposition
modelling

Meshmixera STL 4

3D  print in resin Create high-resolution resin prints using
stereolithography

Meshmixera STL 4 5 7 7 7

3D  print in Ti Create titanium implants using direct metal
printing

Meshmixera STL 6 8 8

Machining Post-production processing and correction of
defects

– – 7 9 9

Coating with HA Coat base of implants with layer of hydroxylapatite – – 8 10 10
Sterilization Soak resin prints in alcohol, and autoclave titanium

prints
– – 9 11 11 8

a MeshMixer was used only if minor repairs were needed prior to printing.
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.6. Sharing amongst researchers

Once our workflow was established, we were able to share these
echniques easily between lab members. While the base and legs
f our implants were customized to the anatomy of individual
nimals, design elements such as the tops of chambers and head
osts were standardized between animals, to allow mating with the
icrodrives and head post holders used in our lab. We  generated a

eries of manuals, along with Blender template files for our 3D mod-
ls that contained ‘building blocks’ for each type of implant. These
anuals and template files are available for download as supple-
entary information. The use of open-source software facilitated

le sharing and skill and knowledge transfer, allowing researchers
o become proficient in the entire 3D modelling and printing pro-
ess within weeks. If essential infrastructure such as a mechanical
orkshop, scanning facility, and 3D printing services are available,

t is likely that this system can be readily implemented in other
abs.

.7. Cost

Several large companies offer 3D metal printing services ‘on-
emand,’ providing access to leading-edge industrial 3D printers
hat produce high-quality metal parts. Typically, the cost price of
uch printers starts at several hundred thousand euros, going up to

 1 M or more, depending on the model. Due to the low setup costs
or each print, such companies are able to produce customized,
ne-off solutions that cater specifically to the medical, dental, and
esearch markets.

The commercially produced customized implants that are
ffered by neuroscience research companies tend to be built using
NC milling techniques, rather than 3D printing. The cost price of
uch implants includes labour and overhead costs, as well as the
ost of equipment and materials, and the company’s profit mar-
in. Hence, it is not entirely straightforward to compare the overall
osts of implant production between commercially offered prod-
cts and the 3D-printed solutions developed by our lab. To our
nowledge, however, our customized implants are substantially
heaper, particularly when it comes to recording chambers. For
ustomized head posts, the most competitive commercially avail-
ble solutions of which we are aware are slightly more expensive
han our titanium head posts (D 399 on average for the materials),
ven when labour costs are factored in for the design of the cus-
omized implants. Therefore, cost considerations alone should not
eter researchers from using 3D-printed implants.

.8. Implications for research

Poorly designed implants that do not conform to the unique
urvature of an animal’s skull can result in higher risk of infection,
issue growth, and eventually, implant failure. Loss or breakage of
n implant requires an emergency repair surgery (Adams et al.,
007), and if possible, re-implantation, causing additional physical
nd emotional stress for the animal, and often disrupting experi-
ental data collection. An increase in the quality of implants leads

o better stability and longevity of neuronal recordings, improved
ellbeing of the animals, and better scientific results. Due to the

mall numbers of animals involved in our studies, and the presence
f other potentially confounding factors (such as the overall health
f each animal, or the level of maintenance of the wound margins
y individual researchers), our results are primarily qualitative, and
ur observations are based on visual examinations made by the lab

esearchers, animal technicians, and veterinarians. Nevertheless,
e note that none of our customized implants have given rise to

roblems with infection or loosening from the cranium thus far,
nd the retraction of the skin around the implants appears to be
ce Methods 286 (2017) 38–55

less than that typically observed with non-customized implants.
The field of 3D printing has expanded and matured, making its
techniques accessible to research labs, at prices that rival those of
off-the-shelf products, thus offering a strong incentive for scientists
to use customized 3D-printed implants for their research.
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Supplementary data associated with this article can be found in
the online version, at http://dx.doi.org/10.1016/j.jneumeth.2017.
05.013. The supplementary information consists of manuals and
template files to guide the reader through the process of creat-
ing anatomical models, customized cranial implants, and surgical
guides. Please refer to the ‘readme’ file in the supplementary infor-
mation for further information.
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