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A B S T R A C T

Background: Many current neuroscience studies in large animal models have focused on recordings from cortical
structures. While sufficient for analyzing sensorimotor systems, many processes are modulated by subcortical
nuclei. Large animal models, such as nonhuman primates (NHP), provide an optimal model for studying these
circuits, but the ability to target subcortical structures has been hampered by lack of a straightforward approach
to targeting.
New Method: Here we present a method of subcortical targeting in NHP that uses MRI-compatible titanium
screws as fiducials. The in vivo study used a cellular marker for histologic confirmation of accuracy.
Results: Histologic results are presented showing a cellular stem cell marker within targeted structures, with
mean errors± standard deviations (SD) of 1.40 ± 1.19mm in the X-axis and 0.9 ± 0.97mm in the Z-axis. The
Y-axis errors± SD ranged from 1.5 ± 0.43 to 4.2 ± 1.72 mm.
Comparison with existing methods: This method is easy and inexpensive, and requires no fabrication of equipment,
keeping in mind the goal of optimizing a technique for implantation or injection into multiple interconnected
areas.
Conclusion: This procedure will enable primate researchers to target deep, subcortical structures more precisely
in animals of varying ages and weights.

1. Introduction

The ability to perform stereotactic targeting to various brain struc-
tures in large animal models has wide applicability across multiple
areas of neurophysiologic, anatomic, and neuropathology research. For
example, microelectrode recordings in cortical areas have enabled
substantial progress in the development of brain-machine interfaces
(Flesher et al., 2016; Gilja et al., 2012; Gilja et al., 2015; Hochberg
et al., 2012; Hochberg et al., 2006; Jarosiewicz et al., 2015), have led to
a better understanding of primary sensory (Ahissar et al., 1992; Gray
et al., 1989; Maldonado et al., 2000) and motor systems (Riehle et al.,
1997), and facilitated studies in stem cell transplantation (Lee et al.,
2015) and tumorigenesis (Selek et al., 2014). However, there is a need
to perform similar neurophysiologic and neuropathologic studies in
subcortical areas as well (Buzsaki, 2004; Quiroga and Panzeri, 2009).
While injection and implantation studies are widely performed in ro-
dent models using atlas-based approaches (Bakhurin et al., 2016; Lin

et al., 2006), the ability to use atlases for subcortical targeting in
nonhuman primates (NHP) is limited by inaccuracies of this approach
(Daye et al., 2013; Frey et al., 2004). Whereas rodent brain structures
are relatively constant in size and location, NHP brains can be highly
variable (Deogaonkar et al., 2005; Francois et al., 1996; Miocinovic
et al., 2007), especially as the animal ages (Alexander et al., 2008; Koo
et al., 2012; Matochik et al., 2000). Currently, much of the subcortical
targeting being performed in NHP relies on histological (Paxinos et al.,
1999; Saleem and Logothetis, 2012) or magnetic resonance imaging
(MRI) atlases, in which up to 6mm of anatomic variability in brain
structures was seen (McLaren et al., 2009).

Acknowledging this anatomic variability, many laboratories have
implemented other methods such as head-holding chairs (Frey et al.,
2004), which requires extensive fabrication of bulky parts, or MRI-
based targeting using non-ferrous compatible headframes (Bjarkam
et al., 2009; Li et al., 2013; Chen et al., 2015). However, these MRI-
compatible frames necessitate that the animal maintains its exact
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position between imaging and surgery, a difficult task during transport,
and is a limitation that introduces error. Additionally, use of these
frames requires that imaging and surgery be performed in sequence,
leading to long surgical and anesthetic times. As an alternative ap-
proach, skull-mounted cylinders or chambers are frequently used for
single-unit subcortical recordings and enable serial electrode insertions
(Galashan et al., 2011), but this technique is not conducive to multi-
electrode array implantation, such as with macro-microelectrodes (Ad-
tech, Racine, WA) or bundles of tungsten wires that require larger
connectors or headstages. Due to these anatomic and procedural lim-
itations, a method of individualized subcortical targeting is needed
without the constraints of using specialized and expensive equipment.
This is of special importance in large animal models, as there is a
heightened need to mitigate risk from surgical procedures.

Here, a method is described that uses a simple, fiducial-based ap-
proach that is a substantial improvement over previous methods. It
requires no customized parts or fabrication of devices, relies on widely
available equipment, is inexpensive, and is easily adapted to any la-
boratory with MRI access. Briefly, the method involves implantation of
MRI-compatible titanium screws around the skull in a minor procedure.
The screws serve as fiducials, which are uniquely defined, immobile
reference points that can be located both in physical space and imaging
space. Importantly, fiducials must be distributed widely over the skull
due to the creation of a centroid by their configuration, the center of
which should approximate the target as closely as possible. Co-regis-
tration of imaging and surgical spaces is then performed, which enables
the selection of a target on the image and the transformation of its
coordinates into surgical coordinates. Results are presented from an in
vivo application using a cellular marker for histologic confirmation of
targeting accuracy, with a discussion of the elements that were crucial
for success.

2. Materials and methods

2.1. Animals

All animal experiments were performed in accordance with animal
use protocols submitted to and approved by the University of Michigan
Institutional Animal Care and Use Committee. All animals were rhesus
macaques at the end of their experimental lifetimes for other studies.
Two NHP had deep structures targeted with stem cell injections: 2 in-
jections were performed in Monkey F (19-year-old male, 12.6 kg; tha-
lamus, hippocampal injections) and 6 were performed in a second an-
imal, Monkey B (25-year-old female, 8.4 kg; bilateral thalami,
hippocampi, and substantia nigra injections). An additional 10 animals
(aged 5–32 years) at their experimental endpoints and that were
otherwise to undergo euthanasia were used for optimization of fiducial
design, MRI parameters, and surgical technique. One of these 10 ani-
mals (Monkey S; 20-year-old male, 12.5 kg) had data available for
comparison of atlas-based and MRI-based approaches using a slightly
different technique, prior to optimization of this method.

2.2. Fiducial placement

The overall technique begins with fiducial placement. After several
design iterations, the optimal markers were self-drilling titanium screws
(Biomet HT X-drive screw #95-6104, Warsaw, IN) measuring 1.5 mm in
diameter and 4mm in length. The implantation procedure was begun
by first sedating the animal with telazol 4mg/kg intramuscular (IM).
The animal was then intubated and sedation maintained using gas an-
esthesia (isoflurane 1.25–3%). Titanium screws were implanted in a
procedure lasting approximately 20min, and the animal was imaged
with MRI immediately following this, with imaging lasting approxi-
mately 45min. Additional time was needed for transport to an off-site
MRI scanner, totaling approximately 2-2.5 h for the entire procedure.
Additional analgesia was given postoperatively using carprofen (2mg/

kg) subcutaneously, given at 12 and 24 h.
The fiducial implantation procedure began with the animal in the

prone position and the head supported on a stack of towels. To facilitate
visualization, the head was first shaved. Betadine was used for anti-
sepsis at the desired fiducial sites. Sterile drapes were applied around
the head and the scalp was infiltrated with bupivicaine 2.5% with
epinephrine 1:200,000 for local anesthesia at the proposed sites of
implantation. Antibiotics were administered prior to incision (cefazolin
25mg/kg). Fiducial locations were bilateral supraorbital ridges, two
pairs of parietal sites bilaterally (asymmetrically placed), bilateral oc-
cipital nuchal ridges, and bilateral zygomatic roots just anterior to the
external auditory meatus. The first site of fiducial placement was in-
cised via a stab incision using a #15 surgical blade. The bone was
cleared of soft tissue and periosteum using blunt dissection with a
4×4-cm gauze on the end of a hemostat. Once the bony surface was
cleared of tissue, a drill bit (Biomet 1.5-mm HT X-lock short-drive blade
#15-1194, Warsaw, IN) was used to implant a self-drilling screw with a
hand-held screwdriver until flush with the skull surface (Biomet twist-
drill handle #01-7390 or #01-7164, Warsaw, IN). Following place-
ment, the skin incision was closed over the screws with a non-absorb-
able monofilament nylon suture (1–2 sutures per site, using 3-0
Ethilon©, #1673H, Ethicon, Somerville, NJ). Alternatively, an entirely
subcutaneous closure could be performed using an absorbable mono-
filament suture, such as a 4-0 Monocryl© (#Y218H Ethicon, Somerville,
NJ), using a subcuticular stitch. This process was repeated for the re-
maining fiducial locations.

The most challenging screws to place were at the zygomatic roots
and external occipital protuberances. The zygomatic root can be pal-
pated on the skin and is defined as the superior and anterior border of
the external auditory meatus, which provides a relatively flat plane for
screw placement as it slopes upward to and is continuous with the
squamous temporal bone. The skin incision was made overlying this
prominence, and the dissection was directed through deeper layers of
muscle until the bone was reached. Though not required, monopolar
electrocautery can be used to clear the bone of temporalis muscle and to
provide hemostasis. The external occipital protuberances serve as at-
tachment sites of the occipital musculature and are also easily palpated
on the scalp. Incisions were made over these bilaterally, off of midline,
and blunt dissection was used to clear the bone of soft tissue using a
hemostat and gauze. Additional fiducials may be implanted over the
head as needed, keeping in mind that asymmetric placement over the
head will ensure confirmation of side on imaging.

The procedure in Monkey S was similar to this optimized procedure,
however, screws were housed in a plastic anchor and fiducial locations
did not include zygoma and occipital protuberances.

2.3. Imaging

Following fiducial placement, an MRI was obtained, however, there
is no requirement that the fiducial implantation and imaging be per-
formed the same day, as fiducials are entirely implanted and do not
dislodge from the bone. For an independent imaging session, sedation
can be administered with intermittent bolus doses of telazol IM (4mg/
kg). If being performed on the same day as the definitive procedure,
inhaled or continuous IV anesthetic can be given using a portable MRI-
compatible ventilator (ModuFlex Compact SN 4086, Dispomed,
Joliette, Quebec, Canada) with an isoflurane vaporizer (InterMed
Penlon Sigma Delta SN D0610 0110, Penlon Limited, Abingdon, Oxon,
United Kingdom).

Animals were positioned supine on the MRI table. During the pro-
cedure, the animals’ heart rate, respiratory rate, and oxygen saturation
were monitored. Imaging was performed at our institution on a General
Electric® MR750 3.0 T system using primarily a sagittal T1-weighted
image (flip angle 12, echoes 1, TI 450, bandwidth 31.25, FOV 19.2,
slice thickness 0.5mm, 384× 384 matrix, NEX 2, phase FOV 1). Screws
are more easily seen on T1 imaging, however, in order to maximize
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visualization of subcortical nuclei, T2-weighted images could also be
obtained and merged to T1 images.

2.4. Co-registration of imaging to frame-based coordinates

After the MRI was performed, images were uploaded into a DICOM
viewer for operative planning. For automation of both image viewing
and coordinate transformation, a MATLAB (MathWorks, Natick, MA)
graphical user interface (GUI) was created (Fig. 1A), though any soft-
ware providing unique coordinates would be sufficient, such as Analyze
12.0 (AnalyzeDirect, Inc., Overland Park, KS) or OsiriX (Pixmeo,
Bernex, Switzerland). The titanium screws create a metal artifact vi-
sualized as an approximately 5-mm-diameter void on T1 imaging on a
3 T magnet. The center of the void corresponds to the center of the
screws, found easily both in MRI and during surgery. The X-, Y-, and Z-
MRI coordinates of screw centers were recorded for later registration. In
addition to identification of fiducials, target points of desired sub-
cortical structures were also chosen on the MRI. Once the subcortical
structures’ coordinates were determined, animals then underwent the
stem cell injection procedure.

Animals were sedated with telazol 4mg/kg and transported to the
operating suite where general anesthesia was induced and animals were
endotracheally intubated. A surgical plane of anesthesia was main-
tained with isoflurane. After insertion of a peripheral IV and a bladder
catheter, animals were positioned prone in a standard primate head-
frame (Kopf Model 1430, David Kopf Instruments, Tujunga, CA). The
scalp was shaved and cleansed with an antiseptic solution of betadine,
and a surgical field was created with sterile drapes. Analgesia was
provided with local injection of bupivacaine 2.5% with epinephrine
1:200,000 and a continuous infusion of fentanyl (5–10 mcg/kg/hr).
Depending on experimental needs, each previous stab incision can be
opened to visualize the screws, or a single midline incision can be made,
and the scalp reflected laterally to expose all fiducials at once.
Following incision, the first step was to register fiducials in the surgical
space to MRI space using a stereotactic arm (Kopf Model 1460, David
Kopf Instruments, Tujunga, CA) attached to the headframe. A localizing
cannula was positioned over the center of the screws, and the surgical
X-, Y-, and Z-coordinates of each fiducial were read from the headframe
and arm (Fig. 1B).

It is important to maintain the same direction and handedness as the
MRI in all axes, as the transformation matrix consists of rotation and
translation. Once all coordinates were known, they were used to

calculate an affine transformation (Hartov and Roberts, 2009) in MA-
TLAB (code provided in Appendix A; a standalone program is available
upon request). Importantly, the affine transformation incorporated the
appropriate scale factors as determined in MRI space, and which were
different for each axis. The transformation produced a rotation matrix
and translation vector that were combined in a 4×4 transformation
matrix that was then applied to chosen target points on the MRI to
produce a solution for the coordinates in surgical space. With regis-
tration to frame space complete, the stereotactic arm was moved to the
X- and Y-coordinates of the target entry site. If not already incorporated
into the surgical field and incision, this area would be shaved, prepped,
and draped. An opening in the skull of any desired size could be drilled
to accommodate a cannula or other delivery device, but for our pur-
poses, we used a handheld air-powered drill (Midas Rex EM200 Legend
high-speed drill; Medtronic, Minneapolis, MN) to make a small cra-
niotomy

2.5. In vivo confirmation

To confirm placement, stem cells (HK532.UbC-IGF1; NeuralStem,
Rockville, MD) were injected that could be easily localized in histologic
sections without the need for special stains. For the injections, hy-
draulic tubing attached to the injection device (Intracerebral
Microinjection [IMI] device; FHC, Bowdoin, ME) was first filled with
hibernation media by using the “REFILL” function of a syringe pump
(PHD 2000; Harvard Apparatus, Holliston, MA). The hydraulic line
measured 2.5m with an ID of 0.019” for a fill volume of approximately
0.45mL. Stem cells were backfilled into the tubing, initially at a volume
of 70 μL. The IMI device was positioned over the first entry site. A small
stab incision was made in the dura and pia with a #11 scalpel to allow
smoother passage of the blunt-tipped instrument. The IMI device was
first painted with tissue dye (Davidson Marking System tissue marking
dye, cat #2401-P, Bradley Products, Bloomington, MN) to mark the
entry site for later histologic sectioning, and was then lowered slowly to
the desired depth using the stereotactic arm (Kopf Model 1460, David
Kopf Instruments, Tujunga, CA). The pump was set to a target volume
of 20 μL and an initial rate of 2 μL/min. Cells were injected over a 1-
minute period, followed by a settling time of 2min to reduce diffusion
(Gutierrez et al., 2015). After injection, the IMI was retracted, and once
all locations had been injected, the animal was then euthanized using
sodium pentobarbital (390mg/mL, 1mL/4.5 kg), and the brain was
harvested for histologic analysis.

Fig. 1. Stereotactic localization. A: Graphical user interface to visualize, record, and calculate coordinates and transformation matrices from the MRI. B: Surgical
setup to localize fiducial markers with a stereotactic arm and localizing cannula.
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The injection procedure for Monkey S included implementation of
the MRI-based approach described here for a hippocampal site in the
left hemisphere, and an atlas-based approach of a corresponding site in
the right hemisphere. Atlas coordinates were obtained (Saleem and
Logothetis, 2012) and used to localize an entry site in the right hemi-
sphere of the animal as it was secured in the standard headframe, using
ear-bar zero (EBZ) as the reference. The coordinates were in-
dependently verified by three investigators to confirm accurate locali-
zation.

2.6. Fixation method

Following euthanasia, the brain was harvested and immersion fixed
in a 10:1 vol of 10% neutral buffered formalin (3.7% formaldehyde) for
15 (Monkey B) or 36 days (Monkey F). A board-certified veterinary
pathologist performed all sectioning by adaptation of standard trim-
ming guidelines for nervous system sampling in primates (Pardo et al.,
2012). An initial coronal cut was made manually with a Thomas Sci-
entific tissue blade (6727C18, Thomas Scientific, Swedesboro, NJ) by
placing the dorsal cortex on the cutting surface and angling the frontal
lobe approximately 20 degrees to the benchtop, corresponding to the
orientation of the MRI coronal sections in relation to the brain. Fol-
lowing the initial cut, gross sectioning was performed at a standard 4-
mm thickness in the coronal plane in preparation for histology, cas-
setting, and paraffin-processing, using a gross trimming matrix manu-
factured at a 4-mm thickness. This method follows previously published
industry standard techniques (Pardo et al., 2012). Sections thinner than
4mm are generally not recommended due to tissue degradation or
damage during paraffin infiltration. Coronal sections were numbered
from the rostral pole of the brain (e.g., the initial 0–4mm is “Section 1”)
and were verified against coronal MRI sections corresponding to the
same location.

The 4mm-thick coronal gross sections, containing the known tar-
geted landmarks, as visualized grossly (thalamus, hippocampus, and
substantia nigra), were placed into cassettes for paraffin embedding.
For each cassette, 4-μm-thick sections were cut from one face of the
4mm tissue using a microtome. These were cut at a total of 3 levels,
separated by 25 μm, covering a total of ∼160 μm for each cassette. For
all blocks, one of the three sections at each level was stained with he-
matoxylin and eosin for evaluation, and the other two were left un-
stained for future staining or immunohistochemistry. For some blocks,
the embedded tissue was melted down and re-embedded in the opposite
orientation (anterior versus posterior face) and the process was re-
peated, to localize whether cells were present at both ends of the 4mm
thickness embedded section.

2.7. Histologic evaluation of accuracy

All measurements refer to fixed tissue, which has some shrinkage
compared to unfixed tissue. To determine targeting accuracy, the MRI
targets used during the surgical procedure were visualized on the
DICOM viewer or GUI. The target coordinates were defined, as were the
coordinates of easily identifiable landmarks. Distances from the target
points to the landmarks were calculated by subtracting the coordinates
and multiplying by the appropriate scale factors, converting MRI co-
ordinates to millimeters. The landmarks corresponded to the midline in
the mediolateral plane (X-axis) for all injection sites. For dorsoventral
(Z-axis) measurements, measurements were taken to the closest easily
identifiable landmark as follows: hippocampal sulcus for hippocampal
injections and the ventral aspect of the cerebrum for substantia nigra
and thalamic injections (corresponding to the cerebral crus).
Histologically, the geometric center of cellular aggregates was identi-
fied, and measurements were made to the landmarks in the X- and Z-
axes corresponding to those visualized on MRI. The final error was
calculated as the difference between the MRI and histologic measure-
ments. A blinded veterinary pathologist performed histologic

measurements and the primary experimenter performed MRI mea-
surements. Y-axis measurements were inherently less precise because,
unlike other planes where landmarks could be measured on the same
slice in the sectioned plane, true measurements could be made only by
totaling the sections between. Due to this, accuracy measurements in
the Y-axis are reported to the limits of calculated slice thicknesses. For
cells that were identified on the rostral or caudal face of the section, but
not the face of the next section, accuracy could be estimated to the
limits of the slice thickness, or 4mm. For other sections where cells
were identified within the slab of tissue (left and right substantia nigra),
more precise estimates could be made after totaling microtome sec-
tions. Therefore, Y-axis measurements are reported as a range spanning
the least possible to largest possible errors. All measures of overall error
are reported as mean ± standard deviation (SD) of the root-mean-
squared errors.

3. Results

3.1. Comparison of atlas- and MRI-based approaches

Prior to implementation of Biomet screws as fiducials, this method
was employed in one animal (Monkey S) that illustrates the difference
between surgical coordinates using these approaches, though histologic
confirmation with stem cells was not possible. The MRI-based method
localized an entry site over the left hemisphere near the central sulcus
(Fig. 2A), while the atlas-based method localized the entry in the oc-
cipital lobe on the right (Fig. 2B), the coordinates of which were in-
dependently verified by three different investigators. While cellular
aggregates were not visualized in this experiment and distance mea-
surements were not obtained, evidence of successful hippocampal lo-
calization was confirmed on the left with a small hemorrhage and
served to illustrate the large disparity between the two approaches.

3.2. Fiducial placement

The configuration of fiducials created a centroid as described
mathematically in Appendix B. The optimal configuration was that in
which the centroid was located at the target itself; however, for deep
subcortical structures, this required that fiducials be placed more in-
feriorly than was feasible using a standard headframe and stereotactic
arm. By examining the target registration error (TRE; Fig. 3), it was
determined that placement of screws over the convexities alone re-
sulted in an estimated TRE of 1.5–2mm at a chosen target in the hip-
pocampus. In contrast, widely variable distribution in all 3 axes re-
sulted in an inferiorly displaced centroid in which the TRE was within
0.8 mm.

3.3. Imaging results

The titanium screws were imaged as previously described, creating
an approximately 5-mm artifact visualized on MRI as a circular void.
These markers are shown in Fig. 4A in arbitrary positions in a cadaveric
specimen as well as in vivo on MRI. The superior center of this void in
the axial, sagittal, and coronal projections corresponds to the center of
each marker (Fig. 4B).

3.4. Targeting results

To confirm targeting accuracy using this method, neural stem cells
were injected that could be identified histologically. Injections in
Animal F targeted unilateral thalamus and hippocampus, and injections
in Animal B were performed in bilateral thalami, hippocampi, and
substantia nigra. Among the 8 attempted injections, 1 had no histologic
correlate due to technical failure of the injection apparatus. Histologic
results of injections are shown in Fig. 5, with easily visualized cells seen
within the targeted structures.
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In a secondary analysis, we attempted to quantify the amount of
error between the targeted site as defined on MRI and the site of his-
tologically identified cells. Based on measurements described in the
Methods section, the mean errors± SD were 1.40 ± 1.19mm in the X-
axis and 0.9 ± 0.97mm in the Z-axis. In the Y-axis, because gross
specimens were sectioned in the antero-posterior plane, estimates of
mean error are calculated as a range, with a minimum of
1.5 ± 0.43mm and maximum of 4.2 ± 1.72mm. Fig. 6 shows the
individual error measurements obtained for each axis, and all

individually measured errors are shown in Table 1.

4. Discussion

Primate models are ideal for many neurophysiologic and neuroa-
natomic studies, however, research in these areas has been hampered
by an inability to accurately target deep, subcortical nuclei using the
animal’s own MRI instead of relying on primate atlases. Unlike rodent
or other small animal models in which brain structures are largely

Fig. 2. Comparison of MRI- and atlas-based
entry site localization. A: Whole brain spe-
cimen revealing location of intended hippo-
campal targeting using MRI-based method,
with entry site near central sulcus (black
arrow), and atlas-based method, with entry site
in occipital lobe (white arrow). Scale
bar= 5mm. B: Histologic specimen showing
hemorrhage within the left hippocampus
(black arrow) using the MRI-based approach;
no histologic correlate was found in the right
hemisphere. Scale bar= 500 um.

Fig. 3. Contour plots of target registration
error (TRE) in millimeters for four fiducial
configurations. The target is identified with the
‘+’ symbol. A: Fiducials are located exclusively
on the top of the head, yielding isocontours
that increase more rapidly, resulting in a TRE
at the target between 1.5–2mm. B: Fiducials
are dispersed around the head, including the
top and sides, resulting in a more inferior
centroid and isocontour lines that increase less
rapidly. C: Fiducials at the top, anterior, and
posterior head, resulting in isocontour lines
that increase less rapidly but have a TRE
1–1.2 mm at the target. D: Fiducials limited to
the top and lateral aspects of the head, re-
sulting in wide isocontours of low TRE, such
that the TRE at the target is< 0.8mm.
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constant between animals, primate (i.e., NHP and human) brains show
greater structural variability (Deogaonkar et al., 2005; Francois et al.,
1996; Miocinovic et al., 2007). This variability is even greater in older
animals, necessitating that age be carefully considered when per-
forming targeted injections or implantations (Alexander et al., 2008;
Koo et al., 2012; Matochik et al., 2000). Therefore, while atlases are
sufficient for targeting in small animals, the precision needed to target
subcortical nuclei in primates requires that a more subject-specific ap-
proach be taken, highlighted in the present study by the difference in
injection sites between MRI- and atlas-based methods, as shown in
Fig. 2.

Two primary alternatives exist for individualized targeting: de-
formable atlases and fiducial-based co-registration. Deformable atlases
rely on a model MRI that can be re-scaled and warped so that individual
nuclei are aligned, such as in Miocinovic, et al. (2007). However, this
and other MRI-based atlases frequently use a “standard” MRI created
from either one or several averaged images, limiting the general-
izability of anatomic locations to individual animals (McLaren et al.,

2009, Miocinovic et al., 2007). For example, in developing a popula-
tion-averaged MRI atlas, up to 6mm of variability was found in su-
perficial structures, and over 2mm of variation was seen in deep nuclei
(McLaren et al., 2009). When considering error introduced by the tar-
geting procedure itself, this margin could easily result in significant
inaccuracy.

As an alternative to atlases, co-registration of an individual animal
to its MRI using fiducials has been a well established approach for
several decades (Perry et al., 1980), and has evolved into sophisticated
frameless technologies in humans (Henderson, 2009). However, use of
similar equipment in primate research is prohibitively expensive for
many laboratories and is cumbersome to use. One commercially
available system uses a skull-mounted fiducial array and optical
tracking for frameless navigation (Brainsight®, Rogue Research, Mon-
treal, Quebec, Canada). While an elegant solution, optical tracking is of
significant expense. Of arguably more importance is the fiducial array
design, which limits the 3-plane variability over the skull. As shown in
Fig. 3 and explained in detail in Appendix B, restriction of fiducials to a

Fig. 4. MRI-based targeting method. A:
1.5×5-mm titanium surgical screws (left),
screw fiducials in a cadaveric specimen in ar-
bitrary positions (middle), and MRI appear-
ance of screws in vivo (right). B: MRI appear-
ance of fiducials in axial (left), sagittal
(middle), and coronal (right) planes. Screws
denoted by crosshairs. Scale bars= 5mm.

Fig. 5. Targeted areas on MRI (left) of 3 of 7
injection sites with histologic confirmation
(middle, right) A. MRI appearance of target
(white arrow); B. Histologic appearance of cell
aggregates in target structures ; C.
Magnification of insets in B. Asterisks (*) de-
note injected stem cells. Scale bars= 5mm
(left), 6 mm (middle), 2 mm (right).
Abbreviations: HC, hippocampus; SN, sub-
stantia nigra.
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small area constrains the centroid they create (Fitzpatrick et al., 1998),
leading to rapid loss of accuracy at the target. As a precursor to the
Brainsight® system, Frey, et al. (2004) introduced a fiducial-based ap-
proach that used skull-mounted fiducial pegs and a custom head-
holding chair. Again, centroid creation is limited in its inferior extent,
and the use of custom equipment limits adaptability. Additionally, the
implanted pegs seemed to be exposed in the scalp, presenting a relative
hazard to the animal if dislodged.

Similar to the head-holding chair, other types of head immobilizers
(White et al., 2011) and frame adapters (Bjarkam et al., 2009; Chen
et al., 2015; Li et al., 2013) exist, each requiring fabrication of various
complex parts. Simpler fiducial-based designs have been used for sev-
eral decades, and have included implanting contrast-filled glass beads
(Alvarezroyo et al., 1991; Rebert et al., 1991) and drilling into the
animals’ incisors (Walbridge et al., 2006). In addition to creating a
small centroid, these procedures also require a separate anesthetic and
placement into a headframe, whereas the technique presented here is
performed under mild sedation in a procedure room.

Perhaps the most widely used method of stereotactic targeting is
with an MRI-compatible headframe (Baker et al., 1999; Barua et al.,
2013; Dubowitz and Scadeng, 2011; Katnani et al., 2016; Knight et al.,
2013; McBride and Clark, 2016; Rebert et al., 1991; Saunders et al.,
1990; White et al., 2011). This headframe obviates the need for sub-
sequent coordinate transformation, as there is a direct relationship
between imaging and surgical spaces. While it does simplify the
workflow, it requires that imaging and the definitive procedure be
performed in series, with no movement of the animal in between, which
would result in a frameshift of coordinates. This complete

immobilization is a significant limitation when transporting between
rooms or facilities, and even very small perturbations that may go un-
noticed will alter targeting accuracy. Furthermore, stereotactic plan-
ning can only be performed after images have been obtained, increasing
total anesthetic and procedural times, resulting in greater risk to the
animal. Finally, many MRI scanners do not have sufficient bore dia-
meter to accommodate the large size of the compatible headframe,
further limiting widespread adaptability.

In the currently presented method, we have attempted to overcome
the drawbacks discussed in each of these systems. Regarding the fidu-
cials themselves, we found that surgical-grade, widely available tita-
nium screws are economical and fully implantable. They have been
used similarly in human neurosurgical procedures (Aldana et al., 2010;
Thompson et al., 2011), ensure no movement after implantation, and
are fully covered by scalp, presenting low risk to the animal. They can
be implanted in a minor procedure under mild sedation (e.g., ketamine)
and local anesthetic in any position that provides access to the head.
This flexibility in positioning enables implantation to be performed in a
procedure space rather than in a more expensive OR setting, and does
not require fixation in a headframe.

The sites of implantation have been optimized here to create a
centroid with low estimated error at deep nuclei. By placing fiducials
more inferiorly, the centroid is displaced downward, closer to the de-
sired target. Unfortunately, the commonly used primate headframes
limit accessibility to the inferior aspect of the head, but the zygomatic
roots and inferior occipital protuberances provide sufficient Z-axis
coverage, and the screws can be implanted in a variety of areas de-
pending on specific needs. Additionally, due to their small size, these
fiducials can be easily be used for cynomolgus macaques, porcine,
sheep, or other models, as evidenced by their implementation in ani-
mals of significantly different ages and sizes.

Regarding imaging, this method enables scanning in virtually any
position, without the need to immobilize the animal in a specific or-
ientation or to center the images on specific structures, such as the
anterior and posterior commissures. The size of the magnet’s bore is not
a limitation with this technique, and imaging can be done at any time
before the definitive procedure, reducing anesthetic time to the animal
and allowing for pre-surgical planning prior to the procedure. After
identification of the fiducials in MRI space, co-registration requires only
that stereotactic surgical coordinates can be obtained in a process that
takes 15–20min and is easily performed using widely available stan-
dard headframes (e.g., Kopf Model 1430, David Kopf Instruments,
Tujunga, CA). Fiducials are located in surgical space by opening the
scalp over them, and a simple coordinate transformation is performed
(see Appendix A), providing target coordinates. Once the surgical
procedure is complete, the screws may be easily removed or left in
place.

In optimizing technique, accuracy must not be compromised. Here,
we chose to illustrate feasibility and accuracy using injections of neural
stem cells that could be visualized histologically. Using this method, we
calculated errors (mean ± SD) of 1.40 ± 1.19mm in the X-axis, be-
tween 1.5 ± 0.43mm and 4.2 ± 1.72mm in the Y-axis, and
0.9 ± 0.97mm in the Z-axis. These errors are within the range ne-
cessary to target small subcortical nuclei, and therefore this method will
be applicable to any experimenter performing deep stereotactic injec-
tions in a large animal model. As such, this will be an important
technique for neurophysiologists performing deep single- or multi-unit
microelectrode recordings or for targeted implantations of microelec-
trode arrays or deep brain stimulators for continuous chronic record-
ings. The method is also ideal for experimenters performing stereotactic
injections of stem cell or viruses for gene therapies or optogenetic
studies.

We acknowledge several limitations of this design and the results
presented here. Regarding the technique itself, targeting is currently
constrained to orthogonal planes. Some targets of interest may be sur-
rounded by cerebrospinal fluid space, vascular, or eloquent structures

Fig. 6. Scatter plot for error measurements obtained in each axis for 7 total
injections. The Y-axis is represented as a minimum and maximum due to sec-
tioning technique, as described in the Methods section.

Table 1
Individual injection error measurements for two animals in three planes.

Structure Xa Y min Y max Z

Animal B
R SN −1.46 −2.00 −2.30 −1.09
L SN 1.24 −1.60 −1.80 −0.07
L Thal 1.59 1.50 5.50 −0.20
R HC −0.36 1.10 5.10 −0.77
L HC −3.88 1.50 5.50 −0.07
Animal F
L Thal −0.66 0.80 −3.20 2.61
R HC −0.60 −2.00 −6.00 −1.80

Abbreviations: SN: substantia nigra; HC: hippocampus; Thal: thalamus.
a all measurements given in millimeters.
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that require an oblique trajectory, for which this method has not been
designed. An additional limitation encountered when performing in-
traparenchymal injections or implantations is the occurrence of tissue
compression. When inserting a device of any kind, the device itself
depresses and compresses the immediately surrounding tissue
(Sridharan et al., 2013). This unpredictable distortion also leads to in-
accuracies, and the present work does not have a specific method of
mitigating this. Additionally, use of bolts or cannulas that permit entry
of injections or devices would be ideal, and this is a likely an area for
further refinement in future studies.

Regarding the study methodology, we acknowledge several limita-
tions. First, estimates in the Y-plane are inherently imprecise due to the
sectioning technique, as described in the Methods section. Additional
confirmation with MRI would further support histologic measures, but
would require an MRI-visible marker of injection, which we have not
yet implemented. Also, results of a direct comparison were available in
only one animal, with the clearly inaccurate atlas-based entry site lo-
calizing to the occipital lobe. Though cells were not visible histologi-
cally, hemorrhage in the hippocampus did support successful MRI-
based targeting. Future studies of direct comparisons would further
confirm the improved accuracy of this method, however, we believe
that the procedural improvements alone (ability to perform sessions on
different days, variable headframe positioning, etc.) support use of this
technique. Here, we targeted the hippocampus due to its widespread
study in neurophysiologic investigations, and the substantia nigra due
to its small size. Though this study is limited to these structures, an
ability to target the substantia nigra with a low error in bilateral
hemispheres exemplifies the method’s usefulness in targeting any
chosen subcortical area. A further limitation of this specific method is
that MRI must be performed with parameters similar to what is used for
clinical imaging, and research scanners with lower resolution would
likely not be able to display the screw artifact sufficiently.

5. Conclusions

This report describes an easy, inexpensive, and adaptable technique
that can be used for chronic population recordings or intraparenchymal
injections into multiple, deep, interconnected brain areas. Technology
for performing these recordings is also becoming more accessible (Patil
et al., 2004), and increasingly complex methods of analyzing the ex-
pansive data sets are also evolving (Baccala and Sameshima, 2001;
Chen et al., 2006; Cunningham and Yu, 2014; Kaminski et al., 2001;
Kaminski and Blinowska, 1991). All of these goals are driven by the
need to understand neuronal function both in normal and pathological
states, and though the importance of this has long been acknowledged,
the process by which we may combine these tools is now becoming
increasingly available.
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