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Magnetic resonance imaging (MRI) is often used by electrophysiologists to target specific brain regions
for placement of microelectrodes. However, the effectiveness of this technique has been limited by few
methods to quantify in three dimensions the relative locations of brain structures, recording chambers
and microelectrode trajectories. Here we present such a method. After surgical implantation, recording
chambers are fitted with a plastic cylinder that is filled with a high-contrast agent to aid in the segmen-
tation of the cylinder from brain matter in an MRI volume. The resulting images of the filled cylinder
correspond to a virtual cylinder that is projected along its long axis – parallel to the trajectories of micro-
electrodes advanced through the recording chamber – through the three-dimensional image of the brain.
This technique, which does not require a stereotaxic coordinate system, can be used to quantify the cov-
erage of an implanted recording chamber relative to anatomical landmarks at any depth or orientation.
We have used this technique in conjunction with Caret [Van Essen DC, Drury HA, Dickson J, Harwell J,

Hanlon D, Anderson CH. An integrated software suite for surface-based analyses of cerebral cortex. J Am
Med Inform Assoc 2001;8:443–59] and AFNI [Cox RW. AFNI: software for analysis and visualization of
functional magnetic resonance neuroimages. Comput Biomed Res 1996;29:162–73] brain-mapping soft-
ware to successfully localize several regions of macaque cortex, including the middle temporal area, the
lateral intraparietal area and the frontal eye field, and one subcortical structure, the locus coeruleus, for
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. Introduction

Over the past decade and a half, magnetic resonance imaging
MRI) has become the de facto standard for anatomical localization
f electrophysiological targets in the monkey brain (Alvarez-Royo
t al., 1991; Asahi et al., 2003; Blaizot et al., 1999; Christensen et al.,
997; Freed et al., 2001; Glimcher et al., 2001; Nahm et al., 1994;
ebert et al., 1991; Saunders et al., 1990; Subramanian et al., 2005).

n contrast to post-mortem histology, MRI is neither invasive nor
erminal and thus can be taken at multiple times to both guide and
onfirm microelectrode placement. MRI also provides better spa-
ial resolution and better contrast between gray and white matter
ompared to other imaging techniques that have been used, includ-

ng conventional X-ray (Kennedy and Ross, 1980), ventriculography
X-ray combined with high-contrast agents injected into the cere-
ral ventricles: Clifton et al., 1975; Dubach et al., 1985; Ilinsky and
ultas-Ilinsky, 1982; Percheron, 1975; Percheron et al., 1996, 1986),

∗ Corresponding author. Tel.: +1 215 746 0028; fax: +1 215 573 9050.
E-mail address: jigold@mail.med.upenn.edu (J.I. Gold).
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neumoencephalography (in which cerebrospinal fluid is drained
rom around the brain and replaced with air or gas in order to view
he ventricles more clearly in an X-ray: Kraemer et al., 1978), com-
uted tomography (CT, which provides a three-dimensional X-ray:
isher et al., 1997) and, more recently, ultrasonic imaging (Glimcher
t al., 2001; Tokuno and Chiken, 2004; Tokuno et al., 2000).

MRI is typically used to help electrophysiological studies solve
wo distinct but related problems. The first is to determine the
ppropriate location and orientation to surgically implant a record-
ng chamber to ensure access to a targeted brain region. A recent
eport introduced a novel set of methods that use MRI to solve
his problem (Miocinovic et al., 2007). These methods involve a
ophisticated software tool called Cicerone that can register MRI
nd CT images taken before surgery with each other and three-
imensional brain atlases. The registered images can then be used
ot only to plan the locations of recording chambers, craniotomies

nd microelectrodes, but also to visualize microelectrode trajecto-
ies and combine physiological and anatomical data. These features
ll rely on the ability to represent and visualize these disparate
atasets in a common reference frame, the stereotaxic coordinate
ystem of the monkey.

http://www.sciencedirect.com/science/journal/01650270
http://www.elsevier.com/locate/jneumeth
mailto:jigold@mail.med.upenn.edu
dx.doi.org/10.1016/j.jneumeth.2008.08.034
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Fig. 1. Current qualitative method using MRI to determine recording chamber posi-
tion relative to desired anatomical target(s). The image is a coronal section of the
head and neck of a rhesus macaque (image courtesy Shadlen MN, University of Wash-
ington and HHMI). (A) Recording chamber and microelectrode grid (1 mm spacing;
Crist Instruments, Inc., Hagerstown, MD) filled with saline. (B) Intraparietal sul-
cus. This is the primary anatomical landmark used to identify the location of the
lateral intraparietal area (LIP), which is located on the lateral bank of the sulcus.
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localizer for image positioning, high resolution, T1-weighted 3D-
pproximate electrode trajectories can be estimated by extending a particular grid
ole ventrally through the image of the brain. However, this technique is limited to
rientations within this plane of section.

The second problem is to verify that a recording chamber, once
mplanted, is positioned appropriately. A closely related issue is
o determine where within the chamber microelectrodes should
e placed and advanced to intercept the intended neural target.
ig. 1 shows a two-dimensional image corresponding to a single
lane of section through the head of a monkey. From this image

t is apparent that the recording chamber mounted to the skull is
ositioned approximately above the intraparietal sulcus. However,

t is impossible to determine the three-dimensional trajectory of a
icroelectrode advanced from a particular location in the recording

hamber relative to anatomical targets on or near the sulcus.
One effective solution to this problem has been to leave one

r two microelectrodes in the brain during imaging (e.g., Paton et
l., 2006; Liu and Richmond, 2000). The microelectrodes can be
laced using the same microdrives or grid-based positioning sys-
ems that are used for electrophysiological recordings. Images can
hen be taken in a plane parallel to the microelectrode, providing

clear view of its trajectory relative to nearby brain structures.
his image plane can also be used to estimate the depth of tar-
eted structures relative to surface features like the bottom of the
ecording chamber. A particularly appealing feature of this tech-
ique is that it does not rely on the stereotaxic coordinate system
ut instead assesses directly the three-dimensional trajectory of
he microelectrode relative to nearby brain structures.

Here we describe an extension of this method that replaces
icroelectrode placement with an image-processing algorithm to

isualize the three-dimensional trajectory of the recording cham-
er through the brain. In addition to providing the same benefits
s the microelectrode-placement method, our method is not inva-

ive, does not require imaging in any particular plane and provides
nformation about the complete coverage of the recording cham-
er relative to underlying brain areas. Our method can be used to

dentify the total volume of potential coverage within the brain
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or a particular recording chamber and within that coverage pre-
ict where a microelectrode should be placed for its trajectory to

ntercept an identified brain region.

. Materials and methods

Four adult rhesus macaques (Macaca mulatta), two females
monkeys A and Z) and two males (monkeys C and W), were
ncluded in this study. The monkeys were cared for in accordance

ith the National Institutes of Health Guide for the Care and Use
f Laboratory Animals, and all procedures were approved by the
niversity of Pennsylvania Animal Care and Use Committee.

.1. Surgeries

In a single surgical session, each monkey was implanted with
head-holding device and recording chamber(s) (Crist Instrument
o., Damascus, MD), both made of Cilux plastic and therefore suit-
ble for MRI. The implant was constructed from Palacos® bone
ement (Biomet Orthopedics, Inc., Warsaw, IN) mixed with antibi-
tics (Tobramycin and Vancomycin HCL). However, please note that
e have experienced mixed results with this method in other ani-
als (instability problems) and thus do not recommend it; all of our

mplants are now constructed from dental acrylic. Implants were
ecured to the skull using 8–12 ceramic (zirconia) screws (Ceramco,
nc., Center Conway, NH) placed around the outer perimeter.

.2. Image acquisition

The monkey was fully sedated during image acquisition using
mixture of ketamine and medetomidine (reversed with anti-

edan). During the scan, the monkey was sometimes placed in
n MRI-compatible stereotaxic apparatus (Kopf, Inc.). However,
ne advantage of the techniques described in this paper is that
icroelectrode trajectories can be computed relative to anatom-

cal landmarks using only information contained in the image and
ot with respect to an extrinsic coordinate system. Therefore it is
ot necessary to use a stereotaxic frame, and in recent scans we
ave abandoned the practice. Instead, we used cushions to stabilize
he monkey’s head, which is less time consuming and eliminates
oreness that can be caused by the eye, ear and mouth bars on the
tereotaxic frame.

To produce high-contrast images of the cylinder defined by the
ecording chamber, a custom-made plastic cylinder filled with an
queous solution of CuSO4 (∼1 mg/ml) was placed snugly inside
he chamber (Fig. 2). The cylinder had a replaceable, tight-fitting
ap with a pinhole that released a drop of liquid when it was
ressed into place onto a solution-filled cylinder. It was made from
TFE plastic (McMaster-Carr) and measured ∼7 cm length, 1.90 cm
uter diameter and 0.125 cm thickness. The outer diameter was
achined to be within a 0.01 cm tolerance of the inner diameter

f the chamber. The length was somewhat arbitrary but in general
hould maximize the number of image slices through the cylinder
to minimize error in the cylinder fitting algorithm) that can be
btained in a single sequence that also includes the brain. We also
ound that lengths >∼7 cm would sometimes make it awkward to
osition the head and cylinder(s) in the coil.

Monkeys were placed in a head first, prone position in
1.5 T Siemens Sonata MRI scanner. A transmit/receive vol-

me extremity coil was used. After using a brief, three-plane
PRAGE images were acquired in the magnet coronal plane
ith the following parameters: TE/TR/TI = 5.3/1720/930 ms, FOV =

40 mm × 127 mm, matrix = 192 × 174, slice thickness = 0.7 mm,
lices = 160, acquisition time = 5 min. The resulting resolution was
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ig. 2. Recording chamber and plastic cylinder. The cylinder must fit snugly within
he recording chamber so that the long axis of the cylinder is parallel to the long
xis of the cylinder.

.7 mm × 0.7 mm × 0.7 mm. The image sequence was typically
cquired twice in 20-min blocks (five averages per block) resulting
n a total scanning time of ∼40 min. The interval between the two
cans allowed us to check the monkey’s position, level of sedation
nd vital signs at regular intervals. After the scan, offline motion
orrection was applied to the two MPRAGE images using SPM2
http://www.fil.ion.ucl.ac.uk/spm/), and the mean motion correc-
ion image was used for further analysis.

.3. Image processing

We developed image-processing software to compute from
he MR image sequence the three-dimensional coordinates of the
uSO4-filled cylinder and virtually project that cylinder along its

ong axis through the brain. The basic algorithm is depicted in
ig. 3. The MR imaging sequence through the head, implant and
ylinder produces several planes of section that contain ellipti-
al cross-sections of the cylinder. Because the cylinder is a rigid,

niform cylinder, the ellipses produced in parallel cross-sections
re nearly identical (corrupted by noise and slight sampling dif-
erences). The center point of each ellipse is determined by first
hresholding the image and then computing the center of mass
f the above-threshold voxels. The average ellipse is computed by

l
p
2

a

ig. 3. Calculating the three-dimensional projection of the recording chamber. (A) Schem
ecording chamber, shown in a three-dimensional Cartesian coordinate system (red axes
ultiple planes of section through the cylinder. (C) All parallel planes of section that inters

f the cross-sectional area on the ends of the cylinder are discarded). (D) These ellipses ar
heir center points, representing the central long axis of the recording chamber.
nce Methods 176 (2009) 104–111

ligning the (non-thresholded) images to the ellipse center points,
veraging the voxels and re-thresholding. A line is fit to the center
oints, representing the long axis of the recording chamber, and
rojected virtually through the three-dimensional image volume.
t any given point along the line, the projection of the recording
hamber is computed as the average cross-sectional ellipse cen-
ered on the line. The software was implemented as a plug-in to
FNI (Cox, 1996) and generates an overlying projection volume that

s separate from the underlying MRI volume.
A series of steps was necessary to view our structural MRI data

n relation to a specific brain atlas in Caret (Van Essen et al., 2001).
irst, the cortical volume was segmented to yield a binary volume
hose edges represent the shape of the cortex. Second, this seg-
ented volume was used to automatically generate a surface. Third,

he surface was deformed to match the atlas using shared geo-
raphic landmarks and a differeomorphic deformation algorithm
Joshi and Miller, 2000). This procedure permitted us to simulta-
eously view a specific region of interest, our electrophysiological
enetration sites and the cylinder projection onto a single hemi-
phere.

.4. Electrophysiology

For monkeys Z and C, neural activity was used to identify
he middle temporal (MT) and lateral intraparietal (LIP) areas.
ctivity was recorded using quartz-coated platinum–tungsten
icroelectrodes advanced using mini-matrix microdrives (Thomas

ecording, Inc., Giessen, Germany). Spike waveforms were stored
nd sorted offline using a multi-channel acquisition processor
Plexon, Inc., Dallas, TX). Area MT was identified by finding neurons
ith contralateral receptive fields ∼5–10◦ in diameter and consis-

ent direction and speed tuning to a 99.9% coherence random-dot
otion stimulus (Allman and Kaas, 1971; Dubner and Zeki, 1971;

eki, 1974). Area LIP was identified by finding neurons with con-
ralateral response fields and spatially tuned delay-period activity
n a delayed-saccade task (Colby et al., 1996; Gnadt and Andersen,
988).

For monkey W, neural activity was used to identify the
ocus coeruleus (LC). Activity was recorded using quartz-coated
latinum–tungsten microelectrodes advanced using a NAN micro-
rive (Plexon, Inc., Dallas, TX). LC was identified based on
hysiological properties of nearby structures (e.g., auditory
esponses in the inferior colliculus, located dorsally to the LC along
ur electrode trajectory), waveform shape, phasic responses to sur-
rising stimuli (e.g., a tap on the door of the recording booth),
ow-frequency continuous discharge and decreased activity during
eriods of drowsiness (Clayton et al., 2004; Rajkowski et al., 1998,
004).

For monkey A, electrical microstimulation was used to identify
rea FEF (Bruce et al., 1985). Glass-coated tungsten microelec-

atic of the cylinder (filled with an aqueous solution of CuSO4) placed snugly in the
). (B) The head, recording chamber and cylinder are all imaged together, including
ect the cylinder contain an image of an identical ellipse (planes that intersect <50%
e projected virtually through the rest of the brain image along a line that connects

http://www.fil.ion.ucl.ac.uk/spm/
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Fig. 4. Estimates of error. All errors were stimulated by comparing a high-resolution
(0.01 mm isotropic voxels) image of an ellipse of a random aspect ratio (between 1
and 2.5) and orientation (between 0◦ and 180◦) to a sampled, corrupted version of the
same ellipse (0.7 mm isotropic voxels; n = 100 iterations per condition). (A) Box-and-
whisker plot (center lines are medians; boxes are interquartile ranges; lines extend
to the most extreme values within 1.5 times the interquartile range; crosses are
outliers) of coverage (percent of the high-resolution image covered by the sampled
image) as a function of the signal-to-noise ratio (SNR) of the sampled image. For
these simulations, cylinder diameter = 20 mm. (B) Box-and-whisker plot of coverage
as a function of cylinder diameter; SNR = 20. (C) Error in the estimate of the center
point of the high-resolution ellipse in one dimension (estimated using the sampled
image) as a function of SNR; cylinder diameter = 20 mm. (D) Error in the estimate
of the center point of the high-resolution ellipse in one dimension as a function of
cylinder diameter; SNR = 20. (E) Standard deviation of the estimated location of the
long axis of the cylinder corresponding to the high-resolution ellipses as a function
of depth from the sampled ellipses. Lines correspond to different standard deviations
in the estimates of the centers of the sampled ellipses (bottom-to-top are 0–0.1 mm
in increments of 0.02). (F) Standard deviation of the estimated location of the long
axis of the high-resolution cylinder as a function of depth from the sampled ellipses.
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rodes (Alpha Omega Engineering, Nazareth, Israel) were advanced
sing a NAN microdrive (Plexon, Inc., Dallas, TX). Area FEF was

dentified by finding sites at which saccadic eye movements with
onsistent (primarily contralateral) trajectories were evoked using
50 �A of current (0.25 ms biphasic pulses at 350–450 Hz for
0 ms).

Each site was classified as a “hit” or “miss” of the targeted
rain region using two separate procedures. The first procedure
sed the above physiological criteria. The second procedure used
natomical criteria. For this procedure, the location of each site
as expressed in the same coordinate system as the images using

he two-dimensional position of the electrode within the record-
ng chamber (using the view perpendicular to its long axis, as in
igs. 5–7G, rotated to align with penetration maps describing the
lectrode positions) and its depth relative to the dura. Once each site
as expressed in this coordinate system, its position could be com-
ared directly to the location of the targeted brain region defined

n published atlases.

. Results

Here we report on the effectiveness of this MRI-based tech-
ique for targeting specific brain regions for electrophysiological
easurements. First we estimate the amount of error produced

y the image-processing software. Then we describe results from
lectrophysiological experiments that used this technique to target
hree cortical areas (MT, LIP and FEF) and one brainstem structure
LC).

.1. Estimates of error

Our image-processing algorithm is susceptible to errors that
epend on the quality of the image. Noisy images make it diffi-
ult to distinguish the cylinder from the background. Low spatial
esolution causes aliasing at the edges of the image of the cylin-
er. However, computer simulations suggest that for the quality of
cans that we can easily expect to obtain in our ∼40 min imaging
essions, errors in estimating microelectrode trajectories that arise
rom limitations in the images are <1 mm for depths of up to several
m (Fig. 4).

One type of error caused by low-quality images is in estimat-
ng the coverage of each cross-sectional ellipse image (see Section

and Fig. 4) relative to the actual CuSO4-filled cylinder; that is,
ow much the image of the ellipse overlaps with the underlying
ylinder. Fig. 4A and B shows that except for very noisy images
signal-to-noise ratio, or SNR, of <∼1; in comparison, our cross-
ectional images of the CuSO4-filled cylinder had a SNR of >80,
hich we measured using ImageJ: http://rsb.info.nih.gov/ij/) and

esolutions (a <∼4-mm diameter cylinder imaged using 0.7-mm
oxels; in comparison, our cylinders had an inner diameter of
17 mm), coverage errors are predicted to be in most cases <3%.

A second type of error is in estimating the center of each cross-
ectional ellipse image. Fig. 4C and D shows that reasonable ranges
f SNR and resolution produce errors that are predicted to centered
n zero and with a variability that is substantially smaller than the
esolution of the image (standard deviations of the estimates of the
enter points were typically <0.1 mm for a 0.7-mm isotropic voxel
ize). However, even small errors in the estimates of the centers

f the cross-sectional ellipses become magnified in the estimate
f the location of the long axis of the recording chamber as it is
rojected in depth away from the sampled ellipses. This effect can
e reduced by improving the estimate of the center point (Fig. 4E) or

ncreasing the number of cross-sectional ellipses used to compute
he projection (Fig. 4F).

(
v
t
a

a

ines correspond to different numbers of sampled ellipses (top-to-bottom are 2–10
n increments of 2). (E and F) Errors in the estimates of the centers of the sampled
llipses increase with increasing depth.

.2. Targeting cortical areas MT, LIP and FEF

Stereotaxic surgeries were performed on monkey Z to target
rea MT (Fig. 5), on monkey C to target area LIP (Fig. 6) and on
onkey A to target area FEF (Fig. 7). MRIs were acquired several
eeks after surgery. Our image-processing software was then used

o determine if the recording chambers were placed appropriately
nd, if so, where to place our microelectrodes within the cham-
ers and how far to advance them to target the appropriate brain
egion. Because all three regions have been characterized exten-
ively (for reviews, see Andersen and Buneo, 2002; Britten, 2001;
olby and Goldberg, 1999; Schall, 2002), we could then use known
hysiological properties to help confirm the effectiveness of this
echnique.

Panel A of Figs. 5–7 shows the three-dimensional orientation
f the recording chamber and CuSO4-filled cylinder (pseudocol-
red for clarity) relative to the cranium of each monkey, displayed
sing the Volume Rendering Plugin of the AFNI software package
Analysis of Functional NeuroImages; Cox, 1996). This view pro-
ides an external visualization of the cylinder trajectory relative to

he head. Our goal was to view this trajectory relative to the internal
natomical features of the brain of each monkey.

The internal projections of the cylinders were visualized using
utomated segmentation and surface reconstruction tools in the

http://rsb.info.nih.gov/ij/
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Fig. 5. Localizing area MT. In each panel, blue indicates cylinder coverage (diameter = 1.65 cm), green crosshairs and red spots in (B) and (C) indicate the predicted location
of MT determined by registering the images to a publicly available atlas (Lewis and Van Essen, 2000; Van Essen and Dierker, 2007) and color codes shown at bottom indicate
the number of recording sites at a given location classified as a “hit” or “miss” of MT based on physiological properties, including tuning for the direction of visual motion
and restricted receptive fields in contralateral space (Allman and Kaas, 1971; Dubner and Zeki, 1971; Zeki, 1974). (A) Volume render showing external surfaces of the head
and recording chamber. (B) Surface reconstruction of the left cortical hemisphere. (C) Flat map of the left cortical hemisphere. (D) Horizontal section. (E) Sagittal section. (F)
Coronal section. (G) Section taken perpendicular to the long axis of the recording chamber at a depth corresponding to the location of MT. Circles indicate penetrations that
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ncluded at least one recording site that was classified as MT based on physiologic
nd (C) were generated using Caret (Van Essen et al., 2001). (A) and (D–G) were gen
egend, the reader is referred to the web version of the article.)

aret-SureFit Software Suite (Van Essen et al., 2001; note that Sur-
Fit’s features are now incorporated into Caret). Structural MRIs
rom each monkey were segmented and then reconstructed into a

pecific surface representation. This representation is essentially a
ire-frame tessellation whose nodes sit on the edge of the segmen-

ation and whose surface topology is defined by the links between
odes. The raw surface, which appears blocky because of the cubic

i
M
a
d

ig. 6. Localizing area LIP. In each panel, orange indicates cylinder coverage (diameter =
ocation of LIP determined by registering the images to a publicly available atlas (Lewis an
ndicate the number of recording sites at a given location classified as a “hit” or “miss”
nd oculomotor responses (Gnadt and Andersen, 1988; Colby et al., 1996). (A) Volume r
econstruction of the left cortical hemisphere. (C) Flat map of the left cortical hemispher
erpendicular to the long axis of the recording chamber at a depth corresponding to the lo
hat was classified as LIP based on physiological properties; crosses indicate penetrations
ssen et al., 2001). (A) and (D–G) were generated using AFNI (Cox, 1996). (For interpretat
ersion of the article.)
perties; crosses indicate penetrations with no sites that were classified as MT. (B)
using AFNI (Cox, 1996). (For interpretation of the references to color in this figure

oxels of the segmentation, is smoothed to generate an acceptable
ducial surface (Van Essen et al., 2001).

Each monkey’s surface reconstruction was then used to visual-

ze its cylinder projection(s). Each projection was mapped from the

RI volume onto the surface using a Caret-SureFit algorithm that
ccounts for local surface orientation when mapping volumetric
ata onto the surface (Van Essen et al., 2001). Each monkey’s spe-

1.65 cm), green crosshairs and purple spots in (B) and (C) indicate the predicted
d Van Essen, 2000; Van Essen and Dierker, 2007) and color codes shown at bottom

of LIP based on physiological properties, including spatially selective visual, delay
ender showing external surfaces of the head and recording chamber. (B) Surface

e. (D) Horizontal section. (E) Sagittal section. (F) Coronal section. (G) Section taken
cation of LIP. Circles indicate penetrations that included at least one recording site

with no sites that were classified as LIP. (B) and (C) were generated using Caret (Van
ion of the references to color in this figure legend, the reader is referred to the web
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Fig. 7. Localizing area FEF. In each panel, green indicates cylinder coverage (diameter = 1.65 cm), green crosshairs and blue spots in (B) and (C) indicate the predicted location
of FEF determined by registering the images to a publicly available atlas (Lewis and Van Essen, 2000; Van Essen and Dierker, 2007) and color codes shown at bottom indicate
the number of recording sites at a given location classified as a “hit” or “miss” of FEF based on physiological properties, including the ability to evoke saccadic eye movements
with electrical microstimulation using <50 �A of current (Bruce et al., 1985). (A) Volume render showing external surfaces of the head and recording chamber. (B) Surface
reconstruction of the right cortical hemisphere. (C) Flat map of the right cortical hemisphere. (D) Horizontal section. (E) Sagittal section. (F) Coronal section. (G) Section taken
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erpendicular to the long axis of the recording chamber at a depth corresponding to
ite that was classified as FEF based on physiological properties; crosses indicate pen
Van Essen et al., 2001). (A) and (D–G) were generated using AFNI (Cox, 1996). (For
eb version of the article.)

ific surface was then mapped to a surface-based atlas in order
o view the relative positions of the projection and the monkey’s
ortical area of interest (panels B and C of Figs. 5–7). MRI sections
ere obtained using AFNI to visualize cylinder projections rela-

ive to internal features (panels D–G of Figs. 5–7). These sectional
mages could be registered to the corresponding specific surface
o identify the locations of the cortical areas of interest from the

apped atlases (green crosshairs; Van Essen and Dierker, 2007).
particularly useful view is perpendicular to the long axis of the

ecording chamber, which permits visualization of brain regions in
he frame of reference used to position the microelectrodes within
he cylinder (panel G of Figs. 5–7).

Expressing the MR images and microelectrode positions into a
ommon frame of reference also allowed us to quantify their over-
ap. The insets of panels B and C in Figs. 5–7 show the anatomical
elationship between each targeted brain region and the corre-
ponding recording sites, each of which was defined as a “hit” or
miss” separately using anatomical and physiological criteria (see

ection 2). Table 1 quantifies these relationships. For all three brain
egions, the majority of sites were defined in a congruent fashion
sing anatomical and physiological criteria (82.8% of MT sites, 57.5%
f LIP sites and 76.9% of FEF sites were defined as hits or misses

able 1
omparison of anatomically and physiologically defined recording sites

argeted cortical area P+ P−
T A+ 339 (81.1%) 7 (1.7%)

A− 65 (15.5%) 7 (1.7%)

IP A+ 157 (48.0%) 4 (1.2%)
A− 135 (41.3%) 31 (9.5%)

EF A+ 9 (34.6%) 0 (0.0%)
A− 6 (23.1%) 11 (42.3%)

+/P−: sites defined physiologically as a hit (+) or miss (−) of the given area. A+/A−:
ites defined anatomically as a hit (+) or miss (−) of the given area. Each entry is n
%).
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cation of the FEF. Circles indicate penetrations that included at least one recording
ons with no sites that were classified as FEF. (B) and (C) were generated using Caret
retation of the references to color in this figure legend, the reader is referred to the

ased on both physiological and anatomical criteria). Most of the
ncongruently defined sites were physiological hits but anatomi-
al misses (15.5% of MT sites, 41.3% of LIP sites and 23.1% of FEF
ites), possibly reflecting individual variability in the exact location
f these cortical areas (Lewis and Van Essen, 2000; Wagman et al.,
975).

.3. Targeting the LC in the brainstem

Similar methods were used to target recording sites in the LC,
ocated in the pons along the lateral edge of the IVth ventricle. How-
ver, the Caret-SureFit brain-mapping software does not interface
ith atlases of subcortical structures as it does with surface-based

tlases. Therefore, instead of targeting LC using atlas-based coor-
inates we identified two nearby structures, the inferior colliculus
nd IVth ventricle, easily seen in the images (Fig. 8). We found phys-
ologically defined LC recordings sites within a few mm of their
xpected locations based on these MRI-based estimates.

. Discussion

We developed a simple technique for determining the three-
imensional trajectories of recording microelectrodes placed in the
rain along the long axis of a recording chamber attached to the
kull. The technique uses MRI, which has become readily available
o most researchers who conduct electrophysiological experiments
n non-human primates, but does not require long scans (a typi-
al imaging session for us lasted 40 min), high-powered magnets
most of our imaging was done using a 1.5 T scanner) or a stereo-
axic apparatus. Briefly, a cylinder filled with a high-contrast agent
CuSO4-doped water) is placed snugly in the recording chamber

nd is imaged along with the brain. Multiple planes of section
hrough the cylinder produce images of ellipses that are used to
econstruct the three-dimensional structure of the cylinder. This
econstructed cylinder can then be projected virtually through the
mage of the brain and compared to the locations of specific brain
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Fig. 8. Localizing the LC. In each panel, yellow indicates cylinder coverage (diameter = 1.65 cm), green crosshairs indicate the estimated location of LC determined by phys-
i asic re
a 04). (A
c collicu
c

r
a

u
i
a
i
s
t
n
c
i
w
L
i
f
O
S
a
a
p
a

o
a
fi
o
n
s
b
t

s
b
i
o
t
p
c
u
a
t
b
o
m
1
a

e
m
m
t
r
b
T
f
b
i

b
(
i
m
f
B
a
v
o
r
t
t

A

R
t
S

R

A

A

A

A

A

ological properties of neurons recorded at that site, including waveform shape, ph
ctivity during periods of drowsiness (Clayton et al., 2004; Rajkowski et al., 1998, 20
orresponding to the estimated location of the LC. (B) Sagittal section. IC, inferior
olor in this figure legend, the reader is referred to the web version of the article.)

egions estimated from published atlases (see Figs. 5–7) or known
natomical landmarks (Fig. 8).

This technique, which is intended to complement methods that
se a stereotaxic reference frame to visualize anatomy and record-

ng hardware (Miocinovic et al., 2007), has given us two distinct
dvantages. First, it allows us to confirm whether or not the record-
ng chamber, typically placed using stereotaxic methods during
urgery, is positioned appropriately. Stereotaxic procedures define
he location of any position in the brain relative to a known coordi-
ate system (Horsely, 1908). Although stereotaxic procedures yield
onsistent results in smaller animals, neuroanatomical structures
n larger mammals, such as macaques, are just roughly aligned

ith cranial landmarks (Glimcher et al., 2001; Percheron and
acourly, 1973) and are subject to substantial inter-animal variabil-
ty (Wagman et al., 1975). Thus, this method is especially imprecise
or monkey neurophysiology (Aggleton and Passingham, 1981;
lzewski, 1952; Percheron, 1975; Percheron and Lacourly, 1973;
aunders et al., 1990; Subramanian, 2001; Subramanian et al., 2005)
nd requires verification and possible adjustment. Our method
voids the stereotaxic reference frame altogether and instead com-
ares directly the location and orientation of the recording chamber
nd underlying brain structures.

Second, this technique allows us to determine where to place
ur microelectrodes within the recording chamber and how far to
dvance them in depth to target the brain area of interest. Although
nding an appropriate recording site still requires a certain amount
f searching, this technique has greatly reduced the amount of time
eeded to do so. Using this technique we have expeditiously located
everal regions of the cerebral cortex (MT, LIP, and FEF) and one
rainstem structure (LC). In general, finding appropriate sites now
akes us days instead of weeks of searching.

The precision of this technique depends on several factors. Our
imulations show that the image-processing algorithm is suscepti-
le to errors produced by low SNR or spatial resolution of the MR

mages (Fig. 4). However, for reasonable values of SNR (>10) and res-
lution (0.7-mm isotropic voxels for a ∼20-mm diameter cylinder)
hat we were able to obtain easily in our images, our image-
rocessing algorithm will provide >95% coverage of the recording
hamber and an unbiased estimate of its long axis to within <1 mm
p to ∼2 cm in depth. This amount of error seems likely to be rel-
tively small compared to other, less predictable sources of error
hat will influence the ability to use these images to target specific

rain regions, including: (1) individual variability in the locations
f specific brain regions relative to identifiable anatomical land-
arks, particularly in larger animals like macaques (Wagman et al.,

975); (2) movement of the brain relative to the skull (and recording
pparatus); (3) variability in the day-to-day placement of micro-

B

B

sponses to surprising stimuli, low-frequency continuous discharge and decreased
) Section taken perpendicular to the long axis of the recording chamber at a depth

lus; IV, IVth ventricle. (C) Coronal section. (For interpretation of the references to

lectrodes within the recording chamber (a problem that can be
inimized by using a fixed grid for guiding microelectrode place-
ent, at the expense of spatial resolution), and (4) microelectrode

rajectories that do not travel exactly parallel to the long axis of the
ecording chamber (because of flexible microelectrodes that can
end unpredictably when traveling through tissue, for example).
hese additional sources of variability make it difficult to envision
undamental improvements to the precision of this kind of MRI-
ased technique even if the SNR and spatial resolution were to

mprove substantially.
Our application is acute, extracellular recordings in the cere-

ral cortex of awake monkeys. The size of the monkey brain
∼60–70 mm in length; Martin and Bowden, 1996) and our record-
ng chambers (19 mm inner diameter) and the size (at least several

m across) and depth of the targeted brain regions (<∼10 mm deep
or cortical areas MT, LIP, and FEF; ∼40 mm deep for LC; Martin and
owden, 1996; Stanton et al., 1989; Lewis and Van Essen, 2000)
ll contribute to the appropriateness of this technique, which pro-
ides an estimate of microelectrode trajectories with a precision
f <∼1 mm. Smaller brains, recording chambers or targeted brain
egions would all pose stronger challenges to this or any other
echnique that attempts to determine precisely the microelectrode
rajectories that would intersect the chosen targets.
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