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Abstract
Methods for performing functional magnetic resonance imaging (fMRI) studies in behaving and lesioned monkeys using a human MR
scanner are reported. Materials for head implant surgery were selected based on tests for magnetic susceptibility. A primate chair with a rigid
head fixation system and a mock scanner environment for training were developed. To perform controlled visual studies, monkeys were trained
to maintain fixation for several minutes using a novel training technique that utilized continuous juice rewards. A surface coil was used to
acquire anatomical and functional images in four monkeys, one with a partial lesion of striate cortex. High-resolution anatomical images were
used after non-uniform intensity correction to create cortical surface reconstructions of both lesioned and normal hemispheres. Our methods
were confirmed in two visual experiments, in which functional activations were obtained during both free viewing and fixation conditions. In
one experiment, face-selective activity was found in the fundus and banks of the superior temporal sulcus and the middle temporal gyrus in
monkeys viewing pictures of faces and objects while maintaining fixation. In a second experiment, regions in occipital, parietal, and frontal
cortex were activated in lesioned and normal animals viewing a cartoon movie. Importantly, in the animal with the striate lesion, fMRI signals
were obtained in the immediate vicinity of the lesion. Our results extend those previously reported by providing a detailed account of the
technique and by demonstrating the feasibility of fMRI in monkeys with lesions.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction
Functional magnetic resonance imaging (fMRI) has become an important tool for studying human brain function
(e.g. Kastner and Ungerleider, 2000). More recently, this
technique has been applied to the macaque monkey, which
is the most widely studied animal model for human neocortical organization and function. For several reasons, the use
of fMRI in monkeys is of considerable potential for understanding brain function, especially when applied in conjunction with invasive techniques. First, functional brain mapping
∗
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techniques yield information about the organization of distributed neural processing at a large-scale population level,
thereby complementing results from single- and multi-unit
recording studies. Second, brain regions involved with perception, motor function and cognition can be easily localized
to identify sites for traditional invasive experimental approaches such as single cell recordings or lesions. Third, the
use of fMRI in animals with focal brain lesions provides a
unique model to study recovery of brain function and behavior at the level of distributed large-scale networks. Fourth,
in combination with microelectrode recordings, the application of fMRI in monkeys helps to clarify the relation between neural signals and the blood oxygenation dependent
(BOLD) signal acquired with fMRI (Logothetis et al., 2001).
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And fifth, fMRI studies in awake, behaving monkeys and
in humans using similar experimental paradigms hold the
promise of revealing similarities and differences in the organization of brain areas in the two species (Denys et al., 2004;
Kourtzi et al., 2003; Koyama et al., 2004; Nakahara et al.,
2002; Orban et al., 2003; Tsao et al., 2003a,b; Vanduffel et
al., 2002).
Significant technical challenges must be overcome to perform fMRI studies in awake, behaving monkeys using a human MR scanner (Dubowitz et al., 1998; Stefanacci et al.,
1998; Vanduffel et al., 2001). All devices, such as the apparatus for restraining the monkey’s head and the reward
apparatus, must be constructed from MR compatible materials that do not interfere with the signal acquisition. Further,
due to the horizontal bore of most human MR scanners,
the animals must be restrained in a horizontal position
and need to be specifically trained to perform behavioral
tasks in a noisy environment and extremely confined space.
Here, we describe methods we have developed to perform
fMRI studies in awake, behaving animals trained to fixate for extended periods of time. These include evaluating
materials for head post implants, the design and construction of an MR compatible primate chair and a mock scanner setup, and the development of adequate training procedures. Our methods were then applied in two studies. In
the first study, our goal was to establish functional brain
imaging in behaving monkeys with circumscribed brain lesions. Visually-evoked functional activations obtained during
free viewing of a cartoon movie were compared in monkeys
with and without partial lesions of striate cortex to determine whether BOLD signals in the vicinity of the lesion
could be measured. In the second study, our goal was to determine whether specific stimulus-related activity could be
obtained in animals trained to fixate for several minutes. Activity in visual cortex related to presentations of faces, objects
and scrambled pictures was studied in two of our trained
animals.
Several previous studies have described methods to perform fMRI experiments in anesthetized and awake monkeys
(Denys et al., 2004; Dubowitz et al., 1998, 2001; Koyama
et al., 2004; Nakahara et al., 2002; Stefanacci et al., 1998;
Tsao et al., 2003a,b; Vanduffel et al., 2001, 2002). Procedures for evoking activity related to sensory stimulation
in visual and parietal cortex have been reported (Disbrow
et al., 1999; Dubowitz et al., 1998; Leopold et al., 2002;
Logothetis et al., 1999; Rainer et al., 2001, 2002; Sereno
et al., 2002; Stefanacci et al., 1998; Tolias et al., 2001).
Further, the use of contrast agents has been shown to enhance signal detection in both anesthetized and awake animals (Dubowitz et al., 2001; Vanduffel et al., 2001; Leite
et al., 2002). Our study extends previous reports by providing a detailed account of training, scanning, and image processing procedures, and by demonstrating the feasibility of fMRI in animals with cortical lesions. Part of
this work has been published in abstract form (Pinsk et al.,
2003).

2. General materials and methods
Standard methods for surgical procedures, visual stimulation, experimental design, data acquisition and analysis are
described in this section. Methods that were developed specifically for monkey fMRI are described in Section 3.
2.1. Subjects
Subjects were four adult, male macaque monkeys
(Macaca fascicularis) weighing 4–9 kg. All procedures were
approved by the Princeton University Animal Care and Use
Committee and conformed to NIH guidelines for the humane
care and use of laboratory animals.
2.2. Surgical procedures
All surgical procedures were performed under strictly
aseptic conditions and under general anesthesia with isoflurane (induction 2–4%, maintenance 0.5–2%) following
preanesthetic medication with atropine (0.08 mg/kg i.m.), ketamine (2–10 mg/kg i.m.) and acepromazine (1 mg/kg). In
all animals, a plastic head bolt (Model CILUX FHP/D-J9;
Crist Instrument Inc., Damascus, MD, USA) for restraining
the head was implanted to extend vertically from the rostral cranium using ceramic screws (ZrO2 + Y2 O3 ; Ceramco
Inc., Center Conway, NH, USA) and dental acrylic (CrossLinked Flash Acrylic; Yates & Bird Co., Chicago, IL, USA).
All materials used for implant surgery were tested for magnetic susceptibility prior to surgery (see Section 3 for details).
The animals were treated post-surgically with antibiotics (e.g.
Baytril, 2.5 mg/kg i.m.) and analgesics (e.g. Buprenorphine,
0.01 mg/kg i.m.). Wound margins of skin surrounding the
implant were cleaned regularly. One animal received a partial unilateral ablation of striate cortex in a second surgery.
Protocols for anesthesia and post-surgical treatments were as
in the first surgery. Surgical methods were similar to those
described in detail previously (Rodman et al., 1989; Moore
et al., 1996; Moore et al., 2001). Briefly, lesion surgery was
performed after removal of the overlying bone and turning
a dural flap. Striate cortex on the lateral surface, the medial
surface and in the calcarine fissure (representing the central
8–12◦ of the visual field) was removed by subpial aspiration
under the control of a Zeiss operating microscope. The dural
flap and the soft tissues around the edge of the wound were
then sutured.
2.3. Visual stimulation and experimental design
In experiment 1, three normal animals (M1, M2, and M3)
and one animal with a unilateral striate lesion (M4) viewed a
cartoon movie. The movie was displayed from a DVD player
and projected from an Epson LCD projector onto a translucent screen located at the back of the scanner bore at a distance
of 60 cm from the animals’ eyes and subtending 30◦ × 30◦
of visual angle. The movie presentation was synchronized to
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the beginning of each scan manually with a keyboard button press. Movie clips of 30 s were presented in alternation
with periods of blank screens (i.e. no visual stimulation, mean
luminance of 0.50 cd/m2 ) of the same length. Three blocks
of visual stimulation (∼150 cd/m2 ) were presented during a
given run of 210 s, which started and ended with a 30-s blank
period. Each run was repeated six times during a scanning
session. Monkeys viewed the cartoon movie freely, and were
given juice after each run. Eye positions were monitored during the scanning sessions using a long-range infrared eye
tracking system (see Section 3 for details).
In experiment 2, two normal animals (M1, M2) were
shown color pictures of objects, faces, and phase-scrambled
pictures while maintaining fixation. The stimuli subtended
5◦ × 5◦ and were presented for 1 s foveally behind the fixation point (0.50◦ diameter) followed by a 1 s blank interval
during which only the fixation point was present. Blocks of
stimuli from each category were presented interleaved with
blank periods, each lasting 12 s. Each category block was repeated twice in a scan, resulting in scans of 192 s each. The
stimulus presentation and eye position recording was synchronized to the beginning of each scan using a trigger pulse
from the scanner. The monkey received a juice reward at
regular intervals (1–2 s) when it maintained fixation within
a square window of 4◦ of visual angle during the stimulus
blocks and the blank periods (see Section 3.4 for more details). Scans during which the animal broke fixation for longer
than 500 ms more than 20 times were excluded from analysis. The animal completed 8–10 scans in each session before becoming satiated with juice. We report data from four
scanning sessions that were combined for a total of 3000
volumes.
2.4. Data acquisition and analysis
Structural and functional images were acquired with a 3 T
head-dedicated scanner (Magnetom Allegra; Siemens, Erlangen, Germany) designed for human brain scanning, using
a 12-cm transmit/receive surface coil (Model NMSC-023;
Nova Medical Inc., Wakefield, MA, USA). Monkey subjects
were placed in the ‘sphinx’ position in an MR-compatible
primate chair during scanning sessions (see Section 3.2).
In order to perform cortical surface reconstructions offline, a high resolution (0.5 mm × 0.5 mm × 0.5 mm) structural scan was acquired in a session lasting for 3 h and 33 min
[i.e. the extra-session anatomical scan; MPRAGE sequence;
FOV = 128 mm × 128 mm; 256 × 256 matrix; TR = 2500 ms;
TE = 4.4 ms; TI = 1100 ms; flip angle = 8◦ ; 20 acquisitions],
during which the animals were anesthetized with Telazol (tiletamine/zolazepam, 10 mg/kg i.m.). All other scan
sessions, each lasting about 2 h, were performed with
awake animals. Functional images were taken with a gradient echo, echo planar sequence (FOV = 80 mm × 80 mm;
64 × 64 matrix; TR = 2000 ms, TE = 32 ms, flip angle = 90◦ ,
bandwidth = 2112 Hz/Pixel). Twenty-six contiguous coronal
slices (thickness = 2 mm without gap, in-plane resolution:
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1.25 mm × 1.25 mm) were acquired in 6 series of 105 images each (experiment 1) or 8–10 series of 130 images
each (experiment 2), starting from the posterior pole and
covering the brain up to the region of the principal sulcus. Prior to acquiring the functional scans, an automatic
shim was performed over the posterior half of the brain
to improve the signal-to-noise ratio and reduce susceptibility artifacts caused by the ear canals and head implant.
A high-resolution anatomical scan lasting 11 min (i.e. the
intra-session anatomical scan) was also acquired in the same
session (0.5 mm × 0.5 mm × 1.0 mm, MPRAGE sequence;
FOV = 128 mm × 128 mm; 256 × 256 matrix; TR = 2500 ms;
TE = 4.4 ms; TI = 1100 ms; flip angle = 8◦ ; 1 acquisition) for
alignment with the extra-session anatomical scan from which
the cortical surface was reconstructed.
The first four images in each functional scan were excluded from analysis to avoid using images acquired before magnetization equilibrium was reached. In experiment
1, the functional images were motion-corrected by registering each image to the image acquired closest in time to the
high-resolution anatomical scan using a 3D registration tool
provided by the AFNI software package (Version 2.55; Cox,
1996; Cox and Hyde, 1997). Despite being head-restrained,
motion correction is necessary to correct for residual head
motion that the head restraint may not prevent and for phase
drift due to shim heating during the scanning session. The
registration tool is designed to be efficient at correcting head
motions of a few millimeters and head rotations of a few degrees. It uses an iterated linearized weighted least squares
algorithm and Fourier interpolation to match each volume
to the reference volume (Cox and Jesmanowicz, 1999). In
experiment 2, the functional images from four sessions of
monkey M2 and five sessions of monkey M1 were motion
corrected to a single image acquired in the first session of
each animal using the same registration tool. Because the animal’s head position and the slice prescription were exactly
replicated across scan sessions, we were able to register all
of the images from all sessions to the same reference image. For both experiments, the images were spatially filtered with a small 2 mm Gaussian kernel to increase the
signal-to-noise ratio but still retain spatial specificity. For
experiment 2, in order to combine data from multiple sessions, the data were first normalized to their means using the following formula: c = (a − b)/b × 100 where a is
the motion-corrected and spatially filtered voxel intensity
in a time series, b the mean intensity value of that voxel,
and c is the normalized intensity value of that voxel. For
both experiments, statistical analyses were performed using
multiple regression in the framework of the general linear
model (Friston et al., 1995) using the AFNI software package.
Square-wave functions matching the time course of the
experimental design were defined as effects of interest in the
multiple regression model. Each of the square-wave functions
was convolved with a gamma-variate function to generate idealized response functions (Cohen, 1997), which were used as
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regressors of interest in the multiple regression model. In addition, regressors that accounted for variance due to baseline
shifts between time series, linear drifts within time series, and
head motion parameter estimates calculated by the registration were included into the regression model. For experiment
1, we contrasted visual stimulation versus blank. For experiment 2, we contrasted objects versus scrambled pictures,
faces versus scrambled pictures, and faces versus objects. Statistical maps for experiments 1 and 2 were thresholded at a z
score of 3.72 (p < 0.0001). The statistically significant voxels
were overlaid on the intra-session T1-weighted anatomical
volume by using the volume position parameters obtained
during the scan session.
In experiment 1, regions of interest (ROIs) were defined
using sulcal landmarks on the T1-weighted anatomical volume. The raw fMRI signals were averaged across all activated
voxels (z > 3.72, p < 0.0001) within a given ROI and across
scans, and normalized to the mean intensity obtained during
the blank periods.
Several steps were performed to project the activated
voxels onto the reconstructed cortical surfaces. First, the
intra-session anatomical volume was registered and resampled using cubic interpolation to the higher resolution extrasession volume using AFNI’s 3D registration tool (Cox and
Jesmanowicz, 1999), and visually checked for alignment accuracy. Second, the statistical maps were registered and resampled using a nearest neighbor interpolation method to the
higher resolution extra-session volume using the rotation and
translation parameters from the previous anatomical registration. With this interpolation method the value of a voxel at a
specific location is given by the value of the original voxel that
is closest to the new one, thus eliminating any interpolation
of statistical values. Once the statistical maps were aligned
to the extra-session volume, the significantly activated voxels
could be projected onto the cortical surface reconstructions
for visualization purposes.

3. Results and discussion
3.1. Materials for head post implants
Each monkey received a head bolt implant to restrain the
animal’s head in a fixed position in the primate chair and to
minimize head motion. When different materials are placed
in close proximity to one another in an MR-environment,
they have the potential to cause image artifacts due to their
differing magnetic susceptibilities (Buxton, 2001). Because
only materials that caused minimal susceptibility artifacts
could be used for implant surgery of the monkey’s head
fixation system, all materials that were considered for implantation, including skull screws, polyetheracrylate cements
and head bolts, were tested prior to surgery. The materials
were placed on top of an 11.5 cm cylindrical water container,
which will be referred to as a “phantom”, while acquiring
echo echo-planar (EPI) images (2.5 mm × 2.5 mm × 2.0 mm,
FOV = 160 mm × 160 mm; 64 × 64 matrix; TR = 2000 ms,
TE = 31 ms, flip angle = 90◦ ). The coronal slice image showing the largest susceptibility artifact for each material was
chosen, and each artifact’s diameter was measured. For example, Fig. 1A shows a coronal slice through the phantom
when a ceramic screw custom manufactured and composed
of zirconium dioxide (ZrO2 + Y2 O3 ; Ceramco Inc., Center
Conway, NH, USA) or a titanium skull screw was placed
on top of it with the screw’s long axis parallel to the main
magnetic field. The artifact that resulted from the ceramic
screw reached a maximum depth of 1 cm into the phantom
across all slices, whereas the artifact caused by the titanium
screw reached a 2 cm depth. These results confirm those of
Matsuura et al. (2002) who performed similar tests and found
that zirconia ceramic produced a considerably smaller artifact than alumina ceramic, titanium and stainless steel. A
polyetherimide head bolt (Model CILUX FHP/D-J9; Crist
Instrument Inc., Damascus, MD, USA) caused an artifact that

Fig. 1. Material testing for implant surgery. (A) EPI tests revealed a susceptibility artifact that was smaller for a ceramic skull screw (left) in comparison
to a titanium skull screw (right). Each screw was 8 mm in length and placed on top of an 11.5 cm diameter cylindrical phantom. Susceptibility artifacts are
visible as drops in signal intensity and distortions in the image thereby causing “shadows”. (B) EPI tests revealed a much smaller susceptibility artifact for a
polyetherimide head bolt (left) in comparison to a titanium head bolt (right). Each cylindrical bolt was approximately 2.5 cm × 1.8 cm. (C) EPI tests of a 100 ml
of hardened dental cement (left) in comparison to an alternative bone cement (right) placed on top of a phantom revealed similarly sized artifacts. The blocks
of cement were 6 cm × 10 cm × 3 cm.
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reached a maximum depth of 1.5 cm, whereas the artifact resulting from the titanium bolt covered half the diameter of
the phantom (Fig. 1B). Two different cement materials were
tested: dental cement (Cross-Linked Flash Acrylic; Yates &
Bird Co., Chicago, IL, USA) and bone cement (Dough-Type
Bone Cement; Zimmer Inc., Warsaw, IN, USA). The artifacts caused by both cements were comparable and reached
a maximum depth of 1.5 cm (Fig. 1C).
Based on our tests, we chose ceramic screws and dental
cement for implant surgery of a polyetherimide head bolt
to restrain the animal’s head. Due to the susceptibility artifacts caused by the cement some groups avoid using cement
for head implants at all and use a more costly polyetherimide head cap machined to conform to the skull’s surface
(Dubowitz et al., 1998; Logothetis et al., 1999; Vanduffel et
al., 2001). Others have opted not to use surgically implanted
head restraints, and instead use a cushioned head frame and
ear bars under local anesthesia to secure the head (Andersen
et al., 2002). To reduce susceptibility artifacts related to our
implant method, data acquisition parameters were modified
in several respects. Local field inhomogeneities were reduced
with localized automatic shimming (Mao and Kidambi, 2000;
Reese et al., 1995). A high spatial resolution was used to reduce partial volume effects (Young et al., 1988; Frahm et al.,
1993). And scanning was performed at a higher bandwidth to
decrease sampling time and T2* decay (Schmitt et al., 1998).
3.2. MR-compatible primate chair, head-holding
apparatus, and RF-coil
Due to the horizontal bore of the Allegra scanner, we designed an MRI primate chair that allows the animal to sit
comfortably prone with his head erect (“sphinx” position;
Fig. 2) while being head restrained. The chair and head restraint design were constrained by the small diameter (33 cm)
of the Allegra scanner bore. The chair was constructed entirely from MR-compatible materials. It consists of a large
cast acrylic tube (62 cm length and 28 cm diameter), with
front and rear plates made of polycarbonate secured with nylon screws. The size of the tube leaves sufficient space to
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fit a variety of extra equipment (e.g. juice tubes, coil cables,
etc.). A flat surface composed of delrin and polycarbonate
was created along the bottom of the tube for the animal to sit
upon. This bottom surface contains drainage holes for solid
and liquid waste to drop to the bottom of the tube, and also
has an inclined front end to help support the animal’s chest
while sitting in the sphinx position (Fig. 2B). The front cover
plate has an opening from which the animal’s head protrudes
and is held in place with two adjustable polycarbonate neck
plates built to each animal’s neck size (Fig. 2K). In addition to holding the neck plates, the front plate also contains
a small clamp to secure a sipper tube by the animal’s mouth
(Fig. 2H). A polyethylene cradle was built to secure the chair
during positioning of the animal into the chair. A platform
with wheels is used to transport the primate chair and cradle
to the laboratory and scanner.
A head restraint system made of delrin was conformed to
and attached along the top of the inner surface of the tube.
This design allowed for the use of a larger diameter tube
to accommodate larger animals. The head restraint provides
rigid fixation of the animal’s head by securing a polyetherimide head post attached to the surgically implanted head bolt.
During the course of chair development we found that a single crossbar holding the head post with a couple of pins to
prevent head rotations, as used by others (Stefanacci et al.,
1998; Vanduffel et al., 2001, Crist Instruments Co., Damascus, MD), was not sufficiently strong to prevent small rotations. Our head restraint system also includes a support
bracket fixed along the top inner surface of the chair and protruding through the front above the animal’s head (Fig. 2C)
that holds the head post holder. The head post holder is adjustable, consisting of two parts, and functions as a clamp to
secure the head post. The back part of the head post holder is
secured to the support bracket with nylon screws and dovetails (Fig. 2D). The front part slides into place using dovetails
along the support bracket, and is secured to the back part with
nylon screws to surround the head post (Fig. 2E). The front
part also acts as a stabilizing bar for the entire system by attaching to two support pillars on each side of the chair’s front
plate (Fig. 2G). Two delrin pins in the front and back ends of

Fig. 2. MR-compatible primate chair. Schematic drawing of side and front views of the primate chair. The chair is constructed of entirely MR-compatible
materials (cast acrylic and delrin). Note how the animal is positioned in the “sphinx” position so that stimuli can be displayed directly in front of it. The main
components of the chair are labeled (see Section 3 for details). (A) rear panel plate; (B) chest support; (C) head support bracket; (D) back head post holder; (E)
front head post holder; (F) surface coil; (G) support pillar; (H) sipper tube holder; (I) plastic C-clamps to hold surface coil; (J) polyetherimide head post; (K)
adjustable neck plate.
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the head post prevent left/right head rotations. Such a head
restraint system provides flexibility when using animals of
different sizes, while at the same time rigidly holding their
heads in place.
Anatomical and functional images were acquired using
a 12-cm transmit/receive surface coil (Model NMSC-023;
Nova Medical Inc., Wakefield, MA, USA), which is positioned above the animal’s head like a “halo” (Fig. 2F). The
coil is secured to the head restraint system of the primate
chair with two plastic C-clamps (Duraclamp 476; Burlingham International Inc., Costa Mesa, CA, USA) (Fig. 2I).
3.3. Mock scanner setup and scanner setup
A mock scanner environment was created for animal training (Fig. 3). To habituate the animals to confined spaces, a
wooden and polyethylene model of the scanner bore was built
to scale. The chair easily slides into the mock bore and is secured with rubber stoppers. Loudspeakers were placed above
the mock bore to play scanner noise during training. After the
animal was habituated to spend 2–3 h inside the mock bore,
recorded scanning noise was played that started at low volumes and gradually increased to the actual scanner volume
level (115 dB) over the course of several weeks of training.
A single-channel analog video motion detector (MD 2001;
Pelco Inc., Clovis, NY, USA) was used to monitor the animal’s body movements by placing a video camera at the “tail”
end of the mock bore (Fig. 3A). Due to the transparency of the
primate chair, the camera is able to pick up body movements
that can adversely affect data quality during actual scanning
(Birn et al., 1998, 1999). If a movement was detected during
training, the trial was aborted instantly. The sensitivity of the
motion detector was gradually increased to detect smaller
movements. Interestingly, from our experience thus far, it
appears that fully trained animals remain very still when engaged in a demanding task, and that there was no need to
disregard data due to body movement once the animals were
being scanned. An infrared-sensitive camera and LED illuminator was attached to the front of the mock bore to track eye
movements at 60 Hz (RK-416; Iscan Inc., Cambridge, MA,
USA) (Fig. 3B). During training, visual stimuli were displayed on a CRT monitor placed in front of the mock bore,
60 cm from the animal’s eyes (Fig. 3C). A long-range juice

delivery system was created so that the pump mechanism
could be placed in a control room outside the training room
(and also outside the MRI scanner room to prevent electronic
interference). This reward system consists of an electronic infusion pump (PHD 2000; Harvard Apparatus Inc., Holliston,
MA, USA) that sends juice from a syringe through polyethylene (PE) tubing to a small sipper tube that is mounted to the
front plate of the primate chair and inserted into the monkey’s mouth (Fig. 2). The stimulus display, motion detection,
eye tracking, and reward delivery systems were all computercontrolled with CORTEX software (NIMH, Bethesda, MD,
USA).
The setup at the scanner site is in many respects similar
to the mock setup in the animal laboratory. Whereas in the
mock setup the primate chair is secured with rubber stoppers
between the chair and the inside surface of the mock bore,
a more rigid system for mounting the primate chair to the
patient bed of the scanner was created. The primate chair is
mounted to the patient table in the front with a delrin cradle that attaches to both the patient table and the primate
chair with nylon screws. The back of the primate chair is secured with two delrin clamps that attach to each side of the
chair with nylon screws and hook into the sides of the patient
table. A rigid mounting system is important for several reasons. First, such a system will reduce chair movement that
occurs when the animal moves. Second, securing the chair to
the patient bed prevents the chair from contacting the inner
surface of the magnet bore, thus partially isolating it from
gradient vibrations that may irritate the animal and degrade
image quality. Third, the chair mount allows the chair to be
positioned in exactly the same location for each scan session,
thereby permitting the same exact slice prescriptions to be
acquired since the animal’s head is also fixed in the same position. With the same exact slice prescription, we are able to
register the slices across sessions for analysis without having
to transform the data to a standard template.
The stimulus display is accomplished in the same manner
as in the mock setup, except instead of a CRT at the end of
the bore, a translucent projection screen displays the stimuli
from a digital projector. As in the mock setup, a motion detection camera is placed at the “tail” end of the patient table.
The camera is specifically designed for the MR environment
(Avotec Inc., Stuart, FL, USA) being magnetically shielded

Fig. 3. Mock scanning environment used for animal training. The internal dimensions of the mock bore match the actual scanner bore dimensions. Loudspeakers
above the mock bore (not shown) play scanner noises during training. Left panel: side view of the mock bore. Right panel: view inside the bore from the end
where the motion-detecting camera is located. (A) Motion-detecting video camera on “tail” end of bore. (B) Eye-tracking camera. (C) Stimulus display monitor.
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and having fiber optics to prevent radio frequency interference. A long-range infrared eye tracking system (504 LRO;
Applied Science Laboratories Inc., Bedford, MA, USA), capable of measuring the eye position at a rate of 240 Hz with an
accuracy of 0.5◦ and a resolution of 0.25◦ is located 7 ft from
the “head” end of the bore and tracks the animal’s eye through
a small (4 cm diameter) hole cut in the lower left quadrant of
the stimulus display screen. As mentioned above, the juice
delivery system remains completely outside the scanner environment with the PE tubing entering through a small opening
on the wall into the scanner room (waveguide) to deliver juice
to the animal.
3.4. Monkey training
A training procedure was developed to accustom the animals to the chair and scanning environment, and to train
them to fixate for extended periods of time in order to perform controlled visual experiments. In a first phase of the
training, monkeys were trained for about a week to crawl
into the primate chair through the back opening. In a second
phase lasting about a week, the animals were habituated to the
mock scanner environment by just sitting in the mock bore,
listening to the gradient noise and receiving juice every few
minutes. A third phase of training was specific to the purpose
of our studies that are currently directed at the visual system.
The monkeys were trained to fixate a central fixation point for
several minutes while stimuli were presented at various locations in the visual field. During this phase of the training the
animals were water scheduled to achieve behavioral control
using operant conditioning. There were two major reasons for
training the animals to fixate for an extended period of time.
First, stable fixation allows for controlling stimulus location
on the retina, which is important in many visual experiments
such as retinotopic mapping (e.g. Brewer et al., 2002; Fize
et al., 2003). Second, by having the monkeys fixate for long
periods, we can present multiple stimuli in series to increase
the power of statistical image analyses.
Fixation times of several minutes were achieved by rewarding the animals with juice at regular intervals (“interjuice interval”, IJI) during fixation trials when their gaze remained within a square window of 4◦ . To simulate scanning
conditions, fixation trials were presented in blocks with several minutes of rest in between. During the first step of this
training phase the IJI was gradually increased from 500 ms
to 2000 ms. After several weeks of such training, the animals
were typically able to fixate for periods of 20–30 s while receiving juice every 2 s. Once the animals achieved peak fixation trials of about 30 s, the training proceeded to a second
stage during which the IJI was reduced in 500 ms increments
after longer periods of fixation in order to motivate the animal
to maintain fixation. For example, after fixating for 30 s, the
IJI would be reduced to 1500 ms for the next 30 s of successful fixation, and then again the IJI would be further reduced
to 1000 ms for as long as the animal maintained fixation. By
introducing this scheme of increasing reward rates achieved

Fig. 4. Fixation training in one animal (M3). (A) Average length of peak
fixation trials across daily training sessions. Training is performed in 4 min
blocks interleaved with equally long rests. After 9 weeks, the animal could
fixate for about 3 min. The longest fixation trial that the animal performed in
each of seven consecutive training sessions was averaged. (B) Total amount
of time that the animal spent fixating in each training session. After 9 weeks,
the animal fixated for about 30 min per session. Data were averaged using 7day bins. The vertical dotted line indicates the time when inter-juice intervals
decreasing in a predictable manner were introduced.

by reducing IJI’s in predictable ways, we were able to increase the lengths of fixation trials significantly (dotted line,
Fig. 4, Monkey M3). Once the animals became familiar with
this reward scheme, it was fairly easy to gradually extend
the times between IJI decreases in order to prolong the overall duration of fixation trials. After a couple of months of
daily training the duration of fixation trials approached 3 min
(Fig. 4A), while the overall fixation time per training session
reached a total of 27 min (Fig. 4B). During a training session
the animals typically performed 8–10 blocks of 4 min each,
interleaved with rest periods of 4 min to simulate the timing
parameters of an actual scanning session closely. During the
fixation trials, the animals were allowed to blink and make
brief eye movements leaving the fixation window as long as
the eye returned to the fixation spot within less than 200 ms.
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Fig. 5. Eye position recordings from animal M1. Horizontal (H) and vertical
(V) eye traces from a representative trial lasting 3 min. Eye positions were
recorded using an MR-compatible infrared eye tracker (ASL Co.). Arrows
indicate eye movements outside the 4◦ square fixation window. The animals
were trained to return to the fixation spot after an eye blink or small eye
movement within 200 ms, otherwise the trial was aborted.

Such brief eye movements were infrequent events, as can
be seen in the representative eye trace in Fig. 5. Eye blinks
were eliminated by applying a pupil size and location filter
(ILAB v. 3.57, Gitelman, 2002). It is important to note that
the size of the animal will affect the amount of juice reward
and, therefore, strongly influence the total amount of time it
can fixate during a session. A trained animal weighing 6–9 kg
will typically receive ∼25 ml of juice reward during a 3 min
scan or training period, and will complete 8–10 scans in a
session, amounting to a total of 200–250 ml of juice reward.
Other laboratories performing fMRI in awake monkeys have
reported similar training schemes to achieve long fixation
durations (Vanduffel et al., 2001; Tsao et al., 2003a).
3.5. Anatomical scanning
For each animal, an anatomical scan (MPRAGE sequence,
20 repetitions that were averaged, for scanning parameters,
see Section 2) of 0.5 mm × 0.5 mm × 0.5 mm spatial resolution was acquired in a single scanning session, during which
the animals were anesthetized. These images were used for
surface reconstructions of the monkey’s cortex. Although the
number of acquisitions necessary to obtain sufficient signal
for accurate segmentation was not formerly investigated in
this study, our experiences have shown that with a surface
coil, 15–20 scans were necessary to gain a sufficient signalto-noise ratio in regions of the brain that were distant to the
coil such as inferior temporal cortex. Surface reconstructions
with fewer acquisitions may yield similar results, but will
require more manual intervention when segmenting the surface. Due to the use of a surface coil, the original structural
images exhibited a gradient in signal intensity that was brightest closest to the coil (i.e. the top of the head) and decreased
towards the bottom of the head, as distance from the coil
increased (Fig. 6A). Because the cortical segmentation algorithms implemented by surface reconstruction software rely
largely on image intensity values to distinguish brain tissue

(i.e. gray matter (GM), white matter (WM), cerebral spinal
fluid (CSF)), a gradient in signal intensity defeats these algorithms. Therefore, a non-uniform intensity correction (NUC)
algorithm was applied. Based on the results of Arnold et al.
(2001) who systematically assessed the performance of various NUC algorithms on real and simulated MRI data from
a volume coil, we chose to use the n3 algorithm (Sled et al.,
1998) rated as one of the top performing ones. Whether this
algorithm outperforms the others on extremely non-uniform
data collected with a surface coil remains to be studied. For
our purpose of segmenting the cortical surface, the n3 algorithm proved sufficient. As noted by Arnold et al. (2001), it
is unknown whether NUC algorithms perform better when
non-brain regions (i.e. skull and muscles) are masked first.
We chose to remove non-brain tissue after applying the n3 algorithm since the skull removal software (Smith, 2002) performed best once the volumes were intensity corrected. In
addition, to further improve the images for tissue segmentation, the images were de-noised with a non-linear filter that
preserved the underlying structural information in the images
(Smith, 1996) (Fig. 6B).
The resulting brain volumes were segmented and the cortical surfaces were reconstructed. Software for automatically
segmenting and reconstructing the cortical surface has been
developed using different techniques by several laboratories
in the past years (Teo et al., 1997; Dale et al., 1999; Fischl
et al., 1999; Van Essen et al., 2001). These techniques are
often used in human imaging studies, and are now beginning
to be applied in monkey fMRI studies (Brewer et al., 2002;
Tsao et al., 2003a,b; Orban et al., 2003). Using the SureFit
software package developed by Van Essen et al. (2001), the
cortical surface representing layer 4 was segmented, reconstructed and imported into the Caret software package for
the creation of additional surfaces and atlas registration (Van
Essen et al., 2001; Van Essen, 2002, 2004) (Fig. 6C). After
spherical surfaces were created, a macaque brain atlas was
warped to the individual surface using spherical-based registration techniques that rely on anatomical landmarks such
as the major sulci to constrain the deformation. This warping
was applied to the flattened surfaces, thereby allowing for a
variety of area borders from previous mapping studies to be
projected onto the individual surface and providing a general
framework of the location of functional activity relative to
anatomical landmarks. An example is provided in Fig. 6D
where area borders in ventral temporal cortex are based on
Ungerleider and Desimone’s (1986) and dorsal cortical regions are delineated using Felleman and Van Essen’s (1991)
partitioning scheme.
For the monkey with the unilateral striate lesion (monkey M4), the extent of the lesion was assessed by examining anatomical scans before and after surgery. Fig. 7A
shows T1-weighted anatomical images of the lesioned
right hemisphere of M4 from a coronal view along with
corresponding line drawings. The lesion extended laterally from the occipital pole removing striate cortex on
the occipital gyrus and stopping 2 mm posterior to the
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Fig. 6. Anatomical scanning and surface reconstructions. High-resolution (0.5 mm × 0.5 mm × 0.5 mm) anatomical scans were acquired to create cortical
surface reconstructions. (A) A sample image slice of the original anatomical scan. Note the gradient in signal intensity that increases with distance from the
surface coil, located dorsally along the top of the head. (D: dorsal, V: ventral, L = left, R: right.) (B) The same sample image slice after the volume has undergone
several pre-processing steps to improve the tissue contrast and reduce the signal gradient. (C) A lateral view of the surface of a segmented left hemisphere.
The surface has been inflated to open up the sulci. (D) A flattened left hemisphere with area borders from previous mapping studies deformed and projected
onto it. The relative brightness of the surface indicates the surface depth, where black regions are the fundi of the sulci. Major sulci are labeled in red and are
abbreviated as follows: CiS: cingulate sulcus; CeS: central sulcus; IPS: intraparietal sulcus; POS: parieto-occipital sulcus; CaS: calcarine sulcus; LS: lunate
sulcus; IOS: inferior occipital sulcus; OTS: occipito-temporal sulcus; STS: superior temporal sulcus; SF: sylvian fissure; AS: arcuate sulcus; PS: principal
sulcus. Dorsal and ventral area boundaries are delineated with solid lines and labeled according to the partitioning schemes from Felleman and Van Essen
(1991) and Ungerleider and Desimone (1986), respectively.

lateral end of the lunate sulcus, likely in the vicinity of the foveal representation of V1 (Gattass et al.,
1981). On the medial side, the lesion extended from the occipital pole 5 mm anterior into the calcarine sulcus. The total
area of ablated cortex corresponded to the central 8–12◦ of
the visual field (Gattass et al., 1981). Cortex along the posterior bank and convexity of the inferior occipital sulcus and
lunate sulcus remained intact. The anterior border of the lesion corresponded approximately to the representation of the
vertical meridian border in V1 (Gattass et al., 1981). To create a surface reconstruction of the hemisphere with the lesion,
the cortex surrounding the lesion had to be defined manually.
Intact cortex surrounding the lesion was determined to be
either gray or white matter through visual inspection of the
image in the three cardinal viewing planes, and interactively
edited using the SureFit software package.
Once this process was performed on a slice-by-slice basis in all three viewing planes, the final surface representing
cortical layer 4 was created. The surface was linked back to
the original image slices, visually inspected for accuracy, and
re-edited if necessary until the surface accurately represented
the extent of the lesion. The resulting surface reconstruction
is shown in Fig. 7B.

3.6. Functional scanning: visually-evoked activity
during free viewing
After the animals had completed phase 2 of the training, functional baseline scans were acquired for three normal
monkeys and one monkey with a unilateral striate lesion. In
a single session, monkey subjects were presented under free
viewing conditions with 30 s clips of an animated movie alternating with blank presentations of the same length. Each
scan lasted for 210 s and was repeated six times.
Activity patterns of visual stimulation epochs compared
to blank intervals are depicted in Fig. 8 A on flattened reconstructions of the cortical surface for right and left hemispheres of monkey M1 (z > 3.72, p < 0.0001). Common active
regions in early visual cortex included striate cortex within
the calcarine sulcus (CS) and the lateral surface of the occipital gyrus. Activity was also found in ventral extrastriate
cortex within and around the lunate sulcus, the inferior occipital sulcus, the posterior end of the occipito-temporal sulcus,
and the middle and inferior temporal gyri. Dorsal extrastriate
areas were activated including regions around the parietooccipital sulcus, the intraparietal sulcus (IPS), and the posterior end of the superior temporal sulcus (STS). In addition, a
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Fig. 7. Anatomical scans and surface reconstructions of the lesioned right hemisphere of animal M4. (A) Line drawings and matching T1-weighted anatomical
scans of occipital cortex two months post-surgery. Coronal slices of the right hemisphere are shown. Each slice is approximately 5 mm apart. Numbers in the
left-hand corner indicate distance from the anterior commissure. Major sulci are labeled on the line drawings, same abbreviations as in Fig. 6; L: lateral, M:
medial. (B) The surface reconstruction of the lesioned hemisphere shown as a folded surface (left) and a flattened surface (right). Approximate locations of the
slices shown in (A) are marked with vertical lines through the folded surface reconstructions.
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Fig. 8. Visually-evoked fMRI activity during free viewing. (A) Flattened left (LH) and right (RH) hemispheres of a normal monkey (M1). Activity related to
viewing clips of a cartoon movie has been painted onto the surfaces revealing bilateral activation in striate and extrastriate visual cortex, parietal cortex and
frontal regions near the arcuate sulcus. Area borders as shown in Fig. 6 have been deformed to the individual surfaces. Activations were consistent across
hemispheres and monkey subjects. Scale indicates z-score values of activations in colored regions. (B) Time courses of fMRI signals in two anatomically
defined regions (right calcarine sulcus [95 voxels] and right superior temporal sulcus [121 voxels]) are shown. Signals were not smoothed and were averaged
across six scans; they reflect the three epochs of visual stimulation (black bars) interleaved with blank periods. Color bar indicates z values.

frontal region that included the arcuate sulcus and the frontal
gyrus was activated. The activity tended to be symmetrical
across both hemispheres. Similar patterns of activity were
found in monkeys M2 and M3, and in the non-lesioned hemisphere of monkey M4 (Fig. 9B). The activity patterns were
likely a result of both visually-evoked and eye movementrelated activity. This is best illustrated by the active regions
in the vicinity of the arcuate sulcus and frontal gyrus corresponding to the frontal eye fields (e.g. Bizzi, 1967; Bruce and
Goldberg, 1985; Bruce et al., 1985). Further, single cell physiology studies have shown that neural responses across visual
cortex can be modulated by eye position (e.g. Andersen and
Mountcastle, 1983; Galletti and Battaglini, 1989; Andersen
et al., 1990; Weyand and Malpeli, 1993; Galletti et al., 1995;
Nakamura et al., 1999).
ROIs from the superior temporal sulcus and calcarine sulcus were selected to examine MR signals more closely. FMRI
signals were averaged across all activated voxels (z > 3.72,

p < 0.0001) within a given ROI and across scans, and normalized to the average level of the blank periods. The time
courses of the signals were closely linked to the experimental
paradigm, with signal increases during the visual stimulation
blocks on the order of 2% from baseline, as shown for two
ROIs from the superior temporal sulcus and the calcarine
sulcus (Fig. 8B).
In monkey M4, the effect of the lesion on the quality of the
echo-planar images was assessed. In Fig. 9A, T1-weighted
and echo-planar images closely matched to the same axial planes covering the extent of the lesion are shown. The
functional activity obtained in the free-viewing experiment
is also overlaid on the same EPI images (z > 3.72, p < 0.0001)
(Fig. 9A). Notably, there is a signal drop in the region of
the lesion; however, regions in the immediate vicinity of
the lesion were activated, as can be seen in the axial echoplanar images. An ROI comprising of the region surrounding
the lesioned cortex was selected to examine the MR signals
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Fig. 9. Visually-evoked fMRI activity during free viewing in a monkey with a unilateral striate lesion. (A) Left-hand column: T1-weighted axial slices
(0.5 mm × 0.5 mm × 0.5 mm resolution). The lesion can be seen in the right hemisphere. Middle column: EPI axial slices (1.25 mm × 1.25 mm × 2.0 mm
resolution) closely matched to the T1-weighted slices. Right-hand column: same axial slices as in middle column, but with significantly activated voxels related
to viewing the cartoon stimulus overlaid upon them (z > 3.72, p < 0.0001). (B) Time course of fMRI signal in statistically significant voxels immediately adjacent
to the lesion [84 voxels] are shown. Signals were not smoothed and were averaged across six scans; they reflect the three epochs of visual stimulation (black
bars) interleaved with blank periods. (C) Flattened surface reconstructions of the left and right hemispheres of the lesioned monkey. Activity related to freely
viewing the cartoon stimulus has been painted onto the surfaces. Other conventions as in Figs. 6 and 8.
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Fig. 10. Face-selective regions in monkey visual cortex. (A) Visual stimuli were presented foveally while the monkey maintained fixation. Three categories of
stimuli were used: faces, objects, scrambled pictures. (B–D) Close-up views of flattened left and right hemispheres of monkey M2. The location of the close-up
views with respect to an entire flattened hemisphere is shown on the right. (B) Voxels activated significantly more by intact objects compared to scrambled
pictures are painted onto the surfaces. (C) Voxels activated significantly more by faces compared to scrambled pictures are painted on the surfaces. (D) Voxels
activated significantly more by faces compared to intact objects are painted onto the surfaces. Time courses of fMRI signals from the face-selective region in
the posterior STS are shown to the right. Signals were not smoothed and were averaged across similar conditions; each line reflects the fMRI signal from a
different condition. Dark blue: face condition; light blue: object condition; pink: scrambled condition. Black bar: duration of visual stimulation epoch. Similar
results were found in a second monkey (M1), not shown here. STS: superior temporal sulcus; SF: sylvian fissure; D: dorsal; V: ventral; P: posterior; A: anterior.

more closely. FMRI signals were averaged across all activated
voxels (z > 3.72, p < 0.0001) bordering the lesion and across
scans, and normalized to the average level of the blank periods. The time course of the signals were closely linked to the
experimental paradigm, with signal increases during the vi-

sual stimulation blocks on the order of 4.5% from baseline, as
shown in Fig. 9B. The activated regions in the vicinity of the
lesion are also visible on the surface reconstruction (Fig. 9C).
Activated regions included the calcarine sulcus, lunate sulcus
and inferior occipital sulcus. These results suggest that the
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lesion surgery did not compromise image quality and BOLD
contrast in regions immediately adjacent to the lesioned cortex.
3.7. Functional scanning: face- and object-related
activity during ﬁxation
After the animals had completed phase 3 of the training,
functional scans were acquired while the animals performed
the fixation task. Pictures of human and monkey faces, manmade objects, and phase-scrambled pictures were presented
in alternation with blank presentations (for examples of stimuli, see Fig. 10A). Data from several sessions of 8–10 scans
each were combined for analysis (see Section 2).
Activity evoked by intact objects versus scrambled pictures, faces versus scrambled pictures, and faces versus intact objects was compared in monkeys M1 and M2. The first
contrast comparing the intact objects to the scrambled pictures revealed large bilateral activations throughout ventral
extrastriate cortex including areas from the inferior occipital
sulcus to anterior superior temporal sulcus/inferior temporal
gyrus (STS/ITG) (Fig. 10B). The second contrast comparing
the face stimuli to the scrambled pictures revealed smaller,
more selective clusters of activity within the same regions
(Fig. 10C). The third contrast comparing the face stimuli to
the object stimuli, revealed face-selective activity in two regions: one activated region in the fundus and banks of the
posterior STS, and another more anterior region in the middle temporal gyrus (MTG) and STS (z > 3.72, p < 0.0001)
(Fig. 10D). The time course of fMRI signals was examined
by averaging across all activated voxels (z > 3.72, p < 0.0001)
within the right posterior STS face area and across scans, and
normalized to the average level of the blank periods. Neural
responses evoked by faces were stronger than those evoked
by objects; activity evoked by scrambled pictures was smallest (Fig. 10). These regions correspond to known locations
of face-selective neurons from single cell physiology (Gross
et al., 1972; Perrett et al., 1982; Desimone et al., 1984) and
face activations found in monkey fMRI studies (Logothetis
et al., 1999; Tsao et al., 2003a).
Eye movement analyses confirmed that the animals maintained fixation for most of the time during the scanning sessions. For example, during each of the four sessions that
was analyzed monkey M2 maintained fixation within the
4◦ window for 87 ± 10%, 98 ± 2%, 97 ± 3% and 95 ± 3%
of the time, respectively. On average, the animal made
20 ± 10, 1 ± 1, 5 ± 7, and 8 ± 7 eye movements outside
the window that lasted for more than 500 ms before returning to the window during each 3 min scan in each
of the four sessions, respectively. For each session, there
were no significant differences in the amount of horizontal and vertical eye movement between the three different
categories of stimuli (horizontal eye movements: session 1,
F0.05 (2, 45) = 0.47, p = 0.62; session 2, F0.05 (2, 51) = 2.02,
p = 0.14; session 3, F0.05 (2, 30) = 0.14, p = 0.86; session 4,
F0.05 (2, 25) = 0.16, p = 0.85; vertical eye movements: session

Fig. 11. Effects of reward on fMRI signals. The average signals of eight
time series from a single scan session (monkey M2) are shown from a statistically significant activated voxel in visual cortex while regular rewards
were provided (A), from a voxel in frontal cortex whose activity was not
correlated with the visual stimulation paradigm while regular rewards were
provided (B), and from the same voxel as in (B) when regular rewards were
not provided (C). Axis scales are identical for (A–C). No reward-related
activity or artifacts in the signals were apparent.

1, F0.05 (2, 44) = 0.53, p = 0.58; session 2, F0.05 (2, 51) = 0.52,
p = 0.59; session 3, F0.05 (2, 30) = 1.63, p = 0.21; session 4,
F0.05 (2, 25) = 1.28, p = 0.29). Fixation performance of monkey M1 was similar.
To assess whether the administration of rewards during
scanning caused artifacts due to mouth movements, we compared the signal of a voxel in frontal cortex that was not
significantly correlated with the visual stimulation paradigm
from experiment 1 (where the animal did not receive any rewards during the scan) to the signal from the same voxel from
experiment 2 (where the animal did receive juice rewards at
regular intervals during the scan). As shown in Fig. 11, no
reward-related artifacts such as large signal spikes were apparent (Fig. 11B versus C). For comparison, the signal of a
single voxel in visual cortex is shown that was significantly
correlated with our stimulation paradigm (Fig. 11A). Because
the reward was delivered at the same rate or faster as the signal
was acquired (2 s), it is possible that the mouth movements
caused a steady change in the MR signal throughout the entire scan. If so, such movements will affect each experimental
condition in similar ways given that movements were present
throughout the scan.

4. Conclusion
In this report, we have described in detail methods for
performing fMRI in normal and lesioned awake monkeys.
Materials available for head implants were assessed in terms
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of susceptibility artifacts; ceramic and polyetherimide materials were found to be the most compatible. A primate chair,
mock scanning environment and training procedures were developed to accustom the animals to the scanner and to have
them fixate for several minutes in order to perform controlled
visual studies. Using a surface coil, whole brain anatomical
images were acquired that were of sufficient quality to create
cortical surface reconstructions of both normal and lesioned
monkeys after non-uniform intensity correction. Our methods were then confirmed by acquiring functional images in
two visual experiments—one under free-viewing conditions
in both normal and lesioned animals, and another during fixation in trained animals.
One potentially important application of monkey fMRI is
to investigate the system-wide recovery of neural function
following cortical lesions (Payne and Lomber, 2001). However, to date, there have been no studies examining whether a
combination of monkey fMRI and lesion techniques is feasible. There are serious concerns regarding image quality after
lesion surgery. Specifically, it is possible that a craniotomy
and lesion introduce large susceptibility artifacts that could
preclude measuring BOLD signals in the immediate vicinity
of the lesion. FMRI studies in human patients after surgery
involving craniotomy have indeed shown signal losses in regions of the craniotomy (Jezzard et al., 2001). However, these
image artifacts may be due to the use of standard biomaterials that produce susceptibility artifacts, and MR imaging
parameters that are not optimized to decrease the sensitivity
to magnetic susceptibility. Here, we carefully selected implant materials and imaging parameters to reduce magnetic
susceptibility. We then scanned a monkey with a unilateral
striate lesion in experiment 1. The extent of the lesion was assessed and reconstructed from T1-weighted anatomical scans
acquired with a surface coil. In the EPI images, susceptibility
artifacts from the lesion were observed in terms of signal drop
out that was restricted to the location of the lesion. Statistically significant activity was found in the immediate vicinity
of the lesion. Although future studies using a larger number
of animals will have to confirm and extend these results, our
findings suggest that studies of recovery of neural function
after circumscribed lesions are feasible using fMRI in behaving non-human primates. Such studies will be helpful in
better understanding, for example, models of recovery from
stroke in which the involvement of surrounding tissue in plasticity is of particular interest (Xerri et al., 1998; Jenkins and
Merzenich, 1987).
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