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Abstract

We report a technique for functional magnetic resonance imaging (fMRI) in an awake, co-operative, rhesus macaque (Macaca
mulatta) in a conventional 1.5T clinical MR scanner, thus accomplishing the first direct comparison of activation in visual cortex
between humans and non-human primates with fMRI. Activation was seen in multiple areas of striate and extra-striate visual
cortex and in areas for motion, object and face recognition in the monkey and in homologous visual areas in a human volunteer.
This article describes T1, T2 and T2* values for macaque cortex, suitable MR imaging sequences, a training schedule, stimulus
delivery apparatus and restraining hardware for monkey fMRI using a conventional 19 cm knee coil. Much of our understanding
of the functional organization of the primate brain comes from physiological studies in monkeys. Direct comparison between
species using fMRI such as those described here will help us to relate the wealth of existing knowledge on the functional
organization of the non-human primate brain to human fMRI. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

This paper describes a novel application of functional
magnetic resonance imaging (fMRI) for use in an
awake-behaving macaque monkey, so that direct com-
parisons can now be made between rhesus macaque
and human functional neuroanatomy. Suitable appara-
tus to position the monkey within the MRI scanner,
and sequence parameters appropriate for macaque
functional and anatomical imaging on a conventional

1.5T scanner are presented, as well as discussion on
visual stimulus paradigms and animal handling and
training. This report presents the first direct comparison
of patterns of visual cortex activation between human
and non-human primate species using fMRI under the
same conditions, performing the same paradigm.

Since it is initial description (Ogawa et al., 1990),
fMRI has seen much development in human subjects
for psychology, neuroscience (Sereno et al., 1995;
Tootell et al., 1995), and more recently for clinical
applications (Stapleton et al., 1997; Lee et al., 1999),
allowing us to delineate areas of functional deficit
(rather than merely structural deficit) or to track func-
tional recovery (Bilecen et al., 2000). The technique
produces images of activated brain regions by detecting
the indirect effect of neural activity on local blood flow
and oxygen saturation — the Blood Oxygen Level
Dependent effect or BOLD.
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The application of fMRI has advanced ahead of our
understanding of the underlying physiological activities
we are studying. fMRI appears to be related to spiking
activity of large ensembles of neurons and to local field
potentials. The ability of fMRI to represent the popula-
tion activity of whole ensembles of neurons is a signifi-
cant contribution to the study of neurophysiology
(Paradiso, 1999; Disbrow et al., 2000; Logothetis et al.,
2000; Rees et al., 2000) and could consequently improve
the efficacy of human fMRI as a neuroscience and clinical
tool. Macaques are readily trained to perform complex
tasks, and with the aid of microelectrode mapping,
radioisotope tracers and anatomical studies, have formed
the basis of much of our current understanding about
primate visual pathways (Maunsell and Newsome, 1987;
Tootell et al., 1988; Felleman and Van Essen, 1991;
Andersen, 1997; Snyder et al., 1997). Earlier studies have
addressed the potential value of fMRI in awake macaque
monkeys for investigating visual neuroscience (Dubowitz
et al., 1998; Stefanacci et al., 1998; Logothetis et al., 1999;
Paradiso, 1999) and basal ganglia function (Zhang et al.,
2000). Evaluating the BOLD effect and correlating it
with the underlying neural event is a complex process.
Earlier approaches have involved co-registration of event
related potentials (ERP), magnetoencephalography
(MEG) and electroencephalography (EEG) data with
fMRI (George et al., 1995; Martinez et al., 1999) which
helps elucidate the underlying temporal trends, but lacks
spatial specificity. Another approach has been to com-
pare neural activity in monkeys with functional MRI in
humans, however, this often proves confusing as both
inter-species and inter-technique variability need to be
considered (Tootell et al., 1996; Heeger et al., 2000; Rees
et al., 2000). Using a monkey model for fMRI (Dubowitz
et al., 1998) would bridge this gap in two ways — firstly,
allowing comparison of behavioral electrophysiological
and fMRI changes in the same animal (direct comparison
of fMRI with electrophysiological recordings in humans
being limited ethically to cases with preexisting pathol-
ogy). Secondly, the ability to make direct comparisons
between the human and macaque brain using the same
imaging technique, and while performing the same
paradigm has the potential to greatly improve our
understanding of the human brain, allowing us to make
direct inferences about human neurophysiology based on
our existing wealth of knowledge from macaque neuro-
physiology.

2. Materials and methods

2.1. Experimental set-up

2.1.1. Animal studies
All animal studies were performed in a healthy, 6.5 kg,

adolescent 5-year-old male rhesus macaque. Approval
for this research was obtained from The Institutional
Animal Care and Use Committee, Epidemiology and
Biosafety Committees. The monkey was trained to lie
prone with his head erect (‘sphinx’ position) in the bore
of a clinical MR scanner and to look at a viewing screen
placed 200 cm in front of him. The monkey’s head was
held motionless for the duration of the experiment by
means of a surgically attached MR compatible plastic
head-cap. To minimize susceptibility artifacts from the
restraint, this was machined from a single piece of
polyetherimide resin (a material having both good bio-
compatibility and susceptibility close to that of tissue).
The monkey was transported to the MRI facility in a
MRI compatible transport cage. An acrylic (Plexiglas)
tube was attached to the transport cage, and the monkey
then crawled into the tube, from which only his head
protruded. The acrylic tube containing the monkey was
then positioned in the MRI scanner (Fig. 1), and the head
cap was secured to the window in the receive/transmit
coil. This allowed the head to be restrained during
experiments, but could be loosened to allow the monkey
to raise or lower his head freely between experiments. A
tube to supply fruit juice was positioned near the mouth
to reward the monkey at the conclusion of each experi-
ment. The monkey wore a diaper for the duration of the
study, and all areas of the MRI scanner with which the
monkey could come into contact (MR table, RF coil)
were covered in polythene sheeting. Initial training
consisted of habituating the animal to a travel cage, and
teaching him to crawl into an acrylic tube (taking ca. 2
months). Subsequent training was performed both in a
mock-up of the MRI environment and in the MRI
scanner to reward the monkey for keeping still while
viewing a visual stimulus (taking ca. 6 months). Reward-
ing the monkey consisted of positive re-enforcement with
treats the monkey enjoyed (in this particular case, fruit
juice). Even with head fixation, the monkey was able to
move up to 2 or 3 mm. Good behavioral control and the
willing co-operation of the monkey was essential to
obtain images free from motion artifacts.

Fig. 1. The monkey lies within the MRI in a sphinx position in the
RF knee coil. A visual stimulus is provided by a video projector on
a screen at the opening to the MRI bore.
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2.1.2. Human studies
A young adult male (17-year) was used as an adoles-

cent ‘age matched’ human control. Informed consent,
following Institutional Review Board ethical guidelines,
was obtained after detailed explanation of the proce-
dure. The subject lay supine, and viewed the same
paradigm as the monkey on the screen at his feet via a
mirror attached to the head coil (ensuring the same
viewing distance and visual field of view as the mon-
key). His head was restrained with foam pads.

2.2. Choice of stimulus

Macaques, like humans have a very advanced visual
system and use this as their primary sense. For this
study, a global stimulus, which would elicit responses in
many parts of the visual pathways was required, and to
which the monkey would readily attend. Preliminary
observations were made on two adult male macaques
while they watched movie videos in the laboratory to
elucidate what sort of visual stimulus would best hold a
monkey’s attention. Comparison was made between
white noise, monochrome movies, color movies and
animated cartoons. Attention was judged by recording
maximal fixation times. Macaques showed a clear pref-
erence for animated cartoons, for which they were
capable of maintaining attention, with intermittent
short gaps, for up to 35 min. They are easily distracted,
and a noisy, colorful movie and a regular reward
system greatly improves their performance.

2.3. Stimulus paradigm

A visual stimulus was provided using a LCD video
projector. For the experiments presented here, se-
quences from a child’s animated film were presented to
the monkey in 24 s clips. The film was chosen to
include rapidly changing colors, contrast levels, faces
and movement. Each film clip was preceded by a period
of complete darkness for 24 s. The 48-s cycle was
repeated three times with an additional period of 24 s
darkness at the end. The whole sequence lasted 3.5 min
and was repeated four times (for signal averaging). For
the data presented in this report, the monkey was
required only to look passively at the screen. The
human subject viewed the same stimulus, but due to
superior signal-to-noise ratio (SNR) in fMRI of human
brain, only two repetitions were needed.

2.4. MR system

All imaging was performed on a conventional 1.5 T
Siemens VISION MR scanner equipped with 25 mT/m
gradients (300 �s rise times). A 19 cm circularly polar-
ized knee coil was used as this was found to have the
optimal loading characteristics and 50–100% superior-

ity in SNR over a conventional head coil or flexible
surface coil (Dubowitz et al., 1998). The monkey’s head
was positioned at the center of the radio frequency
(RF) coil. This provided maximum SNR despite the
resulting asymmetrical coil loading by the animal’s
torso. Local shimming was with an experimental vol-
ume-shim algorithm (Heid, 1996).

In order to optimize anatomical and BOLD weighted
sequences for monkey cortex, T1, T2 and T2* relaxation
times were measured in gray and white matter. A
phase-sensitive inversion recovery (IR) sequence was
used for T1 measurements (repetition time (TR), 7666
ms, echo time (TE), 29 ms, inversion times (TI), 300,
450, 600, 900, 1200, 1500 ms). A 2D Fast Low Angle
Shot (FLASH) sequence was used to measure T2* (TR
1000 ms, TE 5, 7, 10, 12, 15, 18, 20 ms) and T2

measured by fitting alternate echoes of a Carr–Purcell–
Meiboom–Gill (CPMG) multiecho spin echo sequence
(TR 8000 ms, TE 22.5 ms-360 ms in 22.5 ms intervals).
Five slices were acquired with 200×200 mm FOV and
a 256×256 matrix with a slice thickness of 5 mm
(parameters are summarized in Table 1).

Anatomical imaging was obtained using a 3-D Mag-
netization-Prepared Rapid Gradient Echo (MPRAGE)
sequence. The measured T1 values of monkey cortex
were used to set initial sequence parameters. The se-
quence was then further refined empirically for best
gray/white matter contrast. Optimal parameters for
monkey cortex were found to be TR/TE=11.4/4.4 ms,
flip angle 12°, inversion time (preparation time) 250 ms
and delay time (magnetization recovery time) 600 ms. A
90×90 mm field of view (FOV) was acquired with a
128×128 matrix, and 98 phase encode steps made
through a 80 mm slab (0.7×0.7×0.8 mm resolution).
100% over-sampling was used in the phase, read and
slab directions to reduce ‘wrap’ artifacts and increase
SNR. The total acquisition time was 13 min.

For BOLD weighted images, a low bandwidth (833
Hz per pixel) echo-planar gradient echo (EPI GE)
sequence was found to give the best results (SNR from
echo-planar spin echo was observed to be too low at 1.5
T for monkey fMRI). Echo planar images were col-
lected in the x-y plane within the scanner (i.e. coronal
in the prone monkey, and transaxial in the supine
human subject) this choice of scan-plane took advan-
tage of the most homogeneous B0 field direction and
minimized EPI warping artifacts. The effective echo
time (TEeff) of 40 ms was chosen to approximate the T2*
of monkey cortex for maximal functional contrast
(Bandettini et al., 1993). Eight, 5 mm thick coronal
slices of the monkey’s occipital cortex were acquired
per repetition of 2000 ms, thus the effective TR=2000
ms. Eighty-six repetitions of the eight slices were ac-
quired, the whole run taking less than 4 min. The first
two repetitions were not used in data analysis allowing
4 s (4-times T1 of gray matter) to ensure steady state.
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Table 1
Summary of MRI sequence parameters for fMRI anatomical and relaxation measurements

AnatomySequence Anatomy T2*BOLD T2BOLD T1

(monkey) (monkey)(monkey)(human)(human) (monkey)(monkey)

3D-MPRAGE EPI-GE EPI-GE True IR3D-MPRAGE CPMG 2D-FLASH

Bandwidth (Hz) a 33 280 (130) 16 640 (130) 106 624 (833) 106 624 (833) 33 280 (130) 33 280 (130) 33 280 (130)
4.4 40Echo time, TE (ms) 404.4 29 22.5–360 5–20

11.4 2000 b 2000 b11.4 7666Repetition time, TR (ms) 8000 1000
250 – –Inversion time, TI (ms) 300–150020 – –
600 – –0 –Delay time, TD (ms) – –

10Flip angle (°) 12 90 90 180 90 90
1 1 11 1Number of averages 1 1

256×256Field of view, FOV (mm) 90×90 448×448 256×256 200×200 200×200 200×200
Imaging matrix 256×256 128×128 128×128 128×128 256×256 256×256 256×256

Axial Axial CoronalSagittal AxialImaging plane Axial Axial
80 c 4 5Slice (slab) Thickness (mm) 5140 c 5 5
98 d – –140 d 5Number of slices 5 5

1×1×1Voxel resolution (mm) 0.7×0.7×0.8 3.5×3.5×4 2×2×5 0.8×0.8×5 0.8×0.8×5 0.8×0.8×5
– 84×2 84×4 –– –Number of measurements e –

a Bandwidth per pixel shown in parentheses.
b Effective TR determined by the fMRI experiment repetition time.
c Slab thickness is shown for 3D sequences.
d Indicates number of phase encode steps for 3D sequence.
e Number of time points measure×number of experiments averaged.

Optimum voxel size for macaque was determined em-
pirically to allow maximum BOLD contrast-to-noise
ratio (CNR) per pixel without excessive partial volume
averaging (Dubowitz et al., 1998). A voxel volume of 40
�l provided optimal BOLD CNR but was too coarse to
define anatomical structures in the small macaque
brain. Resolution was improved to 20 �l and SNR
elevated with use of four-fold signal averaging. This
resolution was achieved by imaging a FOV of 256×
256 mm and a 128×128 matrix using 5 mm slices
(resolution 2×2×5mm).

For the human studies, a conventional circularly
polarized 26 cm head coil was used. Optimum sequence
timing parameters for 3D-MPRAGE were TR/TE=
11.4/4.4 ms, flip angle 10°, inversion time 20 ms and
delay time 0ms. A 256×256 mm FOV and 256×256
matrix was acquired, and 140 phase encode steps taken
through a 140 mm slab (isotropic 1 mm resolution).
The sequence had been earlier optimized for another
human fMRI study, and was not re-optimized in this
current study (Martinez et al., 1999). For BOLD stud-
ies the same low bandwidth (833 Hz per pixel) was used
with TEeff=40 ms, and effective TR=2000 ms. Then,
10 axial 4 mm slices with FOV 448×448 mm were
acquired every 2000 ms with a 128×128 matrix to
achieve the desired voxel size (resolution 3.5×3.5×4
mm). Eighty-six repetitions of the ten slices were taken
in under 4 min (84 used for image processing). This was

repeated twice for signal averaging. Image parameters
are summarized in Table 1.

2.5. Image post-processing

The time-dependent echo-planar images were pro-
cessed off line on a Sun/Sparc unix workstation with
AFNI software (Cox and Hyde, 1997). Time series were
initially corrected for any motion using a reregistration
technique and Fourier interpolation within AFNI. The
multiple repetitions of the time-dependent series (four
for the monkey studies, two for the human studies)
were averaged into a single series to improve SNR.
Functional images were generated using a cross-correla-
tion technique. A series of phase-shifted trapezoids
were used as the reference waveforms, which were
cross-correlated on a pixel-by-pixel basis with the MR
signal time course. Gram-Schmidt orthogonalization
was used to remove drift in the time series using a third
order polynomial (Bandettini et al., 1993). To remove
spurious pixels, the functional intensity map was
thresholded at a correlation-coefficient value of �r ��0.5
(P�1×10−3 following conservative Bonferroni cor-
rection for multiple comparisons). Only pixels in a
cluster of at least three contiguous significant pixels
were displayed. Functional images were generated by
fitting the reference waveform to the MR signal time
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course by linear fit, with intensity representing the
magnitude of the fit coefficient. To reject spurious
activation in areas of low signal, the linear fit coeffi-
cient was normalized by the baseline MR signal for
each pixel. Pixel intensity was thus calibrated as per-
centage change relative to baseline. MPRAGE and
functional maps were co-registered using AFNI soft-
ware. Discrepancies in the co-registration were cor-
rected by ‘nudging’ the anatomical images (up to one
or two pixels). Images were treated as rigid bodies
and no unwarping performed. No additional interpo-
lation or resampling was performed. Studies with
residual motion artifact, which was not corrected by
image re-registration were rejected. This was assessed
by examining the MR time course of areas of scalp
which would be sensitive to stimulus correlated mo-
tion artifact — but would not be expected to have
stimulus-correlated BOLD activation.

Borders of functional cortical areas in human brain
were defined by areas of significant activation during
the fMRI task, and subdivided manually based on
earlier human fMRI literature (Sereno and Allman,
1991; DeYoe et al., 1994; Sereno et al., 1995; Howard
et al., 1996; Tootell et al., 1996; Kanwisher et al.,
1997; Clark et al., 1998; Sereno, 1998; Gauthier et al.,
1999) and PET literature (Zeki et al., 1991; McKeefry
et al., 1997). In the macaque, areas of activation were
manually subdivided into distinct retinotopic cortical
regions from anatomical studies (Tootell et al., 1988;
Paxinos et al., 1999) and single unit recording and
tracer studies (Gattass et al., 1981; Ungerleider and
Desimone, 1986; Gattass et al., 1988; Boussaoud et
al., 1991).

Post-processing of spin-echo and gradient-echo im-
ages for tissue relaxometry in macaque brain was
done using NIH-Image software (US National Insti-
tutes of Health, http://rsb.info.nih.gov/nih-image/).
Multiple regions of interest (ROI) were drawn around
anatomically defined gray and white matter on the
TI=300 ms phase-sensitive IR images (which had the
best gray/white matter contrast) and the ROI copied
to all the other images. To calculate T1 values, MR
signal intensity S(TI) for gray matter and white mat-
ter was fitted to the inversion-recovery relaxation
curve described by Eq. (1):

S(TI)=M0(1−e−TI/T1)+Mz(0)e−TI/T1 (1)

Where M0 is the initial longitudinal magnetization,
MZ(0) is the magnetization at TI=0, immediately fol-
lowing the inversion pulse and TI is the inversion
time.

T2 values were calculated from the CPMG se-
quence by fitting the MR signal S(n�) in gray and
white matter to alternate echoes of the spin-echo re-
laxation curve described in Eq. (2):

S(n�)=
�SODDe−n�/T2(1−e−TR/T1) n=1,3,5,7,…

SEVENe−n�/T2(1−e−TR/T1) n=2,4,6,8,…

(2)

� is the CPMG echo spacing (22.5 ms), n is the
echo number, SODD and SEVEN are the initial signals
at n=0 for the odd and even echo trains, respec-
tively. The final value for T2 was the mean of T2

values calculated from even and odd echo relaxation
curves.

T2* values were calculated by assuming an exponen-
tial relationship between the MR signal, S(TE), and
the echo time, TE, described by Eq. (3):

S(TE)�S �(0)e−TE/T2* (3)

S�(0) is the initial signal at TE=OL.
The fit optimization was implemented in Matlab

(The Mathworks Inc., Natick, MA) using a propri-
etary large-scale subspace trust-region algorithm
based on an interior-reflective Newton method (Cole-
man and Li, 1996). The algorithm allows specification
of upper and lower bounds on each optimized
parameter.

3. Results

Measured values of T1 and T2 relaxation times for
macaque cortex are shown in Table 2. The T2 values
of Macaque gray matter were lower than in humans,
and the T1 values higher. White matter results were
identical for both species. These T1 and T2* values
were used as a first approximation in optimizing the
MPRAGE and BOLD weighted sequences, respec-
tively, as described above.

The functional intensity maps for macaque and hu-
man visual cortex show homologous anatomical loca-
tions in both species and have been labeled in Fig. 2
Fig. 3. Areas of fMRI activation are clearly seen as
discrete areas in the striate and extra-striate visual
cortex. These show high correlation with the pre-
sented visual stimulus. Activation is observed in the

Table 2
T1, T2 and T2* values for macaques brain in n=3 monkeys expressed
as mean�standard deviation (S.D.)a

White matter (n=3)Gray matter (n=3)

790�4.0 (790)T1 (ms) 1010�8.5 (920)
94�0.8 (101)T2 (ms) 92�2.5 (92)

T2* (ms) 49�2.3 46�6.5

a Typical values for human brain are shown in parentheses (Wood
et al., 1993).



D.J. Dubowitz et al. / Journal of Neuroscience Methods 107 (2001) 71–8076

Fig. 2. Functional activation in macaque brain. Activated pixels are 2×2 mm superimposed on T1 weighted MP-RAGE images of 0.7×0.7 mm
resolution (coronal images A–E are at 5 mm spacing ranging from 25 to 5 mm anterior to the occipital pole). Labeled areas are visual cortex (V1,
V2, V3, V4), medial temporal area (MT), medial superior temporal area (MST), lateral intraparietal area (LIP), superior sagittal sinus (s.s.s),
straight sinus (st.s), transverse sinus (tr.s), sigmoid sinus (sig.s).

macaque brain in areas corresponding to hierarchical
visual cortical areas V1, V2, V3, V4, in parietal area
LIP (lateral intraparietal) and temporal areas MT (me-
dial temporal), MST (medial superior temporal) and
TEO (temporal occipital area). The central veins
draining this area (superior sagittal sinus, straight si-
nus, transverse sinus and sigmoid sinus) also show
activation. Human cortical activation is seen in ho-
mologous visual areas V1, V2, VP, V3A, V4, MT-
complex (MT+ ), fusiform, lingual and
parahippocampal gyri and anterior visual motion ar-
eas.

4. Discussion

This technique provides high resolution images of
discrete areas of fMRI activation in the macaque
monkey, which are comparable to visual fMRI studies
in humans. Areas of activation are recognizable in
striate and extra-striate visual cortex consistent with
what would be expected from this global stimulus
paradigm.

The strong activation in the primary and secondary
areas (V1, V2) of macaque retinotopic visual cortex
(Fig. 2) confirms the cartoon movie is stimulating vi-
sual pathways. Activation is also noted in ventral and

dorsal visual processing streams. This includes area V4
(associated with the vivid colors in a stimulus) (Zeki,
1973), also noted is activation in areas V3 and medial
temporal area, MT, which are associated with the per-
ception of moving scenes in a stimulus (Felleman and
Van Essen, 1987). Activation in medial superior tem-
poral area, MST, suggests that the stimulus may be
providing ‘optic flow’ (the complex visual motion that
may be encountered during self-motion) (Saito et al.,
1986; Tanaka et al., 1986). Activation of TEO (archi-
tectonic temporal occipital area) has previously been
associated with object and face recognition (Bous-
saoud et al., 1991) and fMRI activation in area TEO
seen in this experiment may indicate that the monkey
is recognizing faces and distinct objects in the cartoon.
Activation located in the lateral intraparietal area,
LIP, is seen with stimuli requiring saccadic movements
to different areas of interest on the screen (Gnadt and
Andersen, 1988) (i.e. a non-fixating stimulus).

The activation in the human visual cortex shows a
similar pattern of retinotopic cortical activation, with
ventral and dorsal stream activation. The anatomical
positions do not correlate structurally across species
(Sereno and Allman, 1991; Tootell et al., 1996; Sereno,
1998), however, functionally homologous areas of acti-
vation are identified in both species, and their relative
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size and position are readily observed. Retinotopic
visual areas V1, V2 and VP are activated during the
stimulus (Fig. 3). Human visual cortex also shows V4
activation, which may be associated with the vivid
colors of a stimulus (Zeki et al., 1991) and activation in
the MT-complex (the human homologue of macaque
area MT and MST) similar to that seen in the monkey
(Tootell et al., 1995). Comparison with previous studies
of face and object recognition in humans show similar
patterns of cortical activation in the lingual and
fusiform gyri (Kanwisher et al., 1997; Clark et al., 1998;
Gauthier et al., 1999) using the current stimulus. These
are believed to be homologous to macaque area TEO
(Kanwisher et al., 1997). Activation in human supple-
mentary anterior visual motion areas is also observed
adjacent to auditory cortex, which may correspond to
the macaque superior temporal polysensory area
(Howard et al., 1996). Although the stimulus activated
many areas of the visual pathways, the exact feature of
the stimulus (e.g. color, motion, objects) that is actually
activating each distinct area in macaque or human
cortex is not confirmed from the current study and is
the subject of ongoing work. These initial observations
of areas of potential cross species homology are cur-
rently the subject or more detailed fMRI studies with
more directed stimuli than the simple cartoon anima-
tion described here.

There are asymmetries in the patterns of visual acti-
vation in both the macaque and human fMRI studies.
Functional lateralization is well described in humans-
particularly language, parietal function and dominant
handedness. fMRI studies have described lateral asym-
metry in other areas-e.g. MT-complex (Howard et al.,
1996). Unlike human studies the macaques fMRI does
not show any lateral asymmetry in MT activation. This
is not unexpected, as clinically, Macaques show consid-
erably less lateralization than humans (and are am-
bidextrous). Despite this, some asymmetry is seen in the
pattern of activation in the macaque (e.g. dorsal V1 in
Fig. 2d). This may be due to the stimulus used. The
subject was free to observe the movie without fixating
at a particular part of it, thus it is possible that both the
monkey and human subjects experienced fluctuations in
visual attention, perhaps becoming less attentive to all
or part of the stimulus. Visual attention has been
shown to modulate fMRI signal in retinotopic visual
cortex (Martinez et al., 1999). Further studies are
planned which include a more refined stimulus
paradigm to more precisely map known areas of cere-
bral activation. For these more complex paradigms and
for behavioral studies, we have developed an infrared
system for real-time monitoring of eye position, which
will enable us to better answer these questions.

Fig. 3. Functional activation in human visual cortex. Activated pixels are 3.5×4 mm superimposed on T1 weighted MP-RAGE images of 1 mm
isotropic resolution. Coronal images A–E are at 7 mm spacing ranging from 44 to 16 mm anterior to the occipital pole. Green bars on the sagittal
image indicate the position of coronal images A–E (height of green bars indicates superior-inferior extent over which fMRI data was acquired).
Labeled areas are visual cortex (V1, V2, VP, V3A, V4-dorsal and ventral), medial temporal complex (MT+ ), fusiform gyrus (Fus), lingual gyrus
(Lin), anterior motion area (ant.m).
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The imaging parameters used to generate these fMRI
images of macaque cortex result in a pixel dimension
approximating the cross sectional diameter of the large
draining cerebral veins. This tends to exaggerate the
signal from these structures, as does our use of a
gradient echo EPI sequence for BOLD imaging. These
structures are readily apparent in Fig. 2 (superior sagit-
tal sinus, straight sinus, transverse sinus, and sigmoid
sinus). They are easily differentiated from activation in
adjacent cortical structures by their anatomical posi-
tion. Measures to suppress the signal from larger veins
(spin echo EPI, diffusion weighting, smaller voxels)
would result in lower signal to noise and reduced fMRI
sensitivity. Any anatomical ambiguity was felt to be
minimal, and was outweighed by the overall improved
BOLD CNR. Large draining veins are not seen in the
human study because the ten axial slices were centered
at the level of the visual cortex and did not extend
sufficiently superiorly to include the midline sinuses.

Due to the small overall size of the monkey brain,
and the smaller detail with which it needs to be exam-
ined, both resolution and SNR need to be maximized.
Empirically a voxel size between 30 and 45 �l was
preferred, providing both adequate SNR and BOLD
CNR (Dubowitz et al., 1998). This resolution was,
however, found to be too coarse to define anatomical
structures in the small macaque brain. Signal averaging
allows some compromise in SNR per run to achieve
better resolution (four averages of a 20 �l have the
same effective SNR as a 40 �l voxel).

The percentage modulation provides a useful bench-
mark when comparing the animal model with human
studies, but is not a good measure for optimizing voxel
sizes (Dubowitz et al., 1998). CNR increases with in-
creasing voxel size, but the baseline MRI signal may
also change due to partial volume averaging. With
smaller voxels CNR is reduced. Reducing the in-plane
resolution at the expense of some through-plane resolu-
tion also allowed reduction of susceptibility artifacts
from surrounding hardware while retaining overall
voxel size and SNR. As with all NMR experiments, this
represents a compromise, and the larger through-plane
slice profile results in a ‘stair-case’ approximation to the
posterior curvature of the brain. Thus some cortical
pixels are projected beyond the apparent margin of the
brain when superimposed on the high-resolution
anatomical images (even though they are clearly within
cortex on the raw echo planar images). Improvement in
through-plane resolution can be achieved with further
repetition and averaging, but this also prolongs the
time which the monkey must remain still in the scanner.
The parameters described above represent a good com-
promise in which some trade-off is necessary to retain
subject concentration and co-operation. With further
training and habituation further improvement is
anticipated.

Relaxometry studies of macaque brain show that
gray matter T1 relaxation is longer than human gray
matter and T2 relaxation slightly shorter than human
gray matter. White matter values are identical in both
species (Table 2). T2 relaxation time reduces with in-
creasing neuronal organization (e.g. T2 trend in fetal vs.
neonatal vs. adult brain) (Barkovich, 2000). The com-
parable T2 times may indicate a level of structure and
organization comparable to human cortex. These re-
sults differ from earlier values (Dubowitz et al., 1998),
and we believe are more accurate as the current tech-
nique uses a more rigorous methodology and also
incorporates n=3 animals. A CPMG multi echo
method was used which has been shown to give a
superior measurement for T2 compared with conven-
tional spin echo (Carr and Purcell, 1954; Meiboom and
Gill, 1958). In addition the alternate echoes were fitted
separately to compensate for possible shortfalls in the
180° pulse and eddy current effects. The exponential fit
for the phase sensitive IR sequence also used a fit
parameter for the 180° pulse, to allow for shortfalls in
the flip angle in different tissues. The curve fitting
algorithm used in this study was also superior to that
used earlier (Dubowitz et al., 1998) and now incorpo-
rates a large-scale subspace trust-region algorithm and
allows specification of upper and lower bounds on each
optimized parameter which achieves superior conver-
gence. The current results suggest human and macaque
relaxation parameters are closer to each other than was
previously thought.

Monkey imaging has been achieved using a standard
Siemens RF volume knee coil. This was found to
provide the best SNR characteristics for imaging mon-
keys. It also provided a convenient anchor point for
our head-post locator. While surface coils may improve
signal-to-noise in imaging the occipital cortex, other
practical matters precluded their use; the large size of
the standard flex coil (37×17 cm) made it more
difficult to use with monkeys and homogeneous cover-
age of the whole brain was better with the volume coil.
This ability to utilize the manufacturer’s standard
equipment makes this experimental model versatile.
Monkey MRI can be achieved using a clinical scanner
and standard clinical knee coil without the necessity or
expense of building dedicated RF hardware.

5. Conclusion

This technique produces high quality fMRI images in
Macaca Mulatta visual cortex using a conventional 1.5
T clinical MR scanner and a standard RF volume coil
and allows direct comparison with human fMRI. The
stimulus paradigm used is simple, and non-interactive.
It activates large areas of striate and extrastriate visual
cortex. The results of this study demonstrate that fMRI
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data from a macaque monkey can be used as a model
for studying the physiology of fMRI in man. The T1

and T2 values of macaque brain are similar to humans,
and the functional distribution of activation in the
visual pathways also appear to be homologous. The
existing wealth of understanding of functional organi-
zation in macaque cortex can now be more directly
correlated with emerging data from human fMRI stud-
ies. The basic technique can be easily modified to allow
imaging of other areas of the macaque cortex, permit-
ting further comparison with humans.

The technique described here represents a new tool
for studying the underlying physiology of functional
MRI using a method, which can be implemented on
any conventional clinical MRI scanner. The true
strength of this model will be combining this cross-spe-
cies fMRI study with animal fMRI and direct electro-
physiological studies. This would give us a much better
handle on the significance of fMRI activation maps in
humans with respect to the underlying neuronal activ-
ity. This understanding is one of the next crucial steps
in refining fMRI as a neuroscience and clinical tool.
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