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ABSTRACT  

Functional magnetic resonance imaging (fMRI) 
is one of the most commonly used methods in 
cognitive neuroscience on humans. In recent 
decades, fMRI has also been used in the awake 
monkey experiments to localize functional brain 
areas and to compare the functional differences 
between human and monkey brains. Several 
procedures and paradigms have been developed 
to maintain proper head fixation and to perform 
motion control training. In this study, we extended 
the application of fMRI to awake cats without 
training, receiving a fl ickering checkerboard visual 
stimulus projected to a screen in front of them 
in a block-design paradigm. We found that body 
movement-induced non-rigid motion introduced 
artifacts into the functional scans, especially 
those around the eye and neck. To correct for 
these artifacts, we developed two methods: one 
for general experimental design, and the other 
for studies of whether a checkerboard task could 
be used as a localizer to optimize the motion-
correction parameters. The results demonstrated 
that,  with proper animal f ixat ion and motion 
correction procedures, it is possible to perform fMRI 
experiments with untrained awake cats. 

Keywords: functional magnetic resonance imaging; 
cat; motion correction; non-rigid motion

INTRODUCTION

Functional magnetic resonance imaging (fMRI) provides 
extensive information on sensory, motor, and cognitive 
processing in humans. It has high spatial resolution and 
is noninvasive[1,2]. Meanwhile, invasive methods such 
as microelectrode mapping, radioisotope tracing, and 
anatomical studies in animal models such as monkeys 
have greatly enhanced our knowledge about the function 
of the visual system[3]. In recent decades, it has become 
increasingly important to combine MRI with invasive 
methods in animal studies. Structural MRI helps to 
guide or localize the placement of electrodes for single-
cell recordings[4-6] or to locate lesions[7]. fMRI studies of 
anesthetized monkeys have been used to model visual 
areas without top-down infl uence[8] and to localize the visual 
cortex[9]. Awake monkey fMRI approaches have developed 
quickly and are widely used in cognitive neuroscience 
to functionally localize face areas[10], to compare general 
sensory functions between humans and monkeys[11,12], 
and to explore the functional mechanisms of neural signal 
propagation or intrinsic functional connectivity[13].

Most of the studies scanning behaving monkeys 
have developed similar methods[9,10,14-26]. One of the most 
important aspects in the awake monkey fMRI scan is to 
keep the monkey’s head in position by invasively implanting 
a headpost on the skull or by noninvasive techniques, such 
as a vacuum helmet[27]. Before scanning, the monkey must 
be trained to keep its body still during the experiment; such 
training is time-consuming and laborious.
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Due to the difficulty of performing experiments, the 
number of monkey fMRI publications is relatively small 
compared with the number of human fMRI studies[18]. 
Although it is possible to scan other primates, such as 
baboons[28], a more promising approach is to enhance the 
power of animal fMRI to scan smaller animals[29]. fMRI can 
be applied to rodents, songbirds, bats and fi sh[30], and one 
recent study has advanced its application to awake rats 
using an 11.7-T scanner for the collection of resting-state 
data[31]. However, these small animals require ultra-high-
fi eld scanners. As one of the most frequently-used animal 
models in vision studies[32], the cat is more acceptable for 
awake fMRI studies because its brain is large enough to 
be studied using widely-available clinical human scanners. 
The first cat fMRI study was on anesthetized cats and 
demonstrated the blood oxygenation level-dependent 
(BOLD) response of visual area V2 to a drifting grating[33]. 
Then, cat fMRI was used to map iso-orientation columns[34], 
to perform fi ber tracking[35], and to study fi ber development 
using diffusion spectrum imaging with a very high fi eld[36]. 
However, no fMRI study on awake cats has been reported 
because of the difficulties in restraining the cat to keep 
it motionless in the scanner and in training it in such a 
restrained condition. In general, cats are not as cooperative 
and focused[37] as monkeys, which makes them more 
diffi cult to study in the awake state.

In the current study, we described the implementation 
of a setup for BOLD fMRI studies on awake cats using a 
clinical 3-Tesla scanner without animal training. There is 
evidence that without proper training, non-rigid movements 
of the jaw and body induce artifacts into the BOLD 
signals recorded from the brain[20] due to fluctuations of 
the B0 field (the main magnetic field generated by the 
magnet). Motion-correction methods can help in the 
data analysis procedures; however, motion-correction 
algorithms sometimes introduce more artifacts under these 
conditions[17]. Our setup helps to restrain cats but does not 
prevent them from performing non-rigid movements. In 
this study, we first demonstrated the BOLD responses of 
visual area V1 to a checkerboard stimulus with a standard 
motion-correction method, then described two approaches 
based on partial volume registration that can potentially 
be used to correct for non-rigid motion artifacts: a fast 
general approach that may apply to normal experimental 
design, and a sophisticated approach that requires the 

checkerboard task as a localizer to optimize the parameters 
before its application to other cognitive processes, such as 
attention-related tasks.

METHODS

Animal Preparation
Four cats (3.2–4.4 kg, 2–3 years old, three male and one 
female, named CAT2 to CAT5) were used. All surgical and 
scanning procedures were performed under strictly aseptic 
conditions and were approved by the Committee on Animal 
Research at the Institute of Biophysics, Chinese Academy 
of Sciences. The cats were housed in separate cages (0.7 
× 0.85 × 0.95 m3) designed for rhesus monkeys and fed cat 
food from a pet store. 

Before the head-post implantation, the cats were 
initially intramuscularly (i.m.) injected with ketamine 
hydrochloride (20 mg/kg) and atropine (0.05 mg/kg), then 
maintained at surgical levels of anesthesia with 1–2% 
sodium pentobarbital (15 mg/kg, i.m.) for 2–3 h during the 
surgery. All implanted materials were tested for magnetic 
susceptibility prior to surgery. We chose ceramic screws 
and dental acrylic to implant a home-designed head-post 
made of polyether ether ketone (an advanced biomaterial 
used in medical implants) to restrain the animal’s head 
(Fig. 1A). The post was affi xed to the skull and extended 
vertically from the rostral cranium, similar to that used in 
alert monkey fMRI studies. Due to the relatively small size 
of the head, we used a rotate-and-lock design at the bottom 
surface of the head-post (see Fig. 1B for details) to embed 
the ceramic screws already fi xed to the surface of the skull 
into the head post, and then we fi lled the gap with dental 
acrylic to fi rmly hold the head-post in place. Each cat was 
under intensive care for a week and then given a month 
of rest for recovery before the MRI scans. The animals 
were treated post-surgically with antibiotic (benzylpenicillin 
sodium, 10–12 mg/kg, i.m.) for 3 days. Wound margins on 
the skin surrounding the implant were cleaned with iodine 
and antibiotics every day after the surgery for 2 weeks until 
the wounds were no longer bleeding and the cats no longer 
scratched them.

Animal Chair
The cats were placed in the ‘sphinx’ position in an MRI-
compatible primate chair during the scanning sessions. A 
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primate chair (from Massachusetts General Hospital) with 
an additional restrainer was used to hold the cats because 
they are smaller than average nonhuman primates. To 
prevent motion artifacts and to allow for more precise 
signal localization in the chair, we produced a nonmetallic 
apparatus to hold the cat’s head in a fi xed position during 
the fMRI scanning sessions. This was attached to the 
surgically-implanted cranial head-post. When the cat’s 
head was in the fixed position, the head was oriented 
such that its face and eyes were directed toward a screen 
placed at the end of the horizontal bore of the magnet (Fig. 
1A). No lens was used. We tested the setup on cats in our 
sham scanner with recorded scanning noise. Observations 
from the back of the projector confi rmed that the cat kept 
its eyes open during the stimulus presentation. For CAT4 
and CAT5, an MRI-compatible infra-red eye-tracker was 
mounted to the setup and captured real-time images of the 
eye.

An infrared camera on the wall at the foot end of the 

scanner was used to monitor the cats. Although it was 
impossible to capture a clear view of the head with this 
camera because the distance between the scanner center 
and the camera was ~6 meters, and the view was blocked 
by the cat's body, it was easy to detect movements from 
a monitor in the console room if the cat moved its body or 
swung its tail.

Coil Details
A reception four-element surface coil array of almost equal 
sizes was built on an organic glass mold that covered 
the cat's head and was tuned to 123.2 MHz. Tuning and 
matching were achieved by a combination of the fixed 
and the adjustable capacitor. The switching of the receiver 
state was completed using a non-magnetic pin diode 
(DH80106). Coupling between adjacent elements was 
minimized by overlapping an appropriate geometric loop 
to reduce the mutual inductance. The coupling effect of 
further elements was neglected due to geometric distance 

Fig. 1. A: Schematic drawing of the cat fMRI setup. The animal was placed in the sphinx position, and visual stimuli were presented 
from the front. The head was restrained by the implanted head post and the joint affi xed to the animal chair. An MRI-compatible 
eye tracker was mounted in front of the right eye. B: Details of the head-post. Note the rotate-and-lock design in the bottom view. 
The head-post was implanted on the skull by ceramic screws and dental acrylic. C: Details of the joint. This design allowed three-
dimensional adjustment and for the head-post to be implanted on either the anterior or posterior portion of the head, which made 
future neurophysiological recording more fl exible. D: Photograph showing details of the custom-designed coil.
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and low-impedance preamplifier decoupling. A balun was 
used to minimize cable decoupling. By measuring the 
scattering parameters, this coil design achieved a refl ection 
coefficient for each element lower than −12 dB and the 
coupling coeffi cient measured between every element was 
below −15 dB (Fig. 1D). For CAT4 and CAT5, the coil was 
upgraded to a fi ve-element design. The extra element was 
attached to the frontal part of the coil in order to increase 
the coverage of the frontal lobes of the brain.

Visual Stimuli
Visual stimuli were projected onto a screen at the end 
of the bore, 57 cm from the cat's eyes. A black-and-
white checkerboard fl ickering at 2 Hz was presented in 5 
blocks of 30 s active/30 s rest. Each session lasted 300 s, 
including 16 s of blank screen at the beginning, and each 
cat completed two scanning sessions.

MRI Protocols
Functional MRI was performed using a Siemens TIM 3T 
system (Siemens Medical Solutions, Erlangen, Germany). 
The built-in body coil was used for transmission and the 
home-made phase-array coil was used for reception. BOLD 
responses were acquired using single-shot gradient-echo 
echo-planar imaging (EPI) with the following parameters: 
fi eld of view, 128 mm; repetition time (TR), 2000 ms; echo 
time (TE), 30 ms; flip angle, 90°; matrix size, 64 × 64 × 
25; and voxel size, 2 × 2 × 2 mm3. The functional scans 
consisted of 150 functional volumes while each volume 

has 25 axial slices that covered the whole brain. A rapid 
anatomical scan that had the same center and slice 
orientation as the functional scans was obtained using a 
T1-weighted rapid three-dimensional gradient-echo (MP-
RAGE) sequence with the following parameters: TR, 1520 
ms; TE, 4.46 ms; fl ip angle, 15°; voxel size, 0.5 × 1 × 0.5 
mm3; and 240 axial slices. An iso-resolution anatomical 
scan was obtained using the same MP-RAGE sequence 
with different parameters: TR, 1850 ms; TE, 4.85 ms; fl ip 
angle, 8°; voxel size, 0.5 × 0.5 × 0.5 mm3; and 176 sagittal 
slices. For CAT3, CAT4 and CAT5, an additional iso-
resolution anatomical scan was obtained under anesthesia 
with the same parameters.

Eye-movement Monitoring
For CAT4 and CAT5, eye images were acquired by an 
MRI compatible infra-red eye-tracker (MReyetracking from 
Resonance Technology Inc., Northridge, CA) mounted 
in front of the right eye through infra-red reflexive glass 
(Fig. 2A) at 60 Hz. The images were collected during 
the experiment and processed by ViewPoint (Arrington 
Research, Scottsdale, AZ). The position of the eye was 
indicated by the coordinates of the dark pupil center (Fig. 
2B and C).

Data Analysis
Standard approach  All pre-processing and analyses 
were performed with AFNI (http://afni.nimh.nih.gov/afni/) 
software. For the functional dataset, the acquired volumes 

Fig. 2. Eye-movement monitoring devices and results. A: An MRI-compatible infra-red eye-tracker was mounted in front of the right eye 
using adjustable plastic tubes. A piece of infra-red refl exive glass projected the infra-red image of the eye to the camera while the 
cat could see the visible-light stimulus through it. B: A screenshot of the eye-tracking software. A region of interest was manually 
selected and labeled as a red rectangle. It was important to only include the eye. The dark pupil was automatically fi t with a circle 
and the center of the circle was labeled as the crossing point. C: Eye position plots for CAT4 and CAT5 during an experiment. Blue 
curves indicate horizontal and green curves indicate vertical. Note that for CAT5 the curves showed fl at periods. From real-time 
images as in (B), these indicated that the eye was closed.
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were first corrected for slice timing. The timing-corrected 
data were registered to the third volume of the first run 
for motion-correction. The six motion parameters/profiles 
(left-right, anterior-posterior, up-down, pitch, roll and 
yaw) were generated. After spatial smoothing (Gaussian, 
FWHM 3 mm), the volumes were normalized to the mean 
intensity of each run on a voxel-by-voxel basis to obtain 
the percentage signal change (PSC). The data from the 2 
runs were concatenated and subjected to multiple linear 
regression analysis. For the visual stimulation, regressors 
were generated by convolving a boxcar design matrix 
with a gamma function. The motion parameters from 
volume registration were put into the regression analysis 

as regressors of no interest (Fig. 3, blocks linked by 
black arrows) and an activation map was obtained for the 
standard method.

For the anatomical dataset, the rapid anatomical scan 
and the high-resolution anatomical scan were aligned using 
the AFNI program '3dTagalign', by defining two markers 
at the bottom of each eye and one marker at the superior 
crossing of the tentorium cerebelli and longitudinal fi ssure. 
Because the rapid anatomical scan had a lower signal-
to-noise ratio and less gray-white matter contrast, the 
functional results were aligned to and re-sampled with 
the high-resolution anatomical scan using the same tag 
settings as the rapid anatomical scan to generate activation 

Fig. 3. Flowchart of the three processing methods. Processing steps are labeled as blue rectangles. Masks generated manually or by the 
Matlab toolbox are labeled as blue blocks with rounded corners. Blue circles with crosses indicate the combination of information 
from different resources to generate one or two output datasets. Motion parameters generated by volume registration are labeled 
as blue hexagons. Final activation maps or best parameters selected are labeled as green blocks. The process flow for the 
standard method is indicated by black arrows. The PVRCor process fl ow is indicated by blue arrows and the PVRSearch process 
fl ow by red arrows.
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maps. For CAT3 to CAT5, the high-resolution anatomical 
scan obtained under anesthesia was used.
Partial volume registration correction (PVRCor)  Partial 
volume registration means registering part of the EPI data 
to the timing-corrected dataset. PVRCor is a fast general 
approach to correct for non-rigid motion artifacts facilitated 
by partial volume registration.

The fast anatomical scan session had the same center 
and orientation of slices as the EPI scan sessions. A head 
mask was created manually from the fast anatomical scan 
for each cat. In this head mask, the brain, skull and scalp 
were included, while the jaw, eyes and neck were excluded.

For the functional dataset, the acquired volumes were 
first corrected for slice timing. The timing-corrected data 
were masked by the head mask: the signals within the 
mask were retained and the signals outside of the mask 
were set to zero. A non-head dataset was also derived from 
the head mask: the signals within the mask were set to 
zero and the signals outside of the mask were unchanged. 
So the timing-corrected data were split into two datasets 
by the headmask: data within the head and data outside 
of the head (Fig. 3, blue arrows). Both datasets were 
aligned to the third volume of the timing-corrected data, 
and motion parameters for both datasets were generated. 
After spatial smoothing (Gaussian, FWHM 3 mm), the data 
within the head were normalized to the mean intensity of 
each run on a voxel-by-voxel basis to obtain the PSC. The 
data from the 2 runs were concatenated and subjected 
to multiple linear regression analysis. For the visual 
stimulation, regressors were generated by convolving a 
boxcar design matrix with a gamma function. The motion 
parameters from both datasets were used in the regression 
analysis as regressors of no interest (Fig. 3, blocks linked 
by blue arrows) and an activation map was obtained for the 
PVRCor method.
ROI and index definition  In spite of the head mask, a 
visual area V1 mask was defi ned based on the anatomical 
details[38] of each cat. In addition, a brain mask was defi ned 
from the anatomical data. A non-V1 brain mask was 
obtained by subtracting the V1 mask from the brain mask. 
Before applying the masks to the EPI data, the head mask, 
the V1 mask and the non-V1 brain mask were re-sampled 
to 2 × 2 × 2 mm resolution.

To quantify the activation map, mean t values were 

calculated using the defi ned V1 and non-V1 brain masks. 
The ratio of the values between the V1 mask and the non-
V1 brain mask, defi ned as the index of the ratio of activation 
(tV1/(tV1+tnon-V1)), measured the sensitivity of the procedure to 
detect activation evoked by the visual stimulus.
Part ia l  volume registrat ion wi th search- l ight 
(PVRSearch)  In this approach, a search-light paradigm 
was used. For each possible location in the EPI data space, 
a mask centered at this location was created (mask size, 
11 × 11 × 11 voxels) by the AFNI Matlab toolbox. A total of 
43740 (54 × 54 × 15) search-light masks were generated.

For the functional dataset, the acquired volumes 
were first corrected for slice timing. The timing-corrected 
data were masked by the head mask and the data within 
the head were obtained. The dataset was registered to 
the third volume of the timing-corrected data and motion 
parameters were generated. After spatial smoothing 
(Gaussian, FWHM 3 mm), the data within the head were 
normalized to the mean intensity of each run on a voxel-
by-voxel basis to obtain the PSC. The data from the 2 
runs were concatenated and subjected to multiple linear 
regression analysis. For the visual stimulation, regressors 
were generated by convolving a boxcar design matrix with 
a gamma function.

For each possible location in the EPI data space, a 
masked dataset was generated from the timing-corrected 
data and its corresponding search-light mask. This search-
light masked dataset was aligned to the third volume of 
the timing-corrected data, and motion parameters were 
collected. The motion parameters from the within-head 
dataset and the search-light masked dataset were put into 
the regression analysis as regressors of no interest and a 
temporary activation map was generated. The V1 versus 
non-V1 activation ratio was calculated from the temporary 
activation map for this location. The activation ratios 
from all locations were combined into a local contribution 
map. Locations with a local maximum (one near the eye 
and one near the neck, in most cases) were selected by 
manually inspecting the local contribution map. The motion 
parameters from these two locations, in addition to the 
motion parameters from the within-head dataset, were put 
into the regression analysis as regressors of no interest 
and a fi nal activation map was obtained for the PVRSearch 
method (Fig. 3, blocks linked by red arrows). These two 
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locations with a local maximum could be applied to other 
tasks scanned in the same confi guration.

RESULTS

For CAT4 and CAT5, eye movements in the MRI scanner 
during the experiment were monitored by the eye-tracker. 
The images of the right eye were captured in real time by 
ViewPoint (Fig. 2B). CAT4 kept its eyes open throughout 
the experiment, with some eye movements revealed by 
the exported coordinates of eye position. CAT5 sometimes 
closed its eyes during the experiment, resulting in fl at lines 
in the eye-position plot (Fig. 2C). We noted that fi tting the 
cat pupil with a circle is not as precise as in human subjects 
since its shape changed to oval at the beginning of each 
block with the fl ickering checkerboard.

The setup and coil proved to be reliable. EPI images 
showed a good signal-to-noise ratio. However, the voxel 
intensity near the headpost was lower than that inside the 
brain (Fig. 4A). The BOLD signal changed with stimulus on-
off in visual areas such as V1, with fl uctuations that could 
not be explained by the experimental design. The signal 
changes in the eye and neck area had amplitudes similar 
with that in V1, indicating large local motion artifacts, which 
were not directly associated with the stimulus paradigm (Fig. 
4B).

The local contribution maps from all cats had common 
patterns. We found that two areas in CAT2, one at the neck 
and one above the left eye, made the largest contribution 
to the correction for activation ratio. In CAT3, the largest 
values were located at the neck, in deep brain areas, 
in visual areas, and near the eyeball. In both CAT4 and 
CAT5, a local maximum near the right eye and a local 
maximum at the neck were found (Fig. 5A). To demonstrate 
the relationship between these local maxima, the motion 
parameters generated with masks located at the ROIs of 
CAT3 and the whole brain are shown in Figure 5B. The 
motion parameters showed that the pattern of eyeball ROI 
was different from the others or the whole brain. The ventral 
brain ROI and the neck ROI had opposite patterns in the 
yaw direction and shared a similar pattern in the anterior-
posterior direction, indicating body-induced artifacts. In 
spite of that, the V1 ROI showed a combined infl uence from 
the eyeball ROI and the neck ROI.

The activation maps generated by the standard 

Fig. 4. Raw EPI data collected from the setup. A: Each image 
shows a slice of the EPI dataset, from one time point in 
the functional data from CAT2. Note the low voxel intensity 
at the very top of the brain, due to the influence of the 
headpost, ceramic screws and dental acrylic. B: Time-
courses from voxels at different locations. The gray bars 
indicate the presentation of the flickering checkerboard. 
The voxel in V1 showed responses to the on-off the visual 
stimulus, with artifacts that were not correlated with the 
stimulus paradigm. The signals in voxels at the eye and 
neck changed with the same or even larger amplitude than 
that of the V1 voxel.

method, PVRCor and PVRSearch are shown in Figure 6. 
The V1 masks for each cat are also shown. It is clear that 
with a checkerboard stimulus, there were activations in 
the visual area and other brain or non-brain areas when 
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the data were processed by the standard method. With 
the PVRCor method, the pattern was more stable with 
fewer activations outside the brain and outside of V1. The 
activation ratio increased from 96.43% to 96.85% in CAT2, 

60.87% to 90.59% in CAT3, and 18.99% to 36.65% in 
CAT4. In CAT5, the activation ratio dropped slightly from 
60.93% to 52.49% (Table 1). In any case, the activation 
maps showed that the activations in the cerebellum were 

Fig. 5. Results of the search-light paradigm. A: Each image shows a location where motion information contributed most to the 
improvement of the V1 versus non-V1 index in activation maps. In CAT2, one location was above the left eye and one at the neck. 
In CAT3, the locations were at the left eye, deep brain, neck, and occipital area. In CAT4 and CAT5, one location was near the 
right eye and one at the neck. B: Motion parameters from CAT3 generated with masks located at V1, ventral brain, eye, neck, and 
the brain mask. Translations are in millimeters and rotations in degrees relative to the third volume of the fi rst scan. The motion 
parameters demonstrated: fi rst, the motion pattern of the eyeball ROI was different from the others or the whole brain; second, the 
ventral brain and the neck ROIs had opposite patterns in the yaw direction and shared a similar pattern in the anterior-posterior 
direction, indicating body-induced artifacts; and third, the V1 ROI showed a combined infl uence from the eyeball ROI and the neck ROI.
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Fig. 6. BOLD fMRI activation responses to the checkerboard stimulus. Different motion correction procedures are shown in different 
rows. Color bars indicate F values. Note that the standard method detected activations within and outside V1. The PVRCor method 
gave a cleaner pattern, with less activation outside V1. The PVRSearch corrected activations outside V1 and increased the signal 
in V1.
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largely removed by PCRCor in CAT5. When the motion 
parameters were optimized by PVRSearch, the activation 
was stronger in the visual area, as suggested by increased 
activation ratios from 96.85% to 98.15% in CAT2, 90.59% 
to 99.37% in CAT3, 36.65% to 71.64% in CAT4 and 
52.49% to 77.35% in CAT5.

The PVRSearch approach not only increased the 
activation ratio, which was the direct result of the selection 
of local maxima in the local contribution map, but also 
decreased the residual errors in general linear regression 
analysis (Fig. 7). The residual error test showed that, 
compared with the standard method, the best combination 
of motion profiles significantly decreased the residual 
errors [for CAT2, t(299) = 6.096, P <0.001; for CAT3, t(299) 
= 6.074, P <0.001; for CAT4, t(299) = 3.714, P <0.001; 
and for CAT5, t(299) = 7.910, P <0.001). These results 
suggested that the superior performance of the PVRSearch 
method was not because of the particular optimization 
of the index, defined as the ratio of activation in the V1 
mask area and non-V1 brain areas, which was solely in 
the spatial domain; the PVRSearch method also helped to 
explain the variance across volumes at the voxel level in 
the time domain.

Table 1.  Comparison of different motion-correction procedures in four cats

  Mean activation in V1 Mean activation in brain areas outside V1 Mean activation ratio (%)

CAT2 Standard 7.57 0.28 96.43

 PVRCor 4.30 0.14 96.85

 PVRSearch 9.03 0.17 98.15

CAT3 Standard 0.42 0.27 60.87

 PVRCor 10.40 1.08 90.59

 PVRSearch 4.62 0.03 99.37

CAT4 Standard 0.19 0.79 18.99

 PVRCor 0.07 0.15 36.65

 PVRSearch 0.17 0.06 71.64

CAT5 Standard 8.12 5.21 60.93

 PVRCor 0.97 0.87 52.49

 PVRSearch 2.86 0.84 77.35

PVRCor: motion-correction with partial volume registration and motion-correction based on information from a non-head mask; PVRSearch: 

motion-correction with partial volume registration, combined with the best data points from a search-light algorithm for external motion information; 

Standard: standard motion-correction procedure.

Fig. 7. Comparison of residual errors between the standard 
method and PVRSearch. It is clear from the time-courses 
that PVRSearch had fewer residual errors, indicating that 
the search-light paradigm and PVRSearch were not only 
optimized to enhance the responses in V1 or the index we 
defi ned but also improved the results in the time domain.



Neurosci Bull     October 1, 2013, 29(5): 588–602598

DISCUSSION

In this study, we described the use of fMRI in awake cats. 
We introduced a setup adapted from monkey fMRI and the 
modifi ed design of a headpost to fi t cats. Our custom-made 
phase-array coil performed reliably in this configuration. 
We found that body movement-induced non-rigid motion 
introduced artifacts into the functional scans, especially 
those around the eye and neck. To correct for these 
artifacts, we developed two methods: PVRCor, for general 
experimental design, and PVRSearch, for studies of 
whether a checkerboard task could be used as a localizer 
to optimize the motion-correction parameters.

Head fi xation and motion control are important issues 
that must be addressed for successful fMRI studies in the 
awake monkey[14]. An MRI-compatible head-post implanted 
on the skull is the most commonly used device for head 
fi xation[9,15,17-24,26]. Although noninvasive methods have been 
proposed for monkey studies[27], a plastic head-post is still 
the best choice if we are to extend fMRI experiments to 
cats, due to the complexity of the noninvasive methods. 
There is little risk of knocking the head-post off because 
of the relatively small body-size and strength of a cat. 
However, the cat head is smaller and the space for a head-
post is limited. The rotate-and-lock design on the bottom 
surface of the head post can hold two extra screws, by 
which the skull area underneath the head-post was used to 
strengthen the implantation. Our results showed that even 
with the standard motion-correction method, significant 
activations were found in visual areas.

Despite the head fixation, artifacts induced by 
the movement of other parts of the body or head must 
be carefully examined. It has previously been shown 
that limb and torso movements induce B0 fluctuations, 
resulting in spatial distortion[17]. To reduce jaw and body 
movement-induced artifacts in the fMRI time series, a 
novel training paradigm that allows monkeys to move their 
body between trials has proven successful[20]. However, it 
may take 6 months to train a monkey to remain still in the 
scanner[39], and even longer for the animal to adapt to more 
sophisticated motion-control paradigms. It is unknown how 
much time would be required to train small animals, such 
as the cat, to achieve similar motion-control performance. 
In the current study, we demonstrated that movements 
of several components of the head and neck signifi cantly 

influenced the BOLD signal. More than that, we found 
that eyeball movements may induce artifacts into visual 
areas, which was not found in previous monkey tests[20], 
but is consistent with some human studies[40,41]. A possible 
difference between our experiment and the tasks used in 
monkey studies is that monkeys were at least required to 
look at the fi xation point for a period of time, while in our 
experiment the cats were in a pure free-viewing condition.

In our setup, an eye-tracker mounted in front of the 
eye allowed us to monitor the eye position and whether 
the cat remained awake during the experiment. However, 
we found several issues that must be noted. In the cat, 
the pupil changes its shape to oval when the luminance 
of the environment changes. The eye-tracking software 
fi t the dark pupil with a circle, so the eye position was not 
as accurate as in human subjects. A possible solution 
is to design the visual stimulus such that no significant 
luminance change is involved. For example, a static 
checkerboard, instead of a blank screen, may be used to 
contrast with a fl ickering checkerboard in this experiment. 
Another problem of using this eye-tracker for cats is that 
the color of the hair around the eye must be considered. It 
is assumed by the software that only the pupil is dark. For a 
cat with dark hair around the eye (CAT4 in our experiment), 
even after carefully choosing the ROI, the system may fi t 
the circle to dark hair near the eye and give wrong results, 
especially when the pupil shrinks to a very small size. We 
suggest using cats with white hair to avoid this problem.

The motion-correction methods we developed 
demonstrated that, even without motion-control training, it 
was possible to achieve reliable fMRI activation by proper 
correction for non-rigid motion induced by movements 
of head components or the body. The power of motion-
correction in fMRI has been tested in apparent physiological 
noise-induced motion, especially respiratory fl uctuations[31]. 
Although several motion-correction methods have been 
proposed for various applications, e.g., boundary-based 
registration[42], nonlinear deformation algorithms[43], special 
registration algorithms, spatial deformation consideration 
and tensor orientation for diffusion tensor images[44], motion 
correction for cardiac and head motion artifacts in diffusion-
weighted images[45], and multi-manifold diffeomorphic matrix 
mapping[46], the difference between these and our method 
is that we factored the motion information outside of the 
brain area into a regression analysis of the brain activation. 
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Researchers have previously demonstrated three problems 
that post-processing motion-correction cannot resolve: 
insufficient volume coverage, signal variations, and local 
volumetric distortions by B0 incompliance[47]. In their study, 
they tracked the movement of the phantom and adjusted 
the slice position in real time during the acquisition, and 
then they used the motion parameters to generate a 
B0 field-inhomogeneity map. Finally, they corrected the 
distortion combined with the motion-correction and field 
map. The B0 field inhomogeneity and distortion were not 
directly corrected in our method, but signal variations 
induced indirectly by motion were considered in the form of 
local motion-correction parameters. The advantages of our 
method are that it is easy, fast, and can be achieved using 
most of the popular fMRI analysis tools, such as AFNI 
and SPM. However, combining our method with the B0 
inhomogeneity correction paradigm[47] and a novel real-time 
motion-detection method using a self-encoded marker[48] 
would be optimal; macroscopic fi eld inhomogeneity[49] and 
motion artifacts could be estimated in k-space rather than 
in image domains[50].

Easily reared and widely available, the cat is one 
of the most frequently-used animal models[32] and has 
helped to advance our understanding of the development 
of the visual system[51], the effects of lesions[52,53], and 
the mechanisms of perceptual learning[37]. Behavior tests 
from those studies involved using a nose-operated key, 
which is prohibited in the MRI environment because of 
head fixation. Cats can also be trained to do behavioral 
responses by the paw[54,55], but our data suggest that 
movements of body parts other than the head also induced 
artifacts into the fMRI time series, which means the paw 
response test is not an ideal choice. Biophysical and single-
neuron studies[56,57] have demonstrated that it is possible to 
train awake cats to respond using eye movements during 
cognitive tasks, similar to monkey studies. However, as 
revealed in our data, eye movements should be carefully 
evaluated since they also introduce artifacts into the BOLD 
signal. A possible solution is keeping the eyeball away 
from the coverage of the functional scans with proper slice 
positioning[40,41]. It is also important to note that we recorded 
eye movements in image coordinates. Our eye-tracker 
has the option to export the eye-movement information in 
stimulus space as visual angles, if calibrated. However, to 
calibrate the eye-tracker, our eye-tracking software requires 

the subject to keep and shift fixations to 9 sequentially-
presented squares on the screen, which is very unlikely for 
a cat. We believe that a better solution is to calibrate the 
eye-tracker in each experiment only when necessary, using 
a reflexive saccade stimulus, which is commonly used in 
monkey behavioral training.

The limitation of the current study is that the sensitivity 
index we used (V1 versus non-V1 ratio) assumed that 
our visual stimulus did not activate brain areas outside of 
V1. This assumption is not necessarily correct, especially 
when the cat is under restraint and stressed. However, the 
index improvement found by including the non-rigid motion 
information in our analysis showed that even if activations 
outside of V1 were evoked, motion artifacts also contributed 
to the activation patterns. We believe the motion artifacts 
infl uenced the BOLD signal in a task-relevant way, in which 
V1 and non-V1 signals were corrected differently by the 
included motion profiles, resulting in an increase of the 
index. It is also true that the V1 mask generated manually 
for each cat was very subjective and that the ROI defi nition 
was very specifi c to the visual experiment. However, for the 
general version, PVRCor, the improvement of activation 
detection did not rely on the defi nition of V1, even though 
the same index measure was used. More importantly, 
this index helped us to achieve the best parameters from 
PVRsearch. We believe this is especially useful for localizer 
experiments, such as face-selective patches. A general 
approach to study the response properties of face-selective 
patches is to localize them in a localizer experiment, with 
different categories of pictures or scrambled pictures, 
including faces. After that, other experiments are done 
to evaluate the responses of those ROIs to, for example, 
inverted faces. In this sense, PVRsearch could be 
implemented based on a localizer experiment, to find the 
best combinations that optimize the response of face-
selective patches. Then the best combination, though 
it may vary between animals, could be applied to other 
experiments, regarding the amplitude of the response in 
the localizer experiment as a common reference. In our 
study, the checkerboard task could be used as a localizer 
experiment to get optimized parameters, then applying 
them to other, for example, attention tasks.

Although it may not be easy to train cats in tasks 
with a high cognitive load, similar to the work that has 
been performed in some monkey studies, the cat is 
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more widely available and is a good candidate for fMRI 
experiments, especially for those combining fMRI with 
microstimulation[13], microinjection[58], pharmacological 
MRI combined with electrophysiology[59], or reversible 
deactivation with a cooling system[60]. Our setup and 
motion-correction method represent critical first steps 
toward successful fMRI investigation in the awake cat. We 
believe our methods, with the help of fMRI as a functional 
localizer, have tremendous potential for extending our 
understanding of the functional architecture of the cat visual 
system and exploring cognition in the nervous system in 
general.
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