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Abstract
Brain atlases play an important role in effectively communicating results from neuroimaging stud-

ies in a standardized coordinate system. Furthermore, brain atlases extend analysis of functional

magnetic resonance imaging (MRI) data by delineating regions of interest over which to evaluate

the extent of functional activation as well as measures of inter-regional connectivity. Here, we

introduce a three-dimensional atlas of the cat cerebral cortex based on established cytoarchitec-

tonic and electrophysiological findings. In total, 71 cerebral areas were mapped onto the gray

matter (GM) of an averaged T1-weighted structural MRI acquired at 7 T from eight adult domestic

cats. In addition, a nonlinear registration procedure was used to generate a common template

brain as well as GM, white matter, and cerebral spinal fluid tissue probability maps to facilitate

tissue segmentation as part of the standard preprocessing pipeline for MRI data analysis. The atlas

and associated files can also be used for planning stereotaxic surgery and for didactic purposes.
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1 | INTRODUCTION

Brain atlases are critical tools for generalizing results across studies and

laboratories by standardizing findings into a common coordinate sys-

tem. Furthermore, when paired with electrophysiological and functional

neuroimaging data, brain atlases facilitate the determination of func-

tionally homologous brain regions and brain network topologies across

species. Several atlases of varied detail are currently in use for func-

tional neuroimaging studies of the human (Lancaster et al., 2000; Liang

et al., 2015; Mazziotta et al., 2001; Van Essen, 2005), old-world

monkeys (Rohlfing et al., 2012; Van Essen & Dierker, 2007), rodent

(Johnson, Calabrese, Badea, Paxinos, & Watson, 2012; Nie et al., 2013),

and zebra finch (Poirier et al., 2008) brains; however, despite its

widespread use and long history as an animal model in neuroanatomi-

cal and electrophysiological research, a three-dimensional (3D) atlas of

the domestic cat (Felis catus) brain has yet to be introduced. While few

laboratories to date have made use of the cat for functional neuroimag-

ing research, this species provides an important bridge between knowl-

edge gained from small animal (rodents) and large animal (old-world

monkeys) models for advancing basic and translational neuroscience

research.

Two-dimensional cytoarchitechtonic and stereotaxic atlases of the

cat brain have been in circulation for at least half a century (Jasper &

Ajmone-Marsan, 1954; Reinoso-Su�arez, 1961; Snider & Niemer, 1961);

however, these atlases have limited utility in localizing and quantifying

results from functional neuroimaging studies. The 3D atlas leverages

software created for modern computing platforms that enables quanti-

fication of volumetric data sets and that provide intuitive insight into

the functional and spatial relationships between brain structures. Here,

we describe the development of a volumetric cortical atlas based on
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high resolution (0.5 mm3) T1-weighted structural magnetic resonance

images (MRIs) obtained at a field strength of 7 T. Furthermore, we pro-

vide a cat brain template with gray matter (GM), white matter (WM),

and cerebrospinal fluid (CSF) tissue probability maps (TPMs) which allow

for registration, normalization, and automated segmentation of brain tis-

sues. These tools advance the utility of the cat in structural and func-

tional neuroimaging by providing a common space to which MRI brain

volumes can be accurately registered. The 3D atlas and TPMs are

shared in standardized file formats to facilitate processing using most

modern MRI visualization or analysis software. The cat brain atlas can

also be used for teaching, surgical planning, and mapping results of elec-

trophysiological and neuroanatomical studies.

2 | METHODS

2.1 | Animals and anesthesia

All procedures were approved by the University of Western

Ontario’s Animal Use Subcommittee of the University Council on

Animal Care and were in accordance with the guidelines specified by

the Canadian Council on Animal Care. Eight mature female cats

were used for the generation of the average template T1, TPMs, and

cortical atlas (age at scanning M51.58 years, SD51.07 years). An

additional 10 cats were used to test the accuracy of the average

template T1 and TPMs (age at scanning M52.04 years, SD51.78

years). Cats were anesthetized according to a previously established

protocol (Brown et al., 2013; Hall et al., 2014). Prior to each imaging

session, cats were pre-medicated with a mixture of atropine

(0.02 mg/kg s.c.) and acepromazine (0.02 mg/kg s.c.), then anesthe-

tized �30 min later with a solution of ketamine (4 mg/kg i.m.) and

Dexdomitor (0.022 mg/kg i.m.). Upon confirmation of an absent gag

reflex, the animal was intubated and an indwelling catheter was

FIGURE 1 Outline of steps used to create T1 average, tissue
probability maps (TPMs), and the cortical atlas. (a) Overview of
steps taken to generate the T1 average (serves as a template),
TPMs, and the cortical atlas from eight cats. (b) Overview of steps
used to bring additional T1 volumes into registration with the
template T1, automated tissue segmentation using TPMs, and
cortical atlas. The deformation fields generated for the T1 volumes
can also be applied to coregistered functional MRI volumes for
further analysis with the cortical atlas (not pictured)

FIGURE 2 TPMs and template T1. Gray matter (GM), white matter (WM), and cerebrospinal fluid (CSF) TPMs. Tissue probability is
encoded in the color of the image according to the color gauge located in the middle of the figure. The right-most column shows sections
from the average of nonlinearly registered T1-weighed brain images that serves as a common cat brain template. Orientation markers
indicate “A” for anterior, “R” for right-lateral, and “D” for dorsal directions
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TABLE 1 Definitions of atlas regions and references

Label Full name Reference

A1 Primary auditory cortex Mellott et al. (2010); Reale and Imig (1980)

A2 Second auditory cortex Mellott et al. (2010)

AAF Anterior auditory field Mellott et al. (2010); Phillips and Irvine (1982)

dPE Posterior ectosylvian auditory
cortex, dorsal division

Reale and Imig (1980)

DZ Dorsal zone of auditory cortex Mellott et al. (2010)

pPE Posterior ectosylvian gyrus, posterior division Reale and Imig (1980)

FAES Field of the anterior ectosylvian sulcus Mellott et al. (2010)

IN Auditory insular cortex Mellott et al. (2010)

iPE Posterior ectosylvian auditory cortex,
intermediate division

Reale and Imig (1980)

PAF Posterior auditory field Mellott et al. (2010); Phillips and Orman (1982);
Reale and Imig (1980)

TE Temporal cortex Mellott et al. (2010)

VAF Ventral auditory field Mellott et al. (2010)

vPAF Posterior auditory field, ventral division Mellott et al. (2010); Reale and Imig (1980)

vPE Posterior ectosylvian auditory
cortex, ventral division

Reale and Imig (1980)

1 Area 1, primary somatosensory cortex Dykes, Rasmusson, and Hoeltzell (1980);
Felleman, Wall, Cusick, and Kaas (1983)

2 Area 2, primary somatosensory cortex Clemo and Stein (1982); Dykes et al. (1980);
Tanji, Wise, Dykes, and Jones (1978)

3a Area 3a primary somatosensory cortex Dykes et al. (1980)

3b Area 3b primary somatosensory cortex Dykes et al. (1980)

5al Area 5a, lateral division Avenda~no, Rausell, Perez-Aguilar, and Isorna (1988);
Avenda~no, Rausell, and Reinoso-Su�arez (1985)

5am Area 5a, medial division Avenda~no et al. (1988, 1985)

5bl Area 5b, lateral division Avenda~no et al. (1988, 1985)

5bm Area 5b, medial division Avenda~no et al. (1988, 1985)

5m Area 5, medial division Avenda~no et al. (1988, 1985)

S2 Second somatosensory cortex Clemo and Meredith (2004); Tanji et al. (1978)

S2m Second somatosensory
cortex, medial division

Clemo and Stein (1982); Tanji et al. (1978)

S3 Third somatosensory cortex Garraghty, Pons, Huerta, and Kaas (1987);
Tanji et al. (1978)

S4 Fourth somatosensory cortex Clemo and Meredith (2004)

S5 Fifth somatosensory cortex Mori et al. (1991)

17 Area 17 Tusa, Palmer, and Rosenquist (1978); Updyke (1977)

18 Area 18 Tusa, Rosenquist, and Palmer (1979); Updyke (1977)

19 Area 19 Tusa et al. (1979); Updyke (1977)

20a Area 20a Tusa and Palmer (1980); Updyke (1986);
van der Gucht, Vandesande, and Arckens (2001)

20b Area 20b Tusa and Palmer (1980); Updyke (1986);
van der Gucht et al. (2001)

21a Area 21a Tusa and Palmer (1980); Updyke (1986);

(Continues)
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TABLE 1 (Continued)

Label Full name Reference

van der Gucht et al. (2001)

21b Area 21b Tusa and Palmer (1980); Updyke (1986);
van der Gucht et al. (2001)

7a Area 7, anterior division Olson and Lawler (1987)

7m Area 7, medial division Olson and Lawler (1987)

7p Area 7, posterior division Olson and Lawler (1987)

AEV Anterior ectosylvian visual area Mucke, Norita, Benedek, and Creutzfeldt (1982)

ALLS Anterolateral lateral suprasylvian area Palmer, Rosenquist, and Tusa (1978);
van der Gucht et al. (2001)

AMLS Anteromedial lateral suprasylvian area Palmer et al. (1978); van der Gucht et al. (2001)

CVA Cingulate visual area van der Gucht et al. (2001)

DLS Dorsolateral suprasylvian visual area Palmer et al. (1978); Updyke (1986);
van der Gucht et al. (2001)

PLLS Posterolateral lateral suprasylvian area Palmer et al. (1978); van der Gucht et al. (2001)

PMLS Posteromedial lateral suprasylvian area Palmer et al. (1978); van der Gucht et al. (2001)

PS Posterior suprasylvian visual area Updyke (1986); van der Gucht et al. (2001)

SVA Splenial visual area van der Gucht et al. (2001)

VLS Ventrolateral suprasylvian area Palmer et al. (1978); van der Gucht et al. (2001)

4d Area praecentralis macropyramidalis Ghosh (1997); Weyand, Updyke, and Gafka (1999)

4fu Area praecentralis in fundo Ghosh (1997); Weyand et al. (1999)

4g Area praecentralis Ghosh (1997); Weyand et al. (1999)

4sfu Area praecentralis supra fundo Ghosh (1997); Weyand et al. (1999)

6aa Area frontalis agranularis mediopyramidalis Ghosh (1997)

6ab Area frontalis agranularis macropyramidalis Ghosh (1997)

6ag Area 6, lateral division Ghosh (1997)

6iffu Area 6, infra fundum Ghosh (1997)

PFdl Prefrontal cortex, dorsolateral division Weyand et al. (1999)

PFdm Prefrontal cortex, dorsomedial division Weyand et al. (1999)

PFv Prefrontal cortex, ventral division Weyand et al. (1999)

36 Perirhinal cortex Witter and Groenewegen (1984)

AId Agranular insular area, dorsal division Clasc�a, Llamas, and Reinoso-Su�arez (1997)

AIv Agranular insular area, ventral division Clasc�a et al. (1997)

DI Dysgranular insular area Clasc�a et al. (1997)

GI Granular insular area Clasc�a et al. (1997)

CGa Anterior cingulate area Musil and Olson (1988)

CGp Posterior cingulate area Musil and Olson (1988)

PL Prelimbic area Room, Russchen, Groenewegen, and Lohman (1985)

G Primary gustatory area Niimi, Miyata, and Matsuoka (1989)

MZ Multisensory zone Monteiro, Clemo, and Meredith (2003)

Pp Prepyriform cortex Freeman (1968)

RS Retrosplenial area Kaitz and Robertson (1981)
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FIGURE 3 Individual T1, GM, WM, and CSF slices before and after nonlinear warping. Panel (a) presents axial slices of the template T1
and TPMs (first row) of 18 cat brains after rigid-body 6 degrees-of-freedom (DoF) alignment to the bicommissural line of the template T1.
Panel (b) presents the same axial slices as the left column after running the DARTEL nonlinear warping and automatic tissue type segmenta-
tion. All slices are of an axial plane 15 mm dorsal to bicommissural line. Anterior direction is toward the top of the graphic
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FIGURE 4 Nonlinear registration reduced intersubject spatial variability. (a) Spatial maps of the standard deviation of voxel intensity for 18
cat brains (8 used for generating cat template T1110 additional cat T1s). Brains were preprocessed (see Figure 1a) and rigid-body 6 DoF
aligned by the bicommissural line to the template T1. Standard deviation at each voxel was calculated without further normalization
(aligned), following linear normalization using a 12 DoF (linear), or following nonlinear normalization using DARTEL (nonlinear). Color scale
is normalized to the maximum standard deviation across aligned, linear, and nonlinear maps. (b) Pearson’s correlation coefficients across 18
brains after simple rigid-body alignment, or following linear or nonlinear normalization. (c) Histograms of Fisher z-transformed correlation
coefficients (from b) for simple rigid-body alignment, linear, or nonlinear normalization. Orientation markers indicate “A” for anterior and “P”
for posterior. * indicates p � .001; see main text for statistics

FIGURE 5 Anatomical features of the GM template volume of the cat brain—superior view. Gyri are named on the left hemisphere. Sulci
are named on the right hemisphere. Anatomical demarcations: a.5 anterior; p.5 posterior. Orientation marker indicates “A” for anterior and
“R” for right-lateral directions
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FIGURE 6 Anatomical features of the GM template volume of the cat brain—lateral view. Gyri and sulci are indicated in panels (a) and (b),
respectively. Anatomical demarcations: a.5 anterior; i.5 inferior; p.5 posterior; s.5 superior. Orientation marker indicates “A” for anterior
and “D” for dorsal directions

FIGURE 7 Three-dimensional rendering of the cat cortical atlas. (a) Anterolateral view. (b) Dorsal-anterior view. (c) Lateral view of the right
hemisphere. (d) Medial (midsagittal) view of the right hemisphere. Note that some areas are hidden within sulci. See Table 1 for definitions
of region labels. Orientation markers indicate “A” for anterior, “L” for left-lateral, and “D” for dorsal directions
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placed in the saphenous vein to facilitate intravenous delivery of

fluids and anesthesia. Once prepared, the animal was placed in a

sternal position within a custom-built apparatus. Anesthesia was

maintained during each session with ketamine (1.2–1.8 mg/kg/h i.v.)

and spontaneously inhaled isoflurane (�0.5% during structural

scans) with medical oxygen (�1.5 L/m).

2.2 | Image acquisition

Structural MRIs were taken using a 7 T Siemens Magnetom MRI

human head-only scanner (68 cm bore diameter) operating at a 350

mT/m/s slew rate and a custom manufactured 8/24 channel transmit/

receive radio-frequency coil (Gilbert et al., 2016). A high-resolution

T1-weighted MP2RAGE image was acquired for each subject (repeti-

tion time (TR)5 6500 ms, echo time (TE)53.93 ms, flip angle 1548,

flip angle 2558, 96 slices, 0.5 mm isotropic voxel size).

2.3 | TPMs

The schematic in Figure 1a gives a broad overview of the steps taken

to generate the average T1 (serves as template), TPMs, and cortical

atlas. T1-weighted structural volumes from eight cats were individually

manually rotated to align to the bicomissurial line—through anterior

and posterior commissures—in the horizontal plane. Each subject’s

brain volume was isolated from skull, muscle, skin, and other tissues

manually. Individual volumes were then brought into registration with a

single cat brain using a rigid-body 6 degrees-of-freedom (DoF, three

translations and three rotations) affine transformation using a voxel-

based similarity algorithm (Collignon et al, 1995; SPM12 toolbox

[RRID: SCR_007037] for Matlab [RRID: SCR_001622]). This realign-

ment procedure has no effect on brain size or morphology. Images

were subsequently smoothed using a 2 mm3 full-width half-maximum

Gaussian kernel to reduce inter-voxel variability for tissue segmentation.

FIGURE 8 Coronal section of the cat atlas overlaid on the average T1 template at AP 26.75 mm. Top graphic is a lateral view of the atlas
overlaid on a 3D rendering of the average T1 which is embedded within a sagittal slice through the midline of a cat skull. The position of
the coronal section in the bottom graphic is represented by the white line over the 3D rendering. Anterior-posterior (AP) position of the
coronal section is indicated on the top left corner of the graphic and is relative to the interaural line. The atlas covers both hemispheres of
the cat brain, but has been cut in half in the bottom graphic to better display underlying GM. Located to the right of the coronal section is
an example of a similar Nissl-stained section from a single cat brain. See main text for more details. Note that the cerebellum (Cbm) is
drawn in the Nissl section where it would normally appear
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Brains were then individually segmented into GM, WM, and CSF

components using a mixture of Gaussians approach to fit voxel inten-

sity histograms using custom scripts written in Matlab. The Akaike

information criterion was used to determine the optimal number of

Gaussians to use during the fit. This procedure was repeated up to

500 times using random seeds to begin the probabilistic fit of voxel

intensity histograms for each iteration. The maximum posterior proba-

bility maps generated for each Gaussian fit were displayed and man-

ually combined into GM, WM, and CSF tissue classes (Figure 2). A

fourth non-brain (NB) tissue class was generated by setting all voxels

outside the perimeter of GM to a value of 1 and all remaining voxels to

0. Since voxel intensities in the brainstem were indistinguishable from

WM voxel intensities, brainstems from each subject were manually

extracted and merged with each subjects’ GM probability map.

To generate common TPMs, the segmented GM, WM, CSF, and

NB volumes from eight cats were processed using the DARTEL nonlin-

ear diffeomorphic registration algorithm (Ashburner, 2007) as imple-

mented in SPM12. Briefly, this iterative algorithm generates a set of

3D deformation fields that optimize the intersubject placement of GM,

WM, CSF, and NB tissue type boundaries. This ultimately results in

TPMs for GM, WM, CSF, and NB tissues with values between 0 and 1

indicating the probability that a voxel is of one of the four tissue types.

In addition, the resulting 3D deformation fields that warped the individ-

ual subject tissue maps to create the TPMs are also generated by the

algorithm. The deformation fields were then applied to the original T1

volume for each subject. The deformed T1s were then averaged to

generate a T1 template.

With the development of TPMs and the average T1 template, new

T1 volumes can be automatically segmented into GM, WM, CSF, and

NB tissues and warped to match the morphology of the T1 average

also using the DARTEL toolbox for SPM12. Prior to this, the new T1

volumes should be manually aligned to the bicommissural line, brain

extracted, and registered to the T1 template. The new T1 volume can

then be warped to match the T1 template and the TPMs can be used

as priors to automatically segment the new T1 into the four tissue

types. Intensity bias correction is automatically applied by the DARTEL

toolbox. An advantage of this procedure is that functional MRI

data that has been coregistered with the subject’s T1 volume can be

FIGURE 9 Coronal section of the cat atlas overlaid on the average T1 template at AP 23.75 mm. See Figure 8 caption for details
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warped to match the average template using the new deformation field

(Figure 1b).

2.4 | Atlas generation

A volumetric atlas was generated based on best textual and schematic

approximations from existing anatomical and electrophysiological data

(see references in Table 1). Brain regions were manually drawn on the

GM TPM that resulted from the DARTEL procedure (voxel intensity

threshold of p� .55) using the editing module for 3D Slicer (v.4.6) soft-

ware (Fedorov et al., 2012; RRID: SCR_005619). An alternative

approach to generating a standard MRI atlas would have been to

demarcate brain regions based on individual brains which would then

be warped into a probabilistic atlas (e.g., Shattuck et al, 2008). In this

report, however, a single regional atlas was generated on the GM TPM

(see “Discussion” section).

Delineation of brain regions was based on study of the relevant

anatomical and functional literature (see references in Table 1). The

borders of brain regions were determined relative to common sulcal

and gyral landmarks used by anatomical and electrophysiological stud-

ies to delineate the regions.

3 | RESULTS

3.1 | TPMs

A nonlinear registration algorithm (DARTEL) was used to generate GM,

WM, CSF, and NB TPMs from eight cat brains (Figure 2). The maps

preserved most of the gross features—sulci, gyri, WM tracks, and ven-

tricles—typical of the cat brain (also see Figures 5 and 6). This proce-

dure performed substantially better than a simple linear registration

and average procedure, which preserved the overall shape of the cat

brain, but obscured important sulcal and gyral patterns.

Some minor cortical features, such as the post-cruciate dimple,

were not obviously preserved. The ventral surface of the cortex and

the olfactory bulb were also not well preserved (e.g., see Figures 12

and 13). This loss was the result of signal drop-off due to the distance

from the radiofrequency receive coil. Thus, ventral portions of cortex

and olfactory bulb were excluded from the atlas.

As described above, deformation fields generated during the crea-

tion of TPMs were applied to the original brain extracted T1 volumes

and averaged to generate a single T1 volume that serves as a template

for the alignment and normalization of new T1 volumes. Coronal, axial,

FIGURE 10 Coronal section of the cat atlas overlaid on the average T1 template at AP 20.65 mm. See Figure 8 caption for details
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and sagittal sections of the average T1 template can be seen in the

right column of Figure 2.

3.2 | Intersubject variability

Cat cerebral cortex has a relatively simple pattern of folding compared

with larger mammalian brains. The cat brain, however, still exhibits con-

siderable variability in brain size and exact gyral and sulcal morphology.

One of the main motivations of this project was to create the tools and

pipeline for accurately aligning and normalizing cat brains. The left

panel of Figure 3a shows axial slices from brain-extracted T1s as well

as tissue segmentations (GM, WM, and CSF) from 18 cats after 6 DoF

rigid-body alignment to the bicommissural line. A subset of eight brains

were used in the generation of the template T1 and TPMs (top row).

The subsequent 10 brains were used to validate the generated tem-

plate. Figure 3b shows the same subjects from the “aligned” panel, but

following nonlinear registration to the average T1 template.

The variability in brain size across cats is clear upon visual inspec-

tion of “aligned” subjects 4 and 5 in Figure 3a. The gross brain size dif-

ference between these subjects was minimized following nonlinear

warping to the template T1 (Figure 3b). Subject 3 is notable for an

abnormally enlarged ventricle. This enlarged ventricle is clearly visible

in the CSF tissue map of subject 3 (right column in Figure 3a). The non-

linear registration procedure minimized this anatomical abnormality

and successfully registered this brain to the template T1 (Figure 3b).

The standard deviation of individual voxel intensity across all 18

cat brains was calculated following a simple rigid-body 6 DoF

alignment to the bicommissural line (Figure 4a “aligned”; from T1 data

in Figure 3a). Intersubject voxel-wise standard deviations were also cal-

culated following the 12 DoF linear normalization procedure (Figure 4a

“linear”) or nonlinear warping to the average T1 using DARTEL (Figure

4a “nonlinear”; from T1 data in Figure 3b). The 12 DoF linear normal-

ization includes three parameters for each translation, rotation, scaling,

and skewing parameters and was implemented using the “Old Normal-

ize” utility of SPM12. The maps in Figure 4a indicate the standard devi-

ation across 18 preprocessed brains. The 12 DoF linear normalization

procedure visibly reduced variance across the brain; however, the

reduction in variance following nonlinear normalization procedure was

clearly superior to the linear normalization. Remaining high structural

variance following nonlinear normalization was primarily restricted to

FIGURE 11 Coronal section of the cat atlas overlaid on the average T1 template at AP 11.25 mm. See Figure 8 caption for details
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cranial nerve innervations on the brainstem (see section at 28 mm in

Figure 4a “nonlinear”).

To quantify this apparent effect, Pearson’s correlation coefficients

were computed for every combination of 18 cat T1 volumes after

rigid-body 6 DoF alignment (Figure 4b “aligned”), 12 DoF linear

normalization (Figure 4b “linear”), or nonlinear normalization (Figure 4b

“nonlinear”). Comparisons of 18 brains resulted in 182=2218=251 cor-

relation coefficients for each procedure. Eight of the 18 T1 volumes

were those used to generate the TPMs and average T1. The remaining

10 were acquired for a separate study according to the same MRI scan

protocol described in the methods.

Differences in correlation coefficients between the normal and

nonlinear warping procedures were tested for significance with one-

tailed t-tests following variance stabilization using the Fisher z-trans-

form (Figure 4c). The linear (z-score M51.26, SD50.07) and nonlinear

(z-score M51.58, SD50.06) normalization procedures both signifi-

cantly improved the matching of brain volumes to the template T1

over a rigid-body 6 DoF alignment procedure (z-score M50.91,

SD50.11; linear> aligned: t(304)533.58, p<102103; non-

linear> aligned: t(304)565.45, p<102180). Furthermore, the

nonlinear normalization procedure significantly increased the intersub-

ject correlation over the linear normalization procedure (nonlinear> lin-

ear: t(304)541.18, p<102125). These results indicate that the

nonlinear normalization procedure accurately morphed a variety of cat

brains into the common space of the template T1.

3.3 | Cortical Atlas

Figures 5 and 6 indicate the sulcal and gyral patterns of a 3D rendering

of the GM TPM. In these 3D representations of the GM volume and in

the atlas provided (Figure 7), sulci tend to appear broader than

expected making typically hidden sulcal regions visible. For example,

regions of the suprasylvian sulcus, such as the anteromedial and post-

eromedial lateral suprasylvian areas, are clearly visible from the lateral

perspective of the brain. The visibility of sulcal regions is due to the

threshold chosen for drawing the atlas on the GM tissue probability

map as described above (see “Methods” section).

In total, 71 cortical regions were included in the atlas (Figure 7;

Table 1). Regions were drawn based on previously described stereo-

taxic coordinates, anatomical drawings, and descriptive extents of

FIGURE 12 Coronal section of the cat atlas overlaid on the average T1 template at AP 15.15 mm. See Figure 8 caption for details
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regions in relation to their sulcal and gyral topography. For example,

the extents of auditory regions of the sylvian gyrus were drawn to con-

form to previously demonstrated reversals in tonotopic gradients and

immunohistochemical staining using SMI-32 as reported by Mellott

et al. (2010).

Figures 8 through 15 show one hemisphere of the atlas overlaid

on the average T1 within a cat skull in coronal sections. To the right of

the atlas is a similar Nissl stained coronal section from a single perfused

cat brain. No exact match between the Nissl stained section can be

made with the average T1 due to the anatomical variability across indi-

vidual cat brains and the nonlinear deformations used to generate the

average T1. Furthermore, fixation of the brain with paraformaldehyde

causes brain tissue to shrink and deform compared with the in vivo

structural MRI.

3.4 | Shared files

Several files associated with the TPMs and atlas are shared as part of

this project and are provided as standard NIfTI files at 0.5 mm isotropic

resolution. For all TPMs—GM, WM, CSF, and NB—the value of each

voxel is between 0 and 1, corresponding to the probability of that tis-

sue class (see Figure 2).

The volumetric atlas can easily be used for identifying regions of

interest in functional MRI studies; two versions of this atlas are shared.

The first version has one scalar value for each bilateral brain region,

while the second version of this atlas has a unique scalar value for the

left and right hemispheres for each region.

The presentations of the atlas in Figure 6 are GM surface models

generated using the 3D Slicer software package. A model was gener-

ated for each brain region and hierarchically organized by sensory/

motor system. These models can easily be manipulated in color and

transparency for surgical planning or communication of statistical

results.

All files outlined here are available for download at www.cerebral-

systems.ca.

4 | DISCUSSION

Here, we introduce the prerequisite tools for automated localization of

evoked and spontaneous activity within the cat brain using functional

FIGURE 13 Coronal section of the cat atlas overlaid on the average T1 template at AP 17.05 mm. See Figure 8 caption for details
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MRI. We describe and provide high resolution GM, WM, CSF, and NB

TPMs generated using the DARTEL algorithm from a group of mature

cats. In addition, we provide a 3D cortical atlas estimating functionally

and cytoarchitectonically distinct cortical regions within the domestic

cat brain. In addition to advancing functional imaging in this highly

studied animal model of cortical anatomy and function, we hope these

tools will also be useful for surgical planning.

While the atlas presented here draws sharp delineations between

cortical areas for practical purposes, it should be noted that in reality

neighboring cortical regions rarely have clear cytoarchitectonic or

functional distinction. Despite the residual uncertainty of interregional

borders, having a well-defined atlas will facilitate continuity across

studies and laboratories.

Another possible approach would have been to create a proba-

bilistic atlas based on cytoarchitechtonic and/or stimulus- or task-

evoked functional MRI data from many individual animals (Van

Essen & Dierker, 2007). This is likely the ideal approach currently

available for generating an MRI atlas; however, this procedure

requires the functional mapping of many individuals across all

sensory modalities. To date, functional neuroimaging data for the

cat is sparse and only partially exists for cat auditory (Butler, Hall, &

Lomber, 2015; Hall et al, 2014) and early visual cortices (Kim et al,

2003; Olman, Ronen, Ugurbil, & Kim, 2003). The paucity of func-

tional MRI studies with the cat precludes the use of these data

from individual subjects in the generation of a probabilistic func-

tional atlas. While delineation of cytoarchitectonic studies of whole

cat brains is feasible, this approach would not alone facilitate the

development of a useful in vivo MRI anatomical template and

TPMs. In the absence of a large body of functional MRI data, we

chose to leverage the extensive literature on anatomical and electro-

physiological studies of the cat brain to give a best estimate of

regional borders drawn on the GM. We demonstrated that the non-

linear normalization approach resulted in accurate registration of

many cat brains (see Figures 3 and 4) indicating that cat brains

would also be accurately registered to the atlas. Therefore, the

approach we have taken here is similar to that used for the genera-

tion of the INIA19 template for non-human primate brains (Rohlfing

et al, 2012).

FIGURE 14 Coronal section of the cat atlas overlaid on the average T1 template at AP 112.05 mm. See Figure 8 caption for details
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This atlas is a useful representation of the cerebral cortical struc-

tures in the cat brain; however, the brainstem, midbrain, and some ven-

tral cortical structures were not included. Future work will refine the

borders of brain regions as well as generate a more complete atlas for

the cat that includes subcortical structures.

We have here focused on the T1 MR contrast to suit our experi-

mental interests. We note, however, that the files we have gener-

ated can also be used to bring volumes obtained using other

contrasts, such as T2* for blood-oxygen-level-dependent (BOLD)

response, into accurate registration with the template T1 and atlas

(see Figure 1b). BOLD fluctuations during resting-state or in

response to sensory stimulation can be analyzed with respect to the

atlas. Furthermore, automatically segmented WM and CSF tissue

types from a T1 volume can be used as nuisance regressors in a

general linear model to improve signal-to-noise (e.g., Behzadi,

Restom, Liau, & Liu, 2007).

The adoption of these tools will allow for improved accuracy of

brain registration, tissue segmentation, and cortical region labeling. We

hope this will also facilitate comparisons of cross-laboratory studies

using MRI in this important animal model.

ACKNOWLEDGMENTS

The authors would like to thank Pam Nixon, RVT for providing ani-

mal care, Joseph Gati, Trevor Szekeres, and Kyle Gilbert, Ph.D. for

help with MRI protocol and equipment, as well as Alex Meredith,

Ph.D. and Nicole Chabot, Ph.D. for contributions to the atlas. Fund-

ing for this project was provided by the Natural Sciences and Engi-

neering Research Council of Canada, the Canadian Institutes of

Health Research, and the Canada Foundation for Innovation.

CONFLICT OF INTEREST

The authors declare that they have no conflicts of interest regarding

the content of this article.

REFERENCES

Ashburner, J. (2007). A fast diffeomorphic image registration algorithm.

NeuroImage, 38, 95–113.

Avenda~no, C., Rausell, E., Perez-Aguilar, D., & Isorna, S. (1988). Organiza-

tion of the association cortical afferent connections of area 5: A ret-

rograde tracer study in the cat. Journal of Comparative Neurology,

278, 1–33.

FIGURE 15 Coronal section of the cat atlas overlaid on the average T1 template at AP 116.75 mm. See Figure 8 caption for details

3204 | The Journal of
Comparative Neurology

STOLZBERG ET AL.



Avenda~no, C., Rausell, E., & Reinoso-Su�arez, F. (1985). Thalamic projections

to areas 5a and 5b of the parietal cortex in the cat: A retrograde horse-

radish peroxidase study. Journal of Neuroscience, 5, 1446–1470.

Behzadi, Y., Restom, K., Liau, J., & Liu, T. T. (2007). A component based

noise correction method (CompCor) for BOLD and perfusion based

fMRI. NeuroImage, 37(1), 90–101.

Brown, T. A., Joanisse, M. F., Gati, J. S., Hughes, S. M., Nixon, P. L.,

Menon, R. S., & Lomber, S. G. (2013). Characterization of the blood-

oxygen level-dependent (BOLD) response in cat auditory cortex using

high-field fMRI. NeuroImage, 64, 458–465.

Butler, B. E., Hall, A. J., & Lomber, S. G. (2015). High-field functional

imaging of pitch processing in auditory cortex of the cat. PLoS One,

10, 1–13

Clasc�a, F., Llamas, A., & Reinoso-Su�arez, F. (1997). Insular cortex and

neighboring fields in the cat: A redefinition based on cortical micro-

architecture and connections with the thalamus. Journal of Compara-

tive Neurology, 384, 456–482.

Clemo, H. R., & Meredith, M. A. (2004). Cortico-cortical relations of cat

somatosensory areas SIV and SV. Somatosensory & Motor Research,

21(3/4), 199–209.

Clemo, R. H., & Stein, B. E. (1982). Somatosensory cortex: A “new”
somatotopic representation. Brain Research, 235, 162–168.

Collignon, A., Maes, F., Delaere, D., Vandermeulen, D., Suetens, P., &

Marchal, G. (1995). Automated multi-modality image registration

based on information theory. In Information processing in medical

imaging, 3(6), 263–274.

Dykes, R. W., Rasmusson, D. D., & Hoeltzell, P. B. (1980). Organization

of primary somatosensory cortex in the cat. Journal of Neurophysiol-

ogy, 43, 1527–1546.

Fedorov, A., Beichel, R., Kalpathy-Cramer, J., Finet, J., Fillion-Robin, J. C.,

Pujol, S., . . . Kikinis, R. (2012). 3D Slicer as an image computing plat-

form for the Quantitative Imaging Network. Magnetic Resonance

Imaging, 30, 1323–1341.

Felleman, D. J., Wall, J. T., Cusick, C. G., & Kaas, J. H. (1983). The repre-

sentation of the body surface in S-I of cats. Journal of Neuroscience,

3, 1648–1669.

Freeman, W. J. (1968). Effects of surgical isolation and tetanization

on prepyriform cortex in cats. Journal of Neurophysiology, 31, 349–357.

Garraghty, P. E., Pons, T. P., Huerta, M. F., & Kaas, J. H. (1987). Somato-

topic organization of the third somatosensory area (SIII) in cats.

Somatosensory Research, 4, 333–357.

Gilbert, K. M., Gati, J. S., Barker, K., Everling, S., & Menon, R. S. (2016).

Optimized parallel transmit and receive radiofrequency coil for ultra-

high-field MRI of monkeys. NeuroImage, 125, 153–161.

Ghosh, S. (1997). Identification of motor areas of the cat cerebral cortex

based on studies of cortical stimulation and corticospinal connec-

tions. Journal of Comparative Neurology, 380, 191–214.

Hall, A. J., Brown, T. A., Grahn, J. A., Gati, J. S., Nixon, P. L., Hughes, S.

M., . . . Lomber, S. G. (2014). There’s more than one way to scan a cat:

Imaging cat auditory cortex with high-field fMRI using continuous or

sparse sampling. Journal of Neuroscience Methods, 224, 96–106.

Jasper, H. H., & Ajmone-Marsan, C. (1954). A stereotaxic atlas of the

diencephalon of the cat. Ottawa, Canada: National Research Council

of Canada.

Johnson, G. A., Calabrese, E., Badea, A., Paxinos, G., & Watson, C.

(2012). A multidimensional magnetic resonance histology atlas of the

Wistar rat brain. NeuroImage, 62, 1848–1856.

Kaitz, S. S., & Robertson, R. T. (1981). Thalamic connections with limbic

cortex. II. Corticothalamic projections. Journal of Comparative Neurol-

ogy, 195, 527–545.

Kim, D.-S., Kim, M., Ronen, I., Formisano, E., Kim, K.-H., Ugurbil, K., . . .

Goebel, R. (2003). In vivo mapping of functional domains and axonal

connectivity in cat visual cortex using magnetic resonance imaging.

Magnetic Resonance Imaging, 21, 1131–1140.

Lancaster, J. L., Woldorff, M. G., Parsons, L. M., Liotti, M., Freitas, C. S.,

Rainey, L., . . . Fox, P. T. (2000). Automated Talairach Atlas labels for

functional brain mapping. Human Brain Mapping, 10, 120–131.

Liang, P., Shi, L., Chen, N., Luo, Y., Wang, X., Liu, K., . . . Li, K. (2015).

Construction of brain atlases based on a multi-center MRI dataset of

2020 Chinese adults. Science Reports, 5, 18216.

Mazziotta, J., Toga, A., Evans, A., Fox, P., Lancaster, J., Zilles, K., . . .

Mazoyer, B. (2001). A probabilistic atlas and reference system for the

human brain: International Consortium for Brain Mapping (ICBM).

Philosophical Transactions of the Royal Society B Biological Science,

356, 1293–1322.

Mellott, J. G., Van der Gucht, E., Lee, C. C., Carrasco, A., Winer, J. A., &

Lomber, S. G. (2010). Areas of cat auditory cortex as defined by

neurofilament proteins expressing SMI-32. Hearing Research, 267,

119–136.

Monteiro, G. A., Clemo, H. R., & Meredith, M. A. (2003). Anterior ecto-

sylvian cortical projections to the rostral suprasylvian multisensory

zone in cat. Neuroreport, 14, 2139–2145.

Mori, A., Hanashima, N., Tsuboi, Y., Hiraba, H., Goto, N., & Sumino, R.

(1991). Fifth somatosensory cortex (SV) representation of the whole

body surface in the medial bank of the anterior suprasylvian sulcus

of the cat. Neuroscience Research, 11, 198–208.

Mucke, L., Norita, M., Benedek, G., & Creutzfeldt, O. (1982). Physiologic

and anatomic investigation of a visual cortical area situated in the

ventral bank of the anterior ectosylvian sulcus of the cat. Experimen-

tal Brain Research, 46, 1–11.

Musil, S., & Olson, C. (1988). Organization of cortical and subcortical

projections to medial prefrontal cortex in the cat. Journal of Compara-

tive Neurology, 272, 219–241.

Nie, B., Chen, K., Zhao, S., Liu, J., Gu, X., Yao, Q., . . . Shan, B. (2013). A

rat brain MRI template with digital stereotaxic atlas of fine anatomi-

cal delineations in paxinos space and its automated application in

voxel-wise analysis. Human Brain Mapping, 34, 1306–1318.

Niimi, K., Miyata, Y., & Matsuoka, H. (1989). Thalamic projections to the

cortical gustatory area in the cat studied by retrograde axonal

transport of horseradish peroxidase. Journal fur Hirnforschung, 30,

583–593.

Olman, C., Ronen, I., Ugurbil, K., & Kim, D.-S. (2003). Retinotopic

mapping in cat visual cortex using high-field functional magnetic

resonance imaging. Journal of Neuroscience Methods, 131, 161–170.

Olson, C. R., & Lawler, K. (1987). Cortical and subcortical afferent con-

nections of a posterior division of feline area 7 (area 7p). Journal of

Comparative Neurology, 259, 13–30.

Palmer, L. A., Rosenquist, A. C., & Tusa, R. J. (1978). The retinotopic

organization of lateral suprasylvian visual areas in the cat. Journal of

Comparative Neurology, 177, 237–256.

Phillips, D. P., & Irvine, D. R. F. (1982). Properties of single neurons in

the anterior auditory field (AAF) of cat cerebral cortex. Brain

Research, 248, 237–244.

Phillips, D. P., & Orman, S. S. (1982). Responses of single neurons in

posterior field of cat auditory cortex to tonal stimulation. Journal of

Neurophysiology, 51, 147–163.

Poirier, C., Vellema, M., Verhoye, M., Van Meir, V., Wild, J. M.,

Balthazart, J., & Van Der Linden, A. (2008). A three-dimensional MRI

atlas of the zebra finch brain in stereotaxic coordinates. NeuroImage,

41, 1–6.

STOLZBERG ET AL. The Journal of
Comparative Neurology

| 3205



Reale, R. A., & Imig, T. J. (1980). Tonotopic organization in auditory

cortex of the cat. Journal of Comparative Neurology, 192, 265–291.

Reinoso-Su�arez, F. (1961). Topographischer Hirnatlas der Katze f€ur

Experimental-Physiologische Untersuchungen [Topographical atlas of the

cat brain for experimental-physiological research]. Darmstadt, Germany:

E. Merck AG.

Rohlfing, T., Kroenke, C. D., Sullivan, E. V, Dubach, M. F., Bowden, D.

M., Grant, K. A., & Pfefferbaum, A. (2012). The INIA19 template and

NeuroMaps atlas for primate brain image parcellation and spatial nor-

malization. Frontiers in Neuroinformatics, 6, 1–15.

Room, P., Russchen, F. T., Groenewegen, H. J., & Lohman, A. H. (1985).

Efferent connections of the prelimbic (area 32) and the infralimbic

(area 25) cortices: An anterograde tracing study in the cat. Journal of

Comparative Neurology, 242, 40–55.

Shattuck, D. W., Mirza, M., Adisetiyo, V., Hojatkashani, C., Salamon, G.,

Narr, K. L., . . . Toga, A. W. (2008). Construction of a 3D probabilistic

atlas of human cortical structures. NeuroImage, 39, 1064–1080.

Snider, R. S., & Niemer, W. T. (1961). A stereotaxic atlas of the cat brain.

Chicago, IL: University of Chicago Press.

Tanji, D. G., Wise, S. P., Dykes, R. W., & Jones, E. G. (1978). Cytoarchi-

tecture and thalamic connectivity of third somatosensory area of cat

cerebral cortex. Journal of Neurophysiology, 41, 268–284.

Tusa, R. J., & Palmer, L. A. (1980). Retinotopic organization of areas 20

and 21 in the cat. Journal of Comparative Neurology, 193, 147–164.

Tusa, R. J., Palmer, L. A., & Rosenquist, A. C. (1978). The retinotopic

organization of area 17 (striate cortex) in the cat. Journal of Compara-

tive Neurology, 177, 213–235.

Tusa, R. J., Rosenquist, A. C., & Palmer, L. A. (1979). Retinotopic organi-

zation of area 18 and 19 in the cat. Journal of Comparative Neurology,

185, 657–678.

Updyke, B. V. (1977). Topographic organization of the projections from

cortical areas 17, 18 and 19 onto the thalamus, pretectum and superior

colliculus in the cat. Journal of Comparative Neurology, 173, 81–122.

Updyke, B. V. (1986). Retinotopic organization within the cat’s posterior

suprasylvian sulcus and gyrus. Journal of Comparative Neurology, 246,

265–280.

van der Gucht, E., Vandesande, F., & Arckens, L. (2001). Neurofilament

protein: A selective marker for the architectonic parcellation of the

visual cortex in adult cat brain. Journal of Comparative Neurology,

441, 345–368.

Van Essen, D. C. (2005). A Population-Average, Landmark- and Surface-

based (PALS) atlas of human cerebral cortex. NeuroImage, 28, 635–662.

Van Essen, D. C., & Dierker, D. L. (2007). Surface-based and probabilistic

atlases of primate cerebral cortex. Neuron, 56, 209–225.

Weyand, T. G., Updyke, B. V., & Gafka, A. C. (1999). Widespread distri-

bution of visual responsiveness in frontal, prefrontal, and prelimbic

cortical areas of the cat: An electrophysiologic investigation. Journal

of Comparative Neurology, 405, 99–127.

Witter, M. P., & Groenewegen, H. J. (1984). Laminar origin and

septotemporal distribution of entorhinal and perirhinal projections to the

hippocampus in the cat. Journal of Comparative Neurology, 385, 224–371.

How to cite this article: Stolzberg D, Wong C, Butler BE,

Lomber SG. Catlas: An magnetic resonance imaging-based

three-dimensional cortical atlas and tissue probability maps for

the domestic cat (Felis catus). J Comp Neurol. 2017;525:3190–

3206. https://doi.org/10.1002/cne.24271

3206 | The Journal of
Comparative Neurology

STOLZBERG ET AL.

https://doi.org/10.1002/cne.24271

