Received: 7 March 2017

|

Revised: 7 June 2017

|

Accepted: 12 June 2017

DOI: 10.1002/cne.24271
The Journal of

Comparative Neurology

TOOLBOX

Catlas: An magnetic resonance imaging-based
three-dimensional cortical atlas and tissue probability
maps for the domestic cat (Felis catus)
Daniel Stolzberg1,2

|

1
Department of Physiology and
Pharmacology, University of Western
Ontario, London, Ontario, Canada
2

Brain and Mind Institute, University of
Western Ontario, London, Ontario, Canada
3

Graduate Program in Neuroscience,
University of Western Ontario, London,
Ontario, Canada
4
Department of Psychology, University of
Western Ontario, London, Ontario, Canada
5

National Centre for Audiology, University
of Western Ontario, London, Ontario,
Canada
Correspondence
Daniel Stolzberg, 9252 Social Sciences
Centre, University of Western Ontario,
1151 Richmond Avenue, N, London,
Ontario, N6A 5C2, Canada.
Email: dstolzbe@uwo.ca

Carmen Wong3 | Blake E. Butler1,4,5 | Stephen G. Lomber1,2,4,5
Abstract
Brain atlases play an important role in effectively communicating results from neuroimaging studies 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 cytoarchitectonic 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

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-

Brain atlases are critical tools for generalizing results across studies and

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

laboratories by standardizing findings into a common coordinate sys-

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

tem. Furthermore, when paired with electrophysiological and functional

monkeys) models for advancing basic and translational neuroscience

neuroimaging data, brain atlases facilitate the determination of func-

research.

tionally homologous brain regions and brain network topologies across

Two-dimensional cytoarchitechtonic and stereotaxic atlases of the

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

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

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

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

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

however, these atlases have limited utility in localizing and quantifying

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

results from functional neuroimaging studies. The 3D atlas leverages

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

software created for modern computing platforms that enables quanti-

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

fication of volumetric data sets and that provide intuitive insight into

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

the functional and spatial relationships between brain structures. Here,

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

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 provide 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 tissues. These tools advance the utility of the cat in structural and functional 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 electrophysiological 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 M 5 1.58 years, SD 5 1.07 years). An
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 1

additional 10 cats were used to test the accuracy of the average
template T1 and TPMs (age at scanning M 5 2.04 years, SD 5 1.78
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 anesthetized 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

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

FIGURE 2
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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

~o, Rausell, Perez-Aguilar, and Isorna (1988);
Avendan
~o, Rausell, and Reinoso-Su
Avendan
arez (1985)

5am

Area 5a, medial division

~o et al. (1988, 1985)
Avendan

5bl

Area 5b, lateral division

~o et al. (1988, 1985)
Avendan

5bm

Area 5b, medial division

~o et al. (1988, 1985)
Avendan

5m

Area 5, medial division

~o et al. (1988, 1985)
Avendan

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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(Continued)
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

Clasca, Llamas, and Reinoso-Suarez (1997)

AIv

Agranular insular area, ventral division

Clasca et al. (1997)

DI

Dysgranular insular area

Clasca et al. (1997)

GI

Granular insular area

Clasca 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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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 segmentation. All slices are of an axial plane 15 mm dorsal to bicommissural line. Anterior direction is toward the top of the graphic

FIGURE 3
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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 T1 1 10 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 4

F I G U R E 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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F I G U R E 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

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

FIGURE 7
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F I G U R E 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

placed in the saphenous vein to facilitate intravenous delivery of

2.3 | TPMs

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).

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

2.2 | Image acquisition

brain volume was isolated from skull, muscle, skin, and other tissues
manually. Individual volumes were then brought into registration with a

Structural MRIs were taken using a 7 T Siemens Magnetom MRI

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

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

translations and three rotations) affine transformation using a voxel-

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

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

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

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

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

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

tion time (TR) 5 6500 ms, echo time (TE) 5 3.93 ms, flip angle 1 5 48,

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

flip angle 2 5 58, 96 slices, 0.5 mm isotropic voxel size).

Gaussian kernel to reduce inter-voxel variability for tissue segmentation.
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Coronal section of the cat atlas overlaid on the average T1 template at AP 23.75 mm. See Figure 8 caption for details

Brains were then individually segmented into GM, WM, and CSF

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

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

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

sity histograms using custom scripts written in Matlab. The Akaike

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

information criterion was used to determine the optimal number of

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

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

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

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

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

intensity histograms for each iteration. The maximum posterior proba-

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

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

generate a T1 template.

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

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

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

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

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

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

0. Since voxel intensities in the brainstem were indistinguishable from

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

WM voxel intensities, brainstems from each subject were manually

volumes should be manually aligned to the bicommissural line, brain

extracted and merged with each subjects’ GM probability map.

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

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

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

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

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

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

types. Intensity bias correction is automatically applied by the DARTEL

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

toolbox. An advantage of this procedure is that functional MRI

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

data that has been coregistered with the subject’s T1 volume can be
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Coronal section of the cat atlas overlaid on the average T1 template at AP 20.65 mm. See Figure 8 caption for details

warped to match the average template using the new deformation field

3 | RESULTS

(Figure 1b).

3.1 | TPMs
2.4 | Atlas generation

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

A volumetric atlas was generated based on best textual and schematic

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

approximations from existing anatomical and electrophysiological data

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

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

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

GM TPM that resulted from the DARTEL procedure (voxel intensity

dure performed substantially better than a simple linear registration

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

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

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

brain, but obscured important sulcal and gyral patterns.

approach to generating a standard MRI atlas would have been to

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

demarcate brain regions based on individual brains which would then

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

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

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

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

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

(see “Discussion” section).

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

Delineation of brain regions was based on study of the relevant

and olfactory bulb were excluded from the atlas.

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

As described above, deformation fields generated during the crea-

borders of brain regions were determined relative to common sulcal

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

and gyral landmarks used by anatomical and electrophysiological stud-

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

ies to delineate the regions.

for the alignment and normalization of new T1 volumes. Coronal, axial,
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Coronal section of the cat atlas overlaid on the average T1 template at AP 11.25 mm. See Figure 8 caption for details

and sagittal sections of the average T1 template can be seen in the

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

right column of Figure 2.

abnormally enlarged ventricle. This enlarged ventricle is clearly visible
in the CSF tissue map of subject 3 (right column in Figure 3a). The non-

3.2 | Intersubject variability

linear registration procedure minimized this anatomical abnormality
and successfully registered this brain to the template T1 (Figure 3b).

Cat cerebral cortex has a relatively simple pattern of folding compared

The standard deviation of individual voxel intensity across all 18

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

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

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

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

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

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

pipeline for accurately aligning and normalizing cat brains. The left

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

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

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

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

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

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

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

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

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

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

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

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

ation across 18 preprocessed brains. The 12 DoF linear normalization

following nonlinear registration to the average T1 template.

procedure visibly reduced variance across the brain; however, the

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

reduction in variance following nonlinear normalization procedure was

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

clearly superior to the linear normalization. Remaining high structural

ference between these subjects was minimized following nonlinear

variance following nonlinear normalization was primarily restricted to
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Coronal section of the cat atlas overlaid on the average T1 template at AP 15.15 mm. See Figure 8 caption for details

cranial nerve innervations on the brainstem (see section at 28 mm in

nonlinear normalization procedure significantly increased the intersub-

Figure 4a “nonlinear”).

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

To quantify this apparent effect, Pearson’s correlation coefficients

ear: t(304) 5 41.18, p < 102125). These results indicate that the

were computed for every combination of 18 cat T1 volumes after

nonlinear normalization procedure accurately morphed a variety of cat

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

brains into the common space of the template T1.

normalization (Figure 4b “linear”), or nonlinear normalization (Figure 4b
“nonlinear”). Comparisons of 18 brains resulted in 182 =2218=251 cor-

3.3 | Cortical Atlas

relation coefficients for each procedure. Eight of the 18 T1 volumes
were those used to generate the TPMs and average T1. The remaining

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

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

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

protocol described in the methods.

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

Differences in correlation coefficients between the normal and

expected making typically hidden sulcal regions visible. For example,

nonlinear warping procedures were tested for significance with one-

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

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

eromedial lateral suprasylvian areas, are clearly visible from the lateral

form (Figure 4c). The linear (z-score M 5 1.26, SD 5 0.07) and nonlinear

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

(z-score M 5 1.58, SD 5 0.06) normalization procedures both signifi-

threshold chosen for drawing the atlas on the GM tissue probability

cantly improved the matching of brain volumes to the template T1

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

over a rigid-body 6 DoF alignment procedure (z-score M 5 0.91,
SD 5 0.11;

linear > aligned:

linear > aligned:

t(304) 5 33.58,

t(304) 5 65.45,

p < 102180).

p < 102103;
Furthermore,

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

non-

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

the

taxic coordinates, anatomical drawings, and descriptive extents of
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Coronal section of the cat atlas overlaid on the average T1 template at AP 17.05 mm. See Figure 8 caption for details

regions in relation to their sulcal and gyral topography. For example,

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

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

sue class (see Figure 2).

form to previously demonstrated reversals in tonotopic gradients and

The volumetric atlas can easily be used for identifying regions of

immunohistochemical staining using SMI-32 as reported by Mellott

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

et al. (2010).

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

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

while the second version of this atlas has a unique scalar value for the
left and right hemispheres for each region.

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

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

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

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

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

ated for each brain region and hierarchically organized by sensory/

vidual cat brains and the nonlinear deformations used to generate the

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

average T1. Furthermore, fixation of the brain with paraformaldehyde

transparency for surgical planning or communication of statistical

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

results.

structural MRI.

All files outlined here are available for download at www.cerebralsystems.ca.

3.4 | Shared files

4 | DISCUSSION

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

Here, we introduce the prerequisite tools for automated localization of

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

evoked and spontaneous activity within the cat brain using functional
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Coronal section of the cat atlas overlaid on the average T1 template at AP 112.05 mm. See Figure 8 caption for details

MRI. We describe and provide high resolution GM, WM, CSF, and NB

sensory modalities. To date, functional neuroimaging data for the

TPMs generated using the DARTEL algorithm from a group of mature

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

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

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

and cytoarchitectonically distinct cortical regions within the domestic

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

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

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

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

from individual subjects in the generation of a probabilistic func-

tools will also be useful for surgical planning.

tional atlas. While delineation of cytoarchitectonic studies of whole

While the atlas presented here draws sharp delineations between

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

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

development of a useful in vivo MRI anatomical template and

neighboring cortical regions rarely have clear cytoarchitectonic or

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

functional distinction. Despite the residual uncertainty of interregional

chose to leverage the extensive literature on anatomical and electro-

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

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

studies and laboratories.

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

Another possible approach would have been to create a proba-

linear normalization approach resulted in accurate registration of

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

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

evoked functional MRI data from many individual animals (Van

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

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

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

available for generating an MRI atlas; however, this procedure

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

requires the functional mapping of many individuals across all

et al, 2012).
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Coronal section of the cat atlas overlaid on the average T1 template at AP 116.75 mm. See Figure 8 caption for details

This atlas is a useful representation of the cerebral cortical struc-
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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
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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.
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