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Background and aims: Dogs have recently become an important model species for compara-
tive social and cognitive neuroscience. Brain template-related label maps are essential for
functional magnetic resonance imaging (fMRI) data analysis, to localize neural responses. In
this study, we present a detailed, individual-based, T1-weighted MRI-based brain label map
used in dog neuroimaging analysis. Methods: A typical, medium-headed dog (a 7.5-year-old
male Golden Retriever) was selected from a cohort of 22 dogs, based on brain morphology
(shape, size, and gyral pattern), to serve as the template for a label map. Results: Eighty-six
3-dimensional labels were created to highlight the main cortical (cerebral gyri on the lateral
and medial side) and subcortical (thalamus, caudate nucleus, amygdala, and hippocampus)
structures of the prosencephalon and diencephalon, and further main parts of brainstem
(mesencephalon and rhombencephalon). Discussion: Importantly, this label map is (a)
considerably more detailed than any available dog brain template; (b) it is easy to use with
freeware and commercial neuroimaging software for MRI and fMRI analysis; and (c) it can be
registered to other existing templates, including a recent average-based dog brain template.
Using the coordinate system and label map proposed here can enhance precision and standard
localization during future canine neuroimaging studies.

INTRODUCTION

Brain atlases are essential for the identification of the different brain areas during
neuroscientific studies. In the field of canine science, one can distinguish macro-
scopic or microscopic brain atlases: the former ones usually provide cross sections
from a specimen or use of macroscopic structural imaging methods [e.g., computed
tomography and magnetic resonance imaging (MRI)] (Béttcher et al., 1999; Czeibert
et al., 2019; Park et al., 2014; Schmidt & Kramer, 2015), whereas the microscopic
approach focuses on showing the brain at histological level (Adrianov & Mering,
2010; Palazzi, 2011; Singer, 1962). During the past decades, MRI templates and label
maps for different animals have been created to aid the analysis of spatially
normalized neuroimaging data sets for various species, e.g., rodents (Nie et al.,
2013; Schwarz et al., 2006), rabbits (Mufioz-Moreno et al., 2013), sheep (Ella &
Keller, 2015; Nitzsche et al., 2015), common marmoset (Hikishima et al., 2011), dogs
(Datta et al., 2012; Nitzsche et al., 2018; Tapp et al., 2006), or macaques (Adluru
etal., 2012; Reveley etal., 2017; Rohlfing et al., 2012; Seidlitz et al., 2018). fMRI has
become the primary mean to identify non-invasively the location of specific neuronal
activities, e.g., in response to certain sensory stimuli, or in connection with some
task-driven motoric activity (Cox & Savoy, 2003; Logothetis & Pfeuffer, 2004;
Ulmer & Jansen, 2013). Similarities between humans and dogs regarding develop-
ment, aging, and certain disorders affecting the central nervous system led research-
ers to a focus on the deeper understanding of the canine brain (Su et al., 1998; Adams
et al., 2000; Cotman & Head, 2008; Head, 2013). Since 2009, at the Family Dog
Project (FDP; https://familydogproject.elte.hu), privately owned dogs have been
trained to lay motionless within an MRI scan, during awake fMRI scanning (Andics
et al., 2014, 2016; Toéth et al., 2009). Awake dog fMRI is currently performed
in several laboratories worldwide (Andics & Miklosi, 2018; Berns et al., 2012;
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Bunford et al., 2017; Cook et al., 2015; Cuaya et al., 2016;
Thompkins et al.,, 2016), so that it has clearly become an
emerging field of comparative brain imaging. Various
MRI-based canine brain templates have been developed, but
the corresponding label maps either lack the level of
detailedness required for an efficient fMRI analysis
(Datta et al., 2012, Nitzsche et al., 2018), or they are not yet
publicly available (Milne et al., 2016). Several online dog
MRI brain atlases (http://vanat.cvm.umn.edu/mMRIBrain,
https://www.imaios.com/en/vet-Anatomy/Dog/Dog-Brain-
MRI), showing brain structures with different levels of
details, are also available, but usually it is not possible to co-
register them to other brain image files. Our aim was to
create a detailed and easy-to-use anatomical MRI label map of
the dog brain, which can be used for neuroimaging studies.

MATERIALS AND METHODS

Imaging was performed on a Philips Ingenia 3.0 T whole-
body MR machine (Philips Medical Systems, Best, The
Netherlands), with a Philips SENSE Flex Medium coil,
using a 3D Turbo Field Echo sequence (TR =9.85 ms,
TE=4.6 ms, with an isotropic resolution of 1 mm).
Structural, T1-weighted images were obtained from 22 dogs
who were trained to lay motionless during fMRI scanning
(training method is described elsewhere; Andics et al., 2014)
(Fig. 1). Among the 22 dogs, there were 8 Golden Retrie-
vers, 7 Border Collies, 1 Labrador Retriever, 1 German
Shepherd dog, 1 Hungarian Vizsla, 1 Cairn Terrier, 1
Spaniel, 1 Labradoodle, and 1 Chinese crested dog (aged
between 1 and 12 years). None of the dogs showed behav-
ioral problems and no neurological symptoms were present.
Images were exported in Neuroimaging Informatics
Technology Initiative (NIfTI) format and were evaluated
with MRIcron (freeware, http://people.cas.sc.edu/rorden/
mricron/index.html) and Thermo Scientific Amira for Life
Sciences 6.0 software (https://www.fei.com/software).
A detailed qualitative evaluation of shape, size, gyral
patterns (Carreira & Ferreira, 2015a, 2015b; Evans & de
Lahunta, 2012; Kawamura & Naito, 1978), and ventricular
anatomy was performed by a veterinary anatomist (KC) who
assessed two-dimensional NIfTI-image series and three-
dimensional surface reconstructions generated from the

—

Fig. 1. A dog is participating in an awake fMRI session. Before (A)
and during (B) the measurements
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brain MRIs, in order to select the one individual within this
sample, which showed the most typical mesaticephalic brain
conformation (Hussein et al., 2012; Milne et al., 2016) with
no apparent structural disorders or unusual anatomical
variations. After this analysis, the brain of a 7.5-year-old
male Golden Retriever was chosen as a template for labeling.

In order to have a higher resolution from this individual
brain, another MRI scanning was performed on the selected
dog (using the same Philips Ingenia 3T MR machine, with
T1-weighted structural imaging, 0.45X%0.45%0.5 mm
voxel size and 352 transverse slices) still in an awake state.
The image volume was imported to Amira. First, the main
axes were set. The horizontal (longitudinal) axis was defined
as the line connecting the rostral and caudal commissures,
where the zero coordinate was aligned with the rostral
commissure (similarly to the Montreal Neurological
Institute’s MNI-coordinate system). The vertical axis was
identified with the midsagittal plane. Based on these axes,
the transverse, sagittal, and dorsal planes were set. Next, the
volume was resampled and the field-of-view was specified,
so that it would contain the neurocranium and the adjacent
tissues. Finally, the origo was set to the commissura
rostralis with SPM12 module (Reorient images/ Set origin
to Xhairs) of Matlab (https://www.fil.ion.ucl.ac.uk/spm/
software/spm12/) (Fig. 2A-C), and a three-dimensional
surface model of the brain was generated with Amira
(Fig. 2D-I).

Individual labels were created to highlight the main gyri
and the area of the individual brain template. Labels were
made with ITK Snap (http://www.itksnap.org), defining 86
different masks with the “Label Editor,” distinguishing
between the left and right sides in the case of symmetrical
structures (Table 1). Segmentation was performed manually,
by checking and refining the result in the three main
orthogonal planes. The final label file was exported in
NIfTI-format and two look-up-table (lut) files were created
as a support to the MRIcron visualization (available on
Figshare, see “Data Accessibility” statement). The anatomi-
cal terms used here comply with those in recent anatomy
textbooks (Constantinescu & Schaller, 2011; Evans & de
Lahunta, 2012; Nickel et al., 2003).

Our individual dog brain template was also compared to
an average-based template that was recently published
(Nitzsche et al., 2018), in order to check the correspondence
of the individually selected brain template to the averaged
one. As the latter template was created with averaging 16 dog
brains and using T2-weighted imaging, and our individual
template was obtained from one dog with T1-weighted
imaging, the contrast (smoothed vs. sharp) and the imaging
modalities (T2-weighted vs. T1-weighted) were different.
Thus, a computer-paired visual matching procedure was used
to decide whether the main gyri and sulci of the individual-
based and the average-based template have the same location.
The first phase of the assessment was to use the average-
based template as the primary data set in Amira and set the
individual template as the overlay data in the software’s
Multiplanar viewer tab. Afterward, the overlay volume
was registered to the primary data set. Registration steps
included rigid and non-rigid transformations. The rigid trans-
formations were rotation and translation, and the non-rigid
transformations were isoscaling, anisoscaling, and shearing.
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Fig. 2. The template brain in the MRIcron with crosshair positioned in the origin of the coordinate system, at the rostral commissure (A—C),
and the three-dimensional reconstructions (D-I). (A) Transverse plane. (B) Midsagittal plane. (C) Dorsal plane. (D) Right lateral view.
(E) Caudal view. (F) Dorsal view. (G) Left lateral view. (H) Rostral view. (I) Ventral view

These transformations are integrated check box options of the
Amira software (without further settings or possibility to
check the degree of freedom or their parameters); thus, all of
them have been left as marked by default. The cost function
used during the registration was “Correlation” (and as a
control, a “Normalized Mutual Information” registration has
also been performed on the same data set to see whether it
makes any difference, but overlaying the two result files
showed no disparity). Fitting was initially evaluated in the
Multiplanar viewer of the software (Fig. 3).

During the second phase of the assessment, an “Edit New
Label Field” module was added to both of the volumes and
in the Segmentation Editor cerebrospinal fluid-filled spaces,
of the average-based brain template, extending into the sulci
were selected; on the individual brain, the surface contour of
the brain was followed during segmentation. Using the
“Generate Surface” module, surface reconstructions from
the selected label fields were created. Non-quantitative
assessment of the two co-registered fields was also created
to check their post-normalization alignment.

RESULTS

An individual-based dog brain template was chosen and 86
labels were created to highlight the major cortical and
subcortical structures, listed in Table 1, and shown in Figs 4
and 5. Template and label files are available on Figshare (see
“Data Accessibility” statement). Labels included all the
cerebral gyri both on the lateral and medial sides, the major
subcortical structures (e.g., thalamus, caudate nucleus,
amygdala, and hippocampus), and the main parts of the
brainstem (diencephalon, mesencephalon, pons, and medul-
la oblongata). The label “encephalon” was used to cover
most of the parts of the white matter (e.g., centrum semi-
ovale and capsula interna) and over those regions where the
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subcortical nuclei could not be reliably distinguished on the
image (e.g., claustrum, putamen, globus pallidus, etc.), and
this was also the reason why a separate white matter mask
was not created. In the case of the cerebellum, the vermis
and the two hemispheres were labeled separately. The
boundaries between the rostral, middle, and caudal parts
of a gyrus (as in the case of the suprasylvian and ectosylvian
gyri) were drawn based on subjective decision (by the
author KC) regarding the inclination of the gyral arch, the
surface impression of the major blood vessels originating
from the middle cerebral artery, and extending from the
pseudosylvian fissure to the caudodorsal and the rostrodor-
sal directions. The diencephalo-mesencephalic border was
marked behind the line connecting the mammillary bodies to
the caudal commissure. Mesencephalo-pontine and ponto-
medullary transitions were marked before and behind the
location of the visible ventral pontine elevation (at the site of
the transverse pontine fibers). Cerebral gyri were selected to
comprise both the gray and the white matter of a gyrus,
extending to the deepest point of the adjacent sulci. Since
there are no clearly established borders on the medial frontal
area by grooves, and sulci on the medio-frontal area tend to
be inconsistent in their appearance, the gyrus precruciatus,
gyrus frontalis, the rostral part of gyrus cinguli, and the
gyrus genualis were highlighted based on subjective assess-
ment (by the author KC).

The surface reconstruction of the average-based template
(Nitzsche et al., 2018) and the individual-based template
shows the sulci and the gyri of the two brain templates,
respectively (Fig. 6). When the 2 three-dimensional models
were co-registered, different sulci (or subarachnoid spaces) of
the average-based template were visible in the corresponding
locations where the sulci of the individual-based template
were located (certainly, individual differences in the length of
sulci were present). We focused on checking the location of
the specific sulci that define the main gyri of the brain,
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Table 1. Labeled structures on the individual template file, indicating
the number (N), color (C) according to the lut file, and region

N C Region

1 Encephalon

2 _ Gyrus frontalis L

3 _ Gyrus frontalis R

4 Gyrus proreus L

5 Gyrus proreus R

6 _ Gyrus compositus rostralis L
7 _ Gyrus compositus rostralis R
8 _ Gyrus precruciatus L

9 _ Gyrus precruciatus R

10 Gyrus postcruciatus L

11 Gyrus postcruciatus R

12 _ Gyrus marginalis L

13 _ Gyrus marginalis R

14 _ Gyrus ectomarginalis L

15 _ Gyrus ectomarginalis R

16 _ Gyrus occipitalis L

17 _ Gyrus occipitalis R

18 _ Gyrus suprasylvius rostralis L
19 _ Gyrus suprasylvius rostralis R
20 _ Gyrus suprasylvius medius L
21 _ Gyrus suprasylvius medius R
22 _ Gyrus suprasylvius caudalis L
23 _ Gyrus suprasylvius caudalis R
24 Gyrus ectosylvius rostralis L
25 Gyrus ectosylvius rostralis R
26 Gyrus ectosylvius medius L
27 Gyrus ectosylvius medius R
28 _ Gyrus ectosylvius caudalis L
29 _ Gyrus ectosylvius caudalis R
30 _ Gyrus sylvius rostralis L

31 _ Gyrus sylvius rostralis R

32 Gyrus sylvius caudalis L

33 Gyrus sylvius caudalis R

34 _ Gyrus compositus caudalis L
35 _ Gyrus compositus caudalis R
36 _ Gyrus rectus L

37 _ Gyrus rectus R

38 _ Gyrus genualis L

39 _ Gyrus genualis R

40 Area subcallosa L

41 Area subcallosa R

42 Gyrus cinguli L

43 Gyrus cinguli R

44 _ Gyrus presplenialis L

45 _ Gyrus presplenialis R

46 _ Gyrus splenialis L

47 _ Gyrus splenialis R

48 Gyrus parahippocampalis L
49 Gyrus parahippocampalis R

Table 1. (Continued)

N C Region

50 _ Hippocampus L

51 _ Hippocampus R

52 _ Lobus piriformis L

53 _ Lobus piriformis R

54 _ Tuberculum olfactorium L
55 _ Tuberculum olfactorium R
56 Gyrus diagonalis L

57 Gyrus diagonalis R

58 _ Gyrus paraterminalis L

59 _ Gyrus paraterminalis R
60 Gyrus olfactorius lateralis L
61 Gyrus olfactorius lateralis R
62 Thalamus L

63 Thalamus R

64 Bulbus olfactorius L

65 Bulbus olfactorius R

66 _ Nucleus caudatus L

67 _ Nucleus caudatus R

68 Insular cortex L

69 Insular cortex R

70 Hypophysis

71 Vermis cerebelli

72 _ Pontine region

73 Medulla oblongata

74 _ Medulla spinalis

75 _ Mesencephalon

76 _ Diencephalon

77 Nervus opticus

78 _ Hemispherium cerebelli L
79 _ Hemispherium cerebelli R
80 Commissura rostralis

81 _ Pedunculus olfactorius L
82 _ Pedunculus olfactorius R
83 _ Area septalis L

84 _ Area septalis R

85 _ Amygdala L

86 _ Amygdala R

Note. L/R implies that a separate left (L) and a right (R) label file
was created for a structure.

namely: fissura pseudosylvia, fissura longitudinalis cerebri,
sulcus ectosylvius (rostral, middle, and caudal parts), sulcus
suprasylvius (rostral, middle, and caudal parts), sulcus cru-
ciatus, sulcus coronalis, sulcus marginalis, sulcus ectomargi-
nalis, and sulcus presylvius. Visual inspection of the
overlapping three-dimensional models clearly suggests that
the individual template brain sufficiently matches the aver-
age-based template created by Nitzsche et al. (2018), that is,
we could not identify any multivoxel clusters that belonged to
different anatomical structures in the two templates after
co-registration.
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Fig. 3. Co-registering the individual (grayscaled, T1-weighted) and the average-based (yellow—orange, T2-weighted) brain templates.
(A) Transverse plane. (B) Dorsal plane. (C) Sagittal plane

Fig. 4. Overlaying the labels on the individual template with 50% opacity (for reference of the numbers, see Table 1). (A) Transverse plane.
(B) Sagittal plane. (C) Dorsal plane. (D) Three-dimensional surface view of the labels from the right lateral aspect

DISCUSSION

In this study, we presented an individual-based MRI label
map for the identification of macroscopic anatomical struc-
tures of the canine brain. This individual-based label map
has been developed in order to support the analysis and
interpretation of fMRI studies at the FDP (Department of
Ethology, Eotvos Lorand University, Budapest). The main
features of this brain template are the following: (a) it
provides a more detailed labeling, with marking 86 labels
representing cortical and subcortical structures [compared to
39 labels (Datta et al., 2012), 5 labels (Milne et al., 2016),
and 26 labels (Nitzsche et al., 2018)]; (b) co-registration to
the latest published average-based template (Nitzsche et al.,
2018) proved that the localization of the gyri is almost exactly
overlapping between the two volumes and thus the region
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identified with the individual-based label map will very likely
be associated to the same area on the average-based brain
map; (c) it is compatible with freeware and commercial
neuroimaging software packages (e.g., MRIcron, MRIcroGL,
ITK Snap); (d) it defines a coordinate system similar to the
Talairach and MNI templates where label identifiers can be
instantly read when the crosshair is set to a given point
within the brain, also with an additional fMRI data overlay.
It should be taken into consideration that the template is
derived only from one individual dog, contrary to other
studies that used average-based templates from different
breeds (Datta et al., 2012; Nitzsche et al., 2018) or average-
based templates were created based on the different brain
types (Milne et al., 2016). Nevertheless, a comparison
between our individual-based label map and an average-
based data set (Nitzsche et al., 2018) demonstrated a good
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Fig. 5. The individual label map on different levels on sample images (for reference of the numbers see Table 1). Same letters (with upper
and lower case) show the same level of section. (A) Three-dimensional model of the brain, right lateral view. (B-E) Transverse plane.
(F—H) Dorsal plane

fitting on the average. This also means that, as the labels
follow the surface contour of a single brain, within the
grooves (sulci), a zero value is given; therefore, whenever
the center of an fMRI activity is found inside a sulcus, the
placement has to be assessed individually taking into ac-
count the adjacent gyri.

At present, in the literature, there are different descrip-
tions of the canine brain areas regarding their names,
placement, and boundaries. As a consequence, despite the
fact that the placement of the gyri in our individual-based
label map was determined according to the major anatomy
textbooks (Constantinescu & Schaller, 2011; Evans & de
Lahunta, 2012; Nickel et al., 2003; Singh, 2017; Uemura,
2015), the lack of clear definitions regarding the end of a
gyrus resulted in subjective markings. Furthermore,
nomenclature of the sulci and gyri is not consistently used
across the different textbooks and atlases. For example, the
gyrus suprasylvius (Evans & de Lahunta, 2012) is referred
to as gyrus ectomarginalis or gyrus ectosagittalis elsewhere
(Constantinescu & Schaller, 2011), the gyrus postcruciatus
(Constantinescu & Schaller, 2011; Evans & de Lahunta,
2012; Nickel et al., 2003) is referred as gyrus sygmoideus
posterior (Adrianov & Mering, 2010; Palazzi, 2011), or the
gyrus marginalis (Evans & de Lahunta, 2012; Nickel et al.,
2003) is referred as gyrus lateralis (Palazzi, 2011), and this
is an additional reason for inconsistencies. Finally, our
individual-based label map contains no lobar distinctions.
In fact, only gyri are highlighted because different textbooks
define the main lobes of the brain differently. For example,
some include the postcruciate gyrus into the frontal lobe

Brought to you by Library and Information Centre of the Hungarian Academy of Sciences MTA | Unauthenticated | Downloaded 10/03/21 12:48 PM UTC

(Thomson & Hahn, 2012; Uemura, 2015) and others do not
(Constantinescu & Schaller, 2011; Nickel et al., 2003;
Schmidt & Kramer, 2015; Singh, 2017), and there is also
a difference in how long the occipital lobe is described to
extend toward the rostral and ventral direction (Nickel et al.,
2003; Singh, 2017; Thomson & Hahn, 2012; Uemura,
2015); thus, the parieto-occipital and the temporo-occipital
boundaries are also not well identified.

In contrast to human brains, dog brains highly differ in
relation to the head shape (brachy-, mesati-, or dolichoce-
phalic type). At present, this diversity is only considered by
one study (Milne et al., 2016) but their brain templates
contain only a few selected structures (brain as a whole,
hippocampal formation, caudate nuclei, ventricular
system) and the templates are not publicly available.
Several neuroimaging software packages (e.g., SPM, FSL,
BrainVoyager, 3D Slicer, MRIcron) contain an algorithm,
which automatically extracts the data about the scanned
brain, while normalizing it to a template brain. Later, the
analysis can then run based on a label map linked to the
template. To this date, when one needs to perform a
reliable analysis on a dog brain, extraction is advised to
be made in a manual way, which requires solid neuroana-
tomical background knowledge. The study by Milne et al.
(2016) concluded that, for dogs, manual brain extraction
and the use of brain shape-specific templates are more
accurate compared to automatic brain extraction and
application of a brain shape-specific template or to manual
brain extraction and application of an average-based tem-
plate. In fact, reliable automatic algorithms are not yet

Biologia Futura 70(2), pp. 112-120 (2019) | 117



Czeibert et al.

Fig. 6. Comparing the surface models of the average-based brain template (with blue), with the individual template brain (with gray).
Separate (A—D) and co-registered (E-H) three-dimensional models are presented to show the localization of the sulci. (A, B, E) Left lateral
view. (C, D, F) Dorsal view. (G) Caudal view. (H) Ventral view. (1) Fissura pseudosylvia. (2) Sulcus ectosylvius rostralis. (3) Sulcus
ectosylvius medius. (4) Sulcus ectosylvius caudalis. (5) Sulcus suprasylvius rostralis. (6) Sulcus suprasylvius medius. (7) Sulcus
suprasylvius caudalis. (8) Sulcus presylvius. (9) Sulcus coronalis. (10) Sulcus ectomarginalis. (11) Sulcus marginalis. (12) Sulcus
cruciatus. (13) Fissura longitudinalis cerebri

available. Clearly, there is a need for deep learning
algorithms (Akkus et al., 2017) for brain shape-specific
templates, which will automatize this step for canine
studies too, in addition to the automatic normalization of
an individual brain to a selected template. Intracranial
disorders or age-related alterations, like cortical or medul-
lary atrophy or ventricular enlargement, should be also
considered during analysis, as clinically healthy dogs may
have marked ventriculomegaly. The normalization of these
affected dogs to a template would mean that the outer
cortical structures remain in place; however, the corpus
callosum, cingulate gyrus, and the centrum semiovale will
be dislocated depending on the extension of the lateral
ventricles. This means that either dogs with anatomical
abnormalities, such as considerable ventriculomegaly, will
be excluded from neuroscientific studies or specific brain
templates representing that different stages of symmetrical
or asymmetrical ventricular enlargement are necessary in
order to obtain an unbiased result at the end of the
assessment. As a conclusion, it could be said that a
common base for marking and referring to a given cortical
structure and location of the canine brain would be highly
advantageous, and this could be achieved by reaching an
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agreement on the nomenclature and definition of the
borders between gyri and lobes.

CONCLUSION FOR FUTURE BIOLOGY

In this paper, we presented the most detailed dog brain label
map to date, which was designed to aid neuroimaging
analyses. Using the dog as a good translational model for
human research is getting more widely accepted (Andics &
Miklosi, 2018; Andics et al., 2014; Bunford et al., 2017;
Cotman & Head, 2008; Head, 2013; Khanna et al., 2006;
Wu et al., 2004). For example, the canine cognitive dys-
function syndrome (Landsberg et al., 2012, 2017; Madari
et al., 2015) has some characteristics that are analogous to
the early stages of the human Alzheimer’s disease, which
makes the dogs a promising model to study this disease
more comprehensively. It is to be expected that the role of
dogs in comparative research will keep growing in the
future, and the need for accurate brain atlases and MRI
templates will also increase. In our opinion, the template and
label map described in this study will promote comparability
of anatomical works between laboratories, as well as
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between an exponentially increasing number of canine
neuroscientific findings. Therefore, this work will signifi-
cantly support fields such as social and cognitive neurosci-
ence and diagnostic imaging.
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