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Changes in brain and endocranial volume size are observed in most mammals during
domestication. However, while much attention has been paid to comparing
domesticated species with their wild relatives, few studies have focused on the
differences between domesticated breeds, especially in cats. In this study, we estimated
the endocranial volume of two different domestic cat breeds (Felis catus) using virtual
endocasts obtained from computed tomography (CT) images. Our analysis did not
reveal any significant differences between the British Shorthair and the Scottish Fold
domestic breeds in terms of endocranial volume. In addition, we found similar results
with volumes previously obtained from domestic cats using bead methods. Although
these results represent only a limited sample of the entire cat breed diversity, we hope
they will contribute to our understanding of the macroevolutionary changes in brain
volume during domestication.

Introduction

the animals usefulness for specific tasks or behaviors.

With more than 400 million animals estimated today
(of which approximately 350 million are household
pets), the cat represents a special case of domestication
due to its importance in the history of human cultures
and its influence on current biodiversity.13 Genetic
analyses indicate that the ancestor of the nowadays
domestic cat is more likely to be sought from both the
Near Eastern and Egyptian populations of wild cats,
Felis silvestris lybica.*¢ But despite their rapid spread in
almost all continents, domestic cats have a morphology
that has remained very close to those of their wild
ancestors, a phenomenon that can be partly explained
by hybridization between wild and domestic/feral
cats.”8

Most of the phenotypic variation, in domesticated
animals, is the result of artificial selection to improve

Phenotypic characteristics in cat breeds are selected for
their aesthetic qualities based on, among other things,
coat colors and patterns, texture and length of hair
associated with other morphological traits such as the
length of the legs, tail and ears.? The number of
recognized cat breeds vary depending on the
organization: 73 (The International Cat Association,
TICA) and 45 (Cat Fanciers' Association, CFA). However,
unlike dog breeds, studies focusing on domestication
processes within domestic cats are still limited,
probably due to the less apparent morphological
diversity of cat breeds and both taxonomic and
sampling issues intrinsic to this species which have long
plagued research on domestic cat evolution and
diversity. Regarding the brain, both dogs and cats!0
which are probably the most human-interacting
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domestic mammals,'112 have been proven to show a
significative reduction of the relative brain size compared
to their wild counterparts. The first studies on the
endocranial volume changes in domestic cats reported
that the brain size of domestic individuals was
significantly smaller than wild animals.13 Although the
results are controversial because of the limited number of
individuals sampled (7 domestic cats) and the model
chosen (comparison between domestic animals and Felis
silvestris lybica individuals, former Felis maniculata),
more recent studies also find a similar trend of decreased
brain size for domestic cats.!415> More precisely, brain
volume reduction between domestic cats and their
ancestors/wild relatives was estimated as 23.9% 15 and
23.4% 16, depending on methods and sampling. It is also
interesting to note that the authors found a lower
reduction when considering the endocranial volume, and
not the brain volume itself (=18%). Therefore, estimating
the brain size change through endocranial volume
induces a reasonable error of less than 6%.

The endocranial volume (i.e., the volume of the
internal cavity of the neurocranium) is a useful proxy of
the brain size, commonly wused for estimating
evolutionary changes between closely related species.1”-
19 In mammals, the endocranial volume not only shows
variations within populations but also has an intricate
relationship with brain size and structure.0-22 Although
the endocranial volume (EV) does not always give
accurate indications for the volume and proportion of the
different structures that compose the brain,23-25 this
proxy remains today one of the most widely used
measures to study brain evolution, especially regarding
mammalian domestication.

The selection of an endocranial volume estimation
method is critical, especially when comparing dry-skull
and live-skull. Utilizing the same estimation technique,
suitable for both live samples and fixed samples delivers
more robust outcomes. Estimation of EV by filling the
inside of the neurocranium with a matrix (most
commonly beads), also referred to as the “beads method”,
is frequently used and has the advantage of being easily
implemented on a dry skull without an expensive cost.
For example, a recent study using the beads method
estimated the mean volume of the endocast of domestic
cats at 30317 mm?3.26 Besides not being applicable to live
animals, in some cases, this method can lead to the
overestimation of the total endocranial volume.27-29 [n
addition, the tentorium (i.e., the bone plate that separates
the cerebrum from the cerebellum) is strongly ossified in
the taxonomic group of Carnivora, which can complicate
and ultimately bias the calculations made with the beads.
Although this method is still used in a variety of fields,
past decades have seen the rise of new 3D imaging
techniques which have become essential tools in our
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understanding of the evolutionary mechanisms,
particularly concerning brain size evolution.30

Recently, neuroscientists and paleontologists heavily
rely on structural imaging techniques such as computed
tomography (CT).27 CT scanners are indeed one of the
most useful techniques for digitizing bone structures and
performing morphometric measurements on both dry
skulls and live animals.3135 For example, such methods
have been very useful in studying with fin detail the
sexual dimorphism of skull volume and proportions in the
Van cat35 and European Shorthair.3¢ Moreover, internal
volumes such as the neurocranial cavity area could easily
be extracted from CT images and are proven to reflect
accurately the overall size and external morphology of the
brain and cerebral-associated structures, especially in
mammalian taxa.2?37 Despite all these advantages, the use
of CT scanner technologies for the study of endocranial
volume within cats remains relatively rare.

This study aimed to compare the endocranial volume
of two breeds of domestic cats, the British Shorthair and
the Scottish Fold cats, using volume estimation of the
virtual endocasts extracted from CT images. Both British
Shorthair and Scottish Fold breeds shared a recent
genetic  history,3840  however, different selective
pressures had led to anatomical features and even specific
breed-related diseases in the case of the Scottish Fold.
Probably the oldest English breed of cat, the British
Shorthair cats are extremely docile animals that often
seek contact with humans.#! British Shorthairs cats are
relatively powerful-looking animals with a broad chest
and a short muzzle. Although this breed shares many of
its physical characteristics with the Scottish folds, the
latter is also characterized by cartilage abnormalities
causing their typical “fold” ear shape and are particularly
susceptible to painful musculoskeletal problems.42
Although very similar in their external appearance,
fundamental differences exist between these breeds, and,
to our knowledge, brain/endocranial volume size has
never been studied for both the British Shorthair and the
Scottish Fold cats.

Materials and Methods

Animal Data

No animals were sacrificed for this study and full
consent was obtained from all owners for the authors to
collect and use these data. We sampled a total of 13 adult
individuals, 6 cats (2 males and 4 females) belonging to
the British Shorthair breed, and 7 cats (3 males and 4
females) of the Scottish Fold breed. To include in our
study only adult animals and without pathologies, we
ensured the skeletal development was completed and
that no traumatic or gross pathological structural osseous
changes could be observed for any of the cats. We
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sampled both healthy males and females. CT scanner data
were obtained from the Department of Surgery, Faculty of
Veterinary Medicine. Images were recorded during the
clinical routine. The study was approved by the Local
Ethics Committee of the Faculty of Veterinary Medicine.
Each cat head was scanned at 110 kV, 28 mA, and 0.6
mm section thickness using a Siemens (Somatom Scope
vc30b) Multi-Detector Computed Tomography (MDCT).
The images were recorded in the format of DICOM (Digital
Imaging and Communications in Medicine) and were used
for the calculation of the endocranial volume (Figure 1).

Figure 1. General morphology (public domain images) and head
characteristics of the (Upper) British Shorthair (female) and
(Lower) Scottish Fold (female) sampled in this study. The
visualizations were obtained with AVIZO.

Estimation of Endocranial Volume and Statistical
Analysis

Three-dimensional virtual endocasts were generated
from CT scanner images following a threshold-based 2D
segmentation procedure using AVIZO (v. 8.1.1).
Segmentation was performed by the same operator.
Openings in the skull (e.g., foramina, nerve canals, and
foramen magnum) were closed manually under AVIZO
software using straight lines to allow for the selection of
the endocranial cavity only. The endocranial volume was
then estimated from the virtual endocasts and measured
as the volume enclosed by its 3D area (Figure 2).
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Figure 2. This is an illustration of how virtual endocast
extraction was done for a female British Shorthair cat. The
process involved obtaining a CT scan of the animal's head and
rendering a 3D image of the tissues. The endocast segmentation
was then done on a transverse axis, resulting in a clear view of
the skeleton (in white) and the endocast (in blue) in 3D from
which the endocranial volume was calculated.

All statistical analyses were conducted with R version
4.0.2. (R Core Team, 2020). We analyzed both the
endocranial volume (EV) and relative endocranial volume
(rEV). The latter was extracted from the regression
between the total endocranial volume (EV) and the
weight of the animal (built-in function in R). We used GLS
analysis to test the correlation between EV and cat
weight. Both EV and weight values were logl0
transformed prior to the calculation of the regression
slope.

First, EVs were tested for normality using Shapiro-
Wilk normality tests and homogeneity of variances was
assessed through Levene’s test. Our analysis showed that
the distribution of EV does not follow a normal
distribution (p = 0.016), while the distribution of variance
is homogeneous between breeds (p = 0.27) and sexes (p =
0.10). Therefore, the difference in endocranial volume
(EV) and relative endocranial volume (rEV) between
breeds (British Shorthair/Scottish Fold) and sex
(females/males) was assessed using a Mann-Whitney test
for nonparametric variables.*3

Results

The endocranial volume of our sampling varied from
26626.0 mm3 to 33908.6 mm3, while the relative
endocranial volume ranged from -0.092 to 0.058 (Table
1). No significant difference was found for endocranial
volume difference and relative endocranial volume
depicted in Figure 3.

It is expected to have a positive correlation between
brain weight and body weight 44 While the comparison
between the EV and weight yielded a positive correlation
(r = 0.8830, p < 0.05); British shorthair did not show a
strong correlation (r = 0.31, p = 0.53). Where the breed
was not considered, the total population delivered a
reasonable correlation (r = 0.78, p < 0.05) (Figure 4).

Our results showed that Scottish cats generally had a
higher EV and rEV than British cats. In particular, the
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Table 1. The endocranial volume estimated by the CT-scanner for each animal included in the analyses.

Breed ID  Endocranial volume (mm3) Relative endocranial volume Sex Age (months) Weight (kg)
British 1 26779.1 0.024 F 9 2.3
British 2 26931.3 -0.092 M 54 4.5
British 3 26989.1 -0.068 F 108 4
British 4 27631.0 -0.010 F 18 3.3
British 5 29839.6 0.041 F 24 3.8
British 6 29970.7 0.027 M 12 4.2
Scottish 1 26626.0 -0.068 F 60 3.7
Scottish 2 26778.7 0.009 F 36 2.5
Scottish 3 26828.0 0.011 M 9 2.5
Scottish 4 28359.9 -0.040 F 48 4.5
Scottish 5 29704.0 0.052 F 6 3.5
Scottish 6 31185.2 0.055 M 60 4.5
Scottish 7 33908.6 0.058 M 84 7
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Figure 3. Boxplots represent differences in (A) the endocranial volume and (B) the relative endocranial volume of the British Shorthair

and Scottish Fold cats.
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Figure 4. Correlation between the endocranial volume and the
weight for the two cat breeds (Scottish fold as blue star, British
short hair as red circle) are included in our analysis.
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mean EV was estimated as 28023.46 mm3 for British
Shorthair and 29055.77 mm3 for Scottish Fold cats.
Likewise, the mean rEV was estimated as -0.013 for
British Shorthair and 0.011 for Scottish Fold cats.
However, our analysis demonstrated no significant
differences for both the EV (W =21, p = 1) and the rEV (W
= 10, p = 0.1709) between the British Shorthair and
Scottish Fold cats. Similarly, we could not highlight any
difference related to sexual dimorphism regarding the EV
(W=14,p=0.366) or the rEV (W =13, p = 0.3543).

Discussion

To investigate differences between breeds for
domestic species is crucial for our understanding of the
mechanisms of domestication.2¢ One of the structures,
where this morphological change in mammals is
paramount, is the volumetric change of the brain.#>-47 This
evolutionary change has been carefully studied in various
taxa such as carnivorans,*8 pigs,*? sheep,*® and cattle.*¢
But few studies have focused on the different breeds of

cats. Moreover, many studies over the past decades have
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demonstrated that the evolutionary process of brain size
evolution is more complex than previously thought.
Indeed, although the relative brain size is thought to
increase for domesticated species and captive animals
compared to their close relatives,*651 a growing number
of studies have highlighted unexpected evolutionary
trends, with relative brain size remaining constant!14651-
54 and even in some cases decrease over time. Therefore,
the assessment of the differences in brain size between
cat breeds is of major interest to draw a more accurate
portrait of the evolutionary mechanisms of volumetric
brain changes in domestic species.

In this study, the endocranial volume (EV) and the
relative endocranial volume (rEV) were estimated in a
sample including British Shorthair and Scottish Fold
domestic cats (Felis catus) using virtual endocasts.
Although Scottish Fold cats display larger endocranial
size than the British Shorthair breed (both absolute and
relative), our analysis did not reveal any significant
statistical differences between the endocranial volume
(absolute or relative) between these two breeds. Two
reasons could explain these results.

First, the small sample size may have prevented to
detection of statistical differences between these two
groups accurately. Indeed, it has been proven that the
sampling size had a non-negligible importance in the
morphological delimitation between males and females
within the same species.5% This same statistical bias could
apply to our study, which is based on only 13 individuals.
This relatively small sample reflects the difficulty of
finding domestic cats with a perfectly informed pedigree.
The fact that our analysis did not find the influence of
sexual dimorphism on endocranial size while this
phenomenon is confirmed in other breeds for cranial
measurements3> could also tend to confirm this
hypothesis.

Second, the absence of significant differences may be
due to the strong morphological and genetic resemblance
between the British Shorthair and Scottish Fold breeds.38
40 A study conducted by Schmidt et al. on Persian cats
demonstrated that high grades of brachycephaly are
related to significant differences in the endocranial
volume between peke-face and doll-face Persians.>¢
However, peke-face Persians are characterized by
extreme deformations of the skull, with a very round
neurocranium combined with an extremely short face
strongly impacting the overall endocranial volume and
cerebral-structures morphology. Such deformations are
not observed in the British Shorthair or the Scottish Fold
cats that share similar brachycephaly index, which could
explain why there is no difference in the endocranial
volume between these two breeds.

This study aimed to initiate the comparison with
different morphological-varied breeds and contribute to
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the rather scarce studies about endocranial /brain volume
within domestic cats and hope that further studies can
explore this hypothesis with more data.

The use of computed tomography imaging techniques
is also an extremely promising avenue to highlight
morphological differences between cat breeds. Compared
with other whole-body imaging techniques (e.i. MRI), CT
offers options. Especially for
measuring hard tissue (such as bone), CT scanners
remain to be the most accurate technique and thus for
estimating intracranial cavity volumes.1® Moreover, CT
applies to both dry skulls and live skulls while enabling a
reliable comparison between the two sets of data.
Although we did not find any differences regarding the
endocranial volume, these two breeds may display
significant differences in their brain morphologies (and
by extension differences in their endocranial shape).
These fine details of endocranial surface can be obtained
by high-end CT scanners while this study was limited by
the resolution of the CT scanner in the veterinary center
dedicated to the care of live animals. The results
presented here drove the curiosity of the researchers to
explore the heterogeneity of endocranial shape between
the British Shorthair and the Scottish Fold cats. It is hoped
that these results would pave the way for new approaches
on this subject and further research studies will help us
understand the phenotypic diversity of cat breeds,
establish and understand the differences between

more cost-effective

domesticated animals and their close ancestors/wild
counterparts.

This study analyzed the endocranial volume (absolute
and relative) of two breeds of domestic cats, the British
Shorthair and the Scottish Fold cats, using computed
tomography (CT scanners). We found no significant
difference between breeds and sex of these animals,
neither for the absolute nor the relative endocranial
volume. To our knowledge, this study was the first study
to present original data on the endocranial volume for the
British Shorthair and the Scottish Fold breed that may
provide an important baseline for further research in this
field. We hope that this study could add a valuable
contribution to scarce basic research data on the
neurocranial anatomy of domestic cats.
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