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ARTICLE

Brain endocast of two non-mammaliaform cynodonts from southern Brazil: an
ontogenetic and evolutionary approach
Carolina A. Hoffmann a, P. G. Rodriguesb, M. B. Soares b* and M. B. de Andrade a,c

aEscola de Ciências da Saúde e da Vida, PUCRS, Pontifícia Universidade Católica do Rio Grande do Sul, Porto Alegre, Brasil; bInstituto de Geociências,
Departamento de Paleontologia e Estratigrafia, Universidade Federal do Rio Grande do Sul, Porto Alegre, Brasil; cMuseu de Ciências e Tecnologia, PUCRS,
Pontifícia Universidade Católica do Rio Grande do Sul, Porto Alegre, Brasil

ABSTRACT
Computed tomography is a non-destructive method that facilitates the accurate analysis of the internal
structures of fossils. Several paleoneurological studies concerning derived non-mammaliaform cynodonts,
mammaliaforms and basal mammals using this technique have been published. However, little remains
known regarding the brain anatomy of basal Cynodontia. Thus, it is relevant to increase knowledge
concerning the basal members of this clade to obtain a better understanding of brain evolution during
the descent of mammals from non-mammaliaform cynodonts. Therefore, the present study involved
analysing the digital endocasts of two non-mammaliaform cynodonts (Probelesodon kitchingi and
Massetognathus ochagaviae). To assess the rate of brain development, the encephalisation quotients for
these species were calculated and compared with previous data. Compared to a previous study on the brain
endocasts of Probelesodon sp. and Massetognathus sp. from Argentina, digital endocasts of the Brazilian
specimens revealed new brain morphology features for these genera. Additionally, the 3D digital endocasts
and EQ estimates are relevant for assessing intraspecific variation and possible ontogenetic changes in these
fossil taxa.
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Introduction

The evolution of the brain can be studied through casts of the cranial
cavities of extinct vertebrate species (e.g. Jerison 1973). These paleo-
neurological studies are limited to external and indirect analysis
based on cranial endocasts, which can be exposed naturally, or by
fossil preparation (Hopson 1979) and, more recently, through digital
visualisation using computed tomography (CT-scan) (e.g. Macrini
et al. 2006, 2007; Rowe et al. 2011). An endocast can provide the
general shape and volume of the brain of a given animal in life, which
can be useful for functional or palaeoecological inference, as well as
for understanding the locomotor or feeding habits and behaviour
(e.g. Napoli et al. 2017; Bronzati et al. 2017; Benoit et al. 2015, 2017b).
The evolution of improving the capacity to process information can
be addressed through the degree of encephalisation (increase in
relative brain size; Jerison 1985). The equation developed by Jerison
(1973), known as the Encephalization Quotient (EQ), represents the
brain development for a certain taxon relative to the volume expected
for a reference taxon (of the same size and age) and provides quanti-
tative data on brain evolution. It is the most commonly used method
in encephalisation analysis, including basal cynodonts and mammals
(e.g. Quiroga 1979, 1980, 1984; Kielan-Jaworowska and Lancaster
2004; Macrini et al. 2006).

More recently, CT-scan techniques, such as micro-CT (Abel et al.
2012) and synchrotron scanning (Tafforeau et al. 2006), are being
applied to palaeontological research. These techniques represent
non-destructive methods that permit the investigation of fossils’
internal and external structures in high-quality three-dimensional
images and incredible detail (Cnudde and Boone 2013;

Cunningham et al. 2014). As such, several paleoneurological studies
concerning derived non-mammaliaform cynodonts, mammalia-
forms and basal mammals using CT scanning techniques have been
published (e.g. Macrini et al. 2006, 2007; Rowe et al. 2011; Rodrigues
et al. 2014, 2018). In addition, recent endocast analyses of basal
therapsids are revealing a morphological diversity of neurological
structures of therapsid-mammal evolution (Castanhinha et al. 2013;
Laaß 2015; Laaß et al. 2017; Benoit et al. 2017a, 2017b), highlighting
the importance of studying the endocasts of basal synapsids to
improve our understanding of brain evolution in synapsids and
mammals. However, the sample poorly reflects the diversity of synap-
sids from the Permian and Triassic, while little remains known
regarding the brains of these taxa. Moreover, one specimen per
taxon is typically used in non-mammaliaform cynodont endocast
analysis; thus, the ontogenetic stage has not yet been discussed
among Cynodontia paleoneurological studies. As a result, Quiroga
(1979) noted the significance of contemplating the ontogenetic stage
of fossils under study, as young specimens generally show a greater
relative brain size and variation in the relative proportions of different
brain regions, which can subsequently influence EQ values and the
interpretation of results.

In the present study, we present the description of digitally
reconstructed cranial endocasts of two non-mammaliaform cyno-
dont specimens (MCP 3871 PV Massetognathus ochagaviae
Barberena 1981 – neotype; and MCP 1600 PV Probelesodon kitch-
ingi; Sá-Teixeira 1982 – holotype) based on CT-scan images. The
results are compared with previous paleoneurological analyses of
specimens of the same genus based on natural endocasts (Quiroga
1979) and other non-mammalian cynodonts to discuss the
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implications of EQ values and potential inferences related to onto-
genetic stage in these studies.

Previously described morphological traits of
non-mammaliaform cynodont endocasts

Endocast descriptions have been published for a few basal Cynodontia
taxa: the Early Triassic Thrinaxodon liorhinus, Diademodon, and
Trirachodon; the Late Permian Procynosuchus; the Middle Triassic
Massetognathus, Probelesodon, Probainognathus and Chiniquodon
theotonicus and the Late Triassic Exaeretodon argentinus,
E. riograndensis, Therioherpeton cargnini, Brasilitherium riograndensis
and Riograndia guaibensis (Watson 1913; Bonaparte 1966; Hopson
1979; Kemp 1979, 2009; Quiroga 1979, 1980, 1984; Rodrigues et al.
2014, 2018; Pavanatto et al. 2019). These previous works showed that
the non-mammaliaform cynodonts endocast is generally anteroposter-
iorly elongated with a tubular shape telencephalon, and in most
species, the cerebral hemispheres are not separated and expanded.
The widest region is represented by the prominent and laterally
expanded paraflocculi lobes, a cerebellar region. In most non-
mammaliaform cynodonts the floor of the frontal part of the braincase
was presumably formed by the cartilaginous structures of the chon-
drocranium; therefore, the lack of ossification in this region hinders the
accurate visualisation of the ventral limits of the forebrain endocast
(Rowe et al. 1994; Kielan-Jaworowska et al. 2004). However, a partially
ossified orbitosphenoid floor is present in the chiniquodontids
Probelesodon sp. and C. theotonicus (Quiroga 1979; Kemp 2009) and
the ‘gomphodonts’ Trirachodon sp., Massetognathus sp. and
E. riograndensis (Hopson 1979; Quiroga 1979; Pavanatto et al. 2019);
therefore, the endocast ventral limit can be better observed in these
taxa, resulting in more reliable data.

The main visible structure of the forebrain is the well-marked
cast of olfactory bulbs, that gradually contacts the cerebral hemi-
spheres, though the limits between them are not well-marked on
endocasts (Jerison 1973; Hopson 1979), even though olfactory
peduncles are present in Massetognathus sp and Probainognathus
(Quiroga 1979, 1980). The parietal foramen and corresponding
pineal body on the dorsal surface of the endocast are present in
some taxa, while the absence of a parietal foramen is a derived
feature for Cynodontia (Kielan-Jaworowska et al. 2004). Another
usual feature is the presence of a hypophyseal cast on the ventral
region, which fills the sella turcica on the basisphenoid/parasphe-
noid complex (Rodrigues et al. 2018).

The midbrain region may not be exposed in endocasts because it
is covered by meninges and blood sinuses or due to the presence of
the telencephalon being posteriorly expanded or an anteriorly
expanded cerebellum (Edinger 1964). Regarding cynodonts, the
portion of the midbrain that may be exposed on the dorsal surface
of the endocast corresponds mainly to the anterior and posterior
colliculi. The dorsal exposure of the midbrain was described for
Probainognathus and Therioherpeton (Quiroga 1980, 1984).
However, Kielan-Jaworowska et al. (2004) argued that this structure
could be the result of post-mortem changes in parts of the brain and
meninges. Therefore, the exposure of the dorsal midbrain in the
endocast of non-mammaliaform cynodonts remains controversial
and its non-exposure may thus represent the apomorphic condition
of extant mammals (see Macrini et al. 2007).

The interpretation and description of the endocast structures
comprising the hindbrain may be difficult due to the poor ossifica-
tion of this skull region in some basal therapsids and non-
mammaliaform cynodonts (Kielan-Jaworowska et al. 2004).
Nevertheless, the parafloccular region is usually described for
brain endocasts, which fill the subarcuate fossa on the supraoccipi-
tal and the periotic components of the skull (Kemp 2009). This

cerebellar region is largely responsible for body coordination, bal-
ance and the coordination of eye movements; therefore, enlarged
paraflocculi could indicate well-developed visual and locomotor
capabilities (Butler and Hodos 2005). Kielan-Jaworowska et al.
(2004) indicated the presence of the cerebellar vermis on the poster-
ior region of a Thrinaxodon endocast; however, other authors
considered this protuberance an artefact of the filling of
a cartilaginous space in the supraoccipital (e.g. Quiroga 1979) or
superior sagittal sinus (Rowe et al. 1994; Kemp 2009).

Previous descriptions of non-mammalian synapsids brain cav-
ities revealed the presence of a mid-dorsal depression enclosed by
the parietal, interparietal and supraoccipital bones (Laaß et al.
2017). Known as the ‘unossified zone’, this region was described
as the filling of the cartilaginous region by some authors, although it
was also suggested to house the vermis, the superior sagittal sinus,
a junction of several blood vessels, the pineal gland or other mid-
brain structures; therefore, the function of this skull region remains
unknown (Laaß et al. 2017).

Materials and methods

The specimens used in this study were collected in Triassic outcrops
on the central region of Rio Grande do Sul state, southern Brazil,
corresponding to the Santa Maria Supersequence (SMS; Figure 1).
According to Zerfass et al. (2003), this geological setting is com-
posed of three third-order sequences: (1) Santa Maria Sequence
I (SMSI), which comprises conglomerates and cross-bedded sand-
stones, that are overlaid by laminated mudstones and interpreted as
fluvial deposits transitioning into shallow lacustrine deposits.
Posteriorly, Horn et al. (2014) subdivided the SMSI into the
Pinheiros-Chiniquá and Santa Cruz Sequences; (2) Santa Maria
Sequence II (SMSII), currently corresponding to the Candelária
Sequence (Horn et al. 2014), is composed of medium-to fine-
grained, cross-bedded sandstone and mudstone lenses at the base,
grading to thick mudstones in the middle part, which are inter-
preted as high-sinuosity fluvial and overbank deposits, while the top
portion of SMSII displays a coarsening-upward succession com-
posed of rhythmites (siltstone-mudstone) intercalated with lenses
of fine-grained, cross-bedded or cross-laminated sandstones,
deposited in a lacustrine-deltaic system; and (3) Santa Maria
Sequence III (SMSIII), which consists of cross-stratified, conglom-
eratic sandstones with abundant silicified logs. Litostratigraphically,
SMS I and II correspond to the Santa Maria and Caturrita
Formations, while SMSIII corresponds to the Mata Formation
(Zerfass et al. 2003).

As a sequence of geological units, these strata represent the pro-
gression of Triassic lacustrine/fluvial palaeoenvironments to dryer
conditions culminating in desertic conditions, as evidenced by the
aeolic deposits of the overlaying Botucatu Formation (Scherer 2000;
Pierini et al. 2002). Based on the correlation with Argentinian fossils,
four faunal associations for Middle-Upper Triassic outcrops from
southern Brazil were established in recent years (Horn et al. 2014;
Marsicano et al. 2016). The Dinodontosaurus Assemblage Zone (AZ;
Lower Carnian, Pinheiros-Chiniquá Sequence) is correlated with the
tetrapod faunas of the Chañares Formation; the Santacruzodon AZ
(Lower-Upper Carnian, Santa Cruz Sequence) is related to the basal
layers of the Ischigualasto Formation and upper layers of the under-
lying Chañares Formation; the Hyperodapedon AZ (Carnian,
Candelária Sequence) is correlated with Ischigualasto Formation;
and the Riograndia AZ (Norian, Candelária Sequence) is associated
with the lower fauna of the Los Colorados Formation (Soares et al.
2011; Horn et al. 2014; Martinelli et al. 2017). The non-
mammaliaform cynodonts specimens analysed in this study corre-
sponds to outcrops within the Dinodontosaurus AZ.
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Analysed specimens

The studied specimens belong to the Paleovertebrate Fossil
Collection (MCP-PV) of the Museu de Ciência e Tecnologia,
Pontifícia Universidade Católica do Rio Grande do Sul (MCT-
PUCRS), in Porto Alegre, Rio Grande do Sul state, Brazil. The
precise outcrop location of the specimens was not provided by the
collectors (see Barberena 1981; Sá-Teixeira 1982). Nonetheless,
MCP 3871 PV Massetognathus ochagaviae (neotype; Figure 2) was
collected near the city of Candelária, while MCP 1600 PV
Probelesodon kitchingi (holotype; Figure 2) was collected in
Rincão do Pinhal, Agudo municipality (Figure 1) both within the
Dinodontosaurus AZ (Santa Maria Supersequence, Pinheiros-
Chiniquá Sequence, Middle Triassic, Ladinian; Soares et al. 2011;
Horn et al. 2014).

Notably, the specimen MCP 3871 PV is a well-preserved cra-
nium (Figure 2). Despite breakage of the sagittal crest next to the
interparietal contact, there is no damage to the endocast. A portion
of the prootic is broken and part of the epipterygoid is missing on
the right side of the specimen. Moreover, the inner ear and quadrate
are not preserved. Originally, the specimen UFRGS 0255 PV (a
nearly complete skull) was described by Barberena (1981) as the

holotype ofM. ochagaviae. However, it was lost in the 1990s. Hence,
MCP 3871 PV is considered the neotype (Liu et al. 2008).

MCP 1600 PV is the holotype of Probelesodon kitchingi and com-
prises a cranium that is slightly distorted to the right from the original
sagittal axis, particularly on the left temporal fenestra (Figure 2).
Furthermore, a major portion of the left epipterygoid and prootic are
broken, thus making it difficult to segment the endocast in this region
of the skull. Part of the basisphenoid, next to the contact with pter-
ygoids on the left side, is also broken. Recently, P. kitchingi was
designated as a junior synonym of Chiniquodon theotonicus (Abdala
and Giannini 2002). However, with the description of specimens of
Aleodon cromptoni from Brazil and its inclusion in Chiniquodontidae,
a question about the monospecificity of the genus Chiniquodon was
raised, resulted in this genus currently being interpreted as a ‘waste-
basket’ group (see ‘Discussion’, below). Additionally, Martinelli et al.
(2017) cited the presence of A. cromptoni specimens in the Brazilian
sample analysed by Abdala and Giannini (2002), who referred to it as
C. theotonicus, thereby highlighting the need for a family revision.
Since Chiniquodon may currently represent a ‘waste-basket’ taxon,
we prefer to address this specimen through its original status. Future
alpha-taxonomic studies, which are outside the scope of this paper,
may shed light on this subject.

Figure 1. Locality of the specimens (MCP 1600 PV Probelesodon kitchingi and MCP 3871 PV Massetognathus ochagaviae) used in this study. The stars represent the cities
near the outcrops where the fossils were found.
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Computed tomography

The CT-scan images were obtained using a medical CT scanner (Pet
CT Multislice 16d Discovery) located at the Instituto do Cérebro
facility, São Lucas Hospital. As a result of the CT scans, we obtained
676 slices of both skulls in transversal, coronal and sagittal planes,
with a resolution of 512 × 512 pixels, 0.625 mm slices, 140kV and
380mA. The Triassic outcrops, where the materials used in the
present study were collected, usually contain calcite in the rock
matrix. This mineral interacts with X-rays, resulting in artefacts

on CT-scan images, which make it difficult to accurately visualise
the fossil specimen and its internal structures (Cnudde and Boone
2013). We applied four protocols in an attempt to mitigate possible
artefacts generated by the interaction of X-rays with calcite: default,
soft, bone, and axial cut. As reported by Hoffmann et al. (2017), the
soft protocol provided images of higher quality. This protocol
operates with less focused X-ray beams and intensity, resulting in
lower interaction with calcite and fewer artefacts. In addition, the
soft protocol generated a better distinction between the rock matrix

Figure 2. Photography (top) and 3D reconstructions (bottom) of Massetognathus ochagaviae (MCP 3871 PV, neotype) and Probelesodon kitchingi (MCP 1600 PV, holotype).
(a, c), MCP 3871 PV in dorsal and lateral views; (b, d), MCP 1600 PV in dorsal and lateral views. All images are on the same scale. Scale bar: 50 mm.
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and bone material density differences in comparison to the other
protocols used. Therefore, the CT data used in this study was
derived from this protocol.

Visualisation of the CT-scan slices, 3Dmodels and segmentation
of the brain endocast were performed using the software Avizo
(version 7.1). The gray values of the images were altered to better
visualise the density difference between the rock matrix and bony
elements. The brain endocast was reconstructed by manually filling
the corresponding cranial cavity in coronal view. The 3D digital
brain endocasts and skull surfaces were analysed, edited and ren-
dered with the open-source software MorphoDig (version 1.4;
Lebrun 2018).

Quantitative analysis

Since the endocranial volume cannot be directly compared between
species of different body mass, the EQ is used instead. The EQ is the
ratio between the endocast volume (EV) observed for a given fossil
taxon and the expected volume of the endocast for a specimen of
the same body mass from a reference group (EVr); this EVr value is
estimated through the use of the body mass (Jerison 1973). Body
mass (BM, in grams) is calculated based in the skull length of the
taxon, an equation provided for non-mammaliaform cynodonts by
Quiroga (1979, 1980). The EVr is therefore defined based on
a reference group that, for cynodonts, is the volume expected for
the endocast of an adult extant mammal with corresponding body
size.

BM estimation is key for the proper calculation of EQ. BM
estimation uses skull length to derive the mass, but this may vary
for different skull:body proportions. Considering this, two equa-
tions (Equations 1 and 2) were used based on the relationship
between skull length (S, in centimeters) and body weight in
Therapsida (Quiroga 1979, 1980). Equation (2) is usually applied
for ‘heavy habitus’ animals (Jerison 1973; Quiroga 1980); Equation
(1) (herein referred as ‘gracile habitus’, in opposition) is used
otherwise.

BM ¼ 1; 6S3 (1)

BM ¼ 2; 7S3 (2)

The specimens (MCP 3871 PV and MCP 1600 PV) were not
associated with postcranial material, therefore the body masses
(BM, in grams) of both specimens had to be estimated. It is assumed
that BM estimation based on skull length is the same for cynodonts
and extant mammals. This assumption is a common practice in the
study of cynodont endocasts (Benoit et al 2017; Rodrigues et al.
2014, 2018). With effect, the description of complete body fossils of
Thrinaxodon, Galesaurus planiceps and Trucidocynodon riogran-
densis suggests, that non-mammalian cynodonts and mammals
had similar skull length:body mass relations (de Oliveira and
Schultz 2016; Butler et al. 2019). However, the ‘heavy habitus’
equation is commonly used for most non-mammaliaform cyno-
donts (Jerison 1973; Quiroga 1980).

The EQs were calculated with two different equations (SI file),
from the endocast volume (EV) and estimated BM. Equation 3
(Jerison 1973) is the most commonly used in the literature.
Equation 4 (Manger 2006) is derived from Eisenberg EQ (1981)
and is considered to be more mathematically accurate since it
excludes outliers (as cetaceans and primates) from the regression
equation calculation. In each equation we calculated four EQs (SI
file): based on two endocast volumes, one with and one without the
olfactory bulbs volume; and one for each body mass estimation
(Equations 1 and 2). For comparative purposes, the EQ of other

Cynodontia taxa were also calculated when the necessary data were
available (SI file).

EQ ¼ EV= 0; 12BM0;66
� �

(3)

EQ ¼ EV= 0; 055BM0;7294
� �

(4)

Absolute measurements of the total endocast length (TL), olfac-
tory bulbs (OB), telencephalon (T) and hindbrain (HB) sizes were
obtained through the ruler function the Avizo software. The endo-
cast TL was measured from the anterior limit of the olfactory bulbs
to the foramen magnum. OB length was measured from the ante-
rior limit of the endocasts to posterior region of olfactory pedun-
cles, represented by the narrowest section of the of the brain,
located at the same relative position as the dorsal edge of the
interorbital vacuity begins to curve towards the posterior wall of
the vacuity. T length was measured from the end of the olfactory
bulbs to the posterior limit of the base of the non-ossified region.
HB length was measured from the posterior limit of the telence-
phalon to the foramen magnum. The OB, T and HB values were
then scored against the total length of the endocast (TL) to produce
relative measurements used for comparison with other taxa. As
Quiroga (1979) provided no absolute values for Massetognathus
and Probelesodon, we derived relative measurements from the
available data (see Tables 1 and 2). We understand that these
relative values are only the best possible approximation for com-
parison in the absence of absolute values.

Institutional abbreviations. MCP-PUCRS, Museu de Ciência
e Tecnologia da PUCRS, Porto Alegre, Brazil; PVL, Instituto
Miguel Lillo, Tucumán, Argentina.

Abbreviations in figures: cn, cranial nerve; F, frontal; FB, fore-
brain; fj, foramen jugular; fm, foramen magnum; fo, fenestra oval;
HB, hindbrain; hf, hypophyseal fossa; hgf, hypoglossal foramen; iv,
interorbital vacuity; MB, midbrain; mo, medula oblonga; op,

Table 1. Digital brain endocast measures of MCP 3871 PV Massetognathus ochaga-
viae and MCP 1600 PV Probelesodon kitchingi. Units = mm, volume units = cm3.

Measure description M. ochagaviae P. kitchingi

Total endocast volume 18,926 10,670
Endocast volume excluding the olfactory bulbs cast 18,027 10,055
Total length, measured from the anterior limit of

the olfactory bulbs to the foramen magnum
76,56 72,45

Length of the olfactory bulbs cast 29,00 19,00
Length of the telencephalon dorsal surface 22,00 32,00
Length of the cerebellar region (hindbrain),

measured from the posterior limit of the
hypophyseal cast and the foramen magnum

22,14 13,45

Maximum width, measured on the parafloccular
cast region

27,49 21,46

Maximum width of the olfactory bulb casts 10,33 15,66
Maximum width of the telencephalon dorsal

surface, measured on the posterior region
14,12 13,42

Maximum height, corresponding to the distance
between the ventral limit of the hypophyseal
cast and the dorsal surface of the telencephalon

24,17

Table 2. Relative measurements of endocast structures. OB = olfactory bulbs;
ROMB = rhombencephalon; TEL = telencephalon; TL = endocast total length;
SL = skull length; units = mm.

Specimen OB TEL ROMB TL SL

PVL 4016 Massetognathus sp. 24/38% 20/31,74% 19/30,15% 63 95
MCP 3871 PV M. ochagaviae 29/39,72% 22/30,13% 22/30,13% 73 171
PVL 4015 cf. Probelesodon 17/35,41% 20/41,66% 11/22,91% 48 120
MCP 1600 PV P. kitchingi 19/27,14% 32/45,71% 19/27,14% 70 166
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olfactory peduncles; Os, orbitosphenoid; Pa, parietal; pb, pineal
body; pfl, parafloccular cast; Po, postorbital; Pt, pterygoid; sq,
squamosal; tel, telecephalon; uz, unossified zone.

Results

General aspects

The endocranial casts of MCP 3871 PV M. ochagaviae and MCP
1600 PV P. kitchingi show a tubular and narrow shape that can be
delimited between the foramen magnum and a groove on the
internal cavity of the skull. This groove results from an internal
thickening of the frontal bones (Figure 3) and can be used to delimit
the anterior limits of the olfactory bulb casts. The presence of
a broad interorbital vacuity on both species and orbitosphenoid
and the presphenoid bones being partially ossified, favours the
visualisation of the ventral limits of the anterior region of endocasts
(Figure 3). The digital endocasts gradually widen posteriorly, reach-
ing their maximum width at the cerebellar region (27,49 mm and
21,46 mm in M. ochagaviae and P. kitchingi, respectively; Table 1),
as represented by the paraflocculi casts. The total length of the
digital brain endocasts, measured between the anterior limit of
the olfactory bulbs and the foramen magnum is 76,56 mm
in M. ochagaviae and 72,45 mm in P. kitchingi (Table 1) and
corresponds to approximately 42% of skull length (171,9 mm and
166,0 mm, respectively) in both species.

The contact between the telencephalon and olfactory bulbs can be
delimited by a slope on the endocast ventral region formed by the
interorbital vacuity curvature (Figures 4 and 5). On the external sur-
face of the skull, this slope corresponds to the limit between the

parietals and epipterygoid ascending process. Although visible notches
of the supraoccipital were not identified, the ‘unossified zone’ appears
to be present in both specimens (Figure 3). Some cranial nerves and
possible blood vessels were also identified in both brain endocasts.

Massetognathus ochagaviae endocast

The observable regions of the forebrain in the digital endocast are
the olfactory bulbs and telencephalon (cerebral hemispheres).
Despite the absence of an ossified cribiform plate, the anterior
limit of olfactory bulbs can be delimited in the coronal plane, as
previously mentioned. In MCP 3871 PV M. ochagaviae, the olfac-
tory bulbs cast extend throughout the frontals, reaching the level of
the midpoint of the orbits, and is connected to the telencephalon
through peduncles (Figure 4). In the dorsal view, it is long, narrow
and widens anteriorly, corresponding to 37,87% (29 mm; Table 2)
of the total endocast length. This expansion on the anterior region
represents the two olfactory bulbs, from which the longitudinal
groove is absent (Figure 4).

The telencephalon is tubular in shape, representing approxi-
mately 30% (22 mm; Table 2) of endocast total length, without
expansion on the posterior region. The dorsal surface is flat, with
no clear evidence of a median sulcus (= longitudinal fissure) divid-
ing the cerebral hemispheres (Figure 4). While present data on
Massetognathus MCP-3871-PV does not allow the visualisation of
a parietal foramen, a pineal body is present (Figure 4). Notably,
there is a well-marked hypophyseal cast on the ventral region of the
endocast, which fills the sella turcica on the basisphenoid/parasphe-
noid complex (Figure 3).

Figure 3. Computed tomography slices of the non-mammaliaform cynodonts studied. (a, b), MCP 1600 PV Probelesodon kitchingi. (c, d), MCP 3871 PV Massetognathus
ochagaviae. The 3D model of the skulls shows the position of the slices. The arrows indicate the internal groove of the frontals, which delimits the olfactory bulbs. Scale bar:
20 mm.
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In the lateral view, directly after the slope formed on the poster-
ior region of the telencephalon, a prominence is present and can be
interpreted as the anterior colliculi (Figure 4). Other midbrain
structures are also visible in the lateral view.

The hindbrain region is also visible in the lateral view, located
posterior to the hypophysis cast. This region is represented by the
parafloccular casts, which constitute the widest region of the brain
endocast (Figure 4). In MCP 3871 PV M. ochagaviae, the parafloc-
culi casts are rounded, laterally directed and prominent in the
dorsal view. There is no evidence of any structure that could
indicate a division between the cerebellar hemispheres. A clear
visualisation of the jugular foramen and fenestra oval casts is
impaired due to poor preservation of the basicranium on the
posterior region of the basisphenoid. Despite this, it remains pos-
sible to observe symmetrical undefined structures that could indi-
cate the jugular foramen and fenestra oval casts (Figure 4).

Although the presence of a supraoccipital notch was not identi-
fied in the endocranial cavity, an unossified region filled with hard
rock matrix is present (Figure 3). Moreover, some projections were
observed on the telencephalic surface: two on the dorsal region, two
laterally located and three on the ventral region (Figure 4). These
structures could indicate cranial nerves casts or blood vessels.

Probelesodon kitchingi endocast

The olfactory bulbs cast are shorter (19 mm; Table 2) than observed
in MCP 3871 PV M. ochagaviae, corresponding to 27,14% of the
endocast total length and extending almost the entire length of the
frontals (Figure 5). However, it widens anteriorly (15,66 mm) and
the olfactory bulbs are more developed and expanded laterally
(Figure 5). There is a well-defined longitudinal groove between

the bulbs, although they are not clearly separated from each other
(Figure 5). In the lateral view, a slope is formed from the posterior
region of the olfactory bulbs cast to the anterior portion of the
telencephalon (Figure 5). On the external surface of the skull, this
slope is represented by the superior region of the interorbital
vacuity. Therefore, this narrowing could indicate the presence of
peduncles connecting the olfactory bulbs to the telencephalon.

The telencephalon is anteroposteriorly elongated and not poster-
iorly expanded, corresponding to 45,71% (32 mm; Table 2) of the
total endocast length. Since a longitudinal sulcus is absent, the divi-
sion into two cerebral hemispheres is not present (Figure 5). There is
no evidence of a pineal body on the dorsal surface of the endocast and
the limits between the brain regions are not well-defined (Figure 5).

The anterior and posterior colliculi may not be exposed or
preserved in endocasts, as previously mentioned. Nevertheless,
on the dorsal surface in the lateral view, there is an inconspic-
uous prominence posteriorly to the telencephalon slope, which
can be interpreted as the collicular region (Figure 5). The digital
endocast structure that can be interpreted as the unossified zone
is placed more anteriorly, close to the collicular region and
forebrain.

Despite the damaged basicranium on the basisphenoid-
basioccipital contact, certain cranial nerve casts and foramens
were observed. The jugular foramen and the fenestra oval are
present and not confluent (Figure 5), with the latter only being
visible on the left side of the skull. The hypoglossal nerve cast is
located posterior to the jugular foramen. A pair of laterally pro-
jected protuberances were observed and indicate the VII cranial
nerve casts (Figure 5). The parafloccular casts are laterally projected
and less prominent than in M. ochagaviae. Due to the poor pre-
servation of the basicranium, visualisation of a hypophyseal cast, as

Figure 4. Digital endocast of MCP 3871 PV Massetognathus ochagaviae from southern Brazil. (a), dorsal view; (b), ventral view; (c), right lateral and (d), left lateral views.
Skulls in transparency show the position of the brain endocast on the brain cavity. Images are not to scale.
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vascular impressions and the endocast of the inner ear remain
absent.

Encephalisation quotients and relative endocast sizes

The total endocast volumes of Massetognathus ochagaviae and
Probelesodon kitchingi are 18,926 cm3 and 10,670 cm3, respectively
(Table 1). To test if the pineal body influenced the total endocast
volume obtained forM. ochagaviae, we removed the structure, which
resulted in a volume of 18,289 cm3 (SI file). Thus, that was not the
cause for the high volume observed. Removal of the olfactory bulbs
cast volume did not result in significant differences in total endocast
volumes (18,027 cm3 and 10,055 cm3 for M. ochagaviae and
P. kitchingi, respectively; Table 1). The skull length of the specimens
used in this study is similar (SI file). Consequently, the body masses
estimated for both species resulted in approximated values (8,137 g
and 13,731 g forM. ochagaviae; 7,318 g and 12,350 g for P. kitchingi)
that were greater than those obtained forMassetognathus sp. (1,371 g
and 2,359 g) and Probelesodon sp. (2,799 g and 4,815 g) by Quiroga
(1979, 1980).

According to Quiroga (1980), the EQ values obtained through
Equation (1) (see Materials and Methods) for body mass estimation
were overestimated. We confirmed these results in the present
study, in which EQs calculated with Equation (1) were higher
(0,41 and 0,25 for M. ochagaviae and P. kitchingi, respectively)
than the values observed for other non-mammaliaform cynodonts
using Jerison’s EQ; therefore we used the results from Equation (2)
to compare the results of previous works. The EQ values resulting
from the Manger (Equation 4) formula were higher than those
resulting from Jerison’s (Equation 3) EQ (see Table 3). For

comparative purposes and considering that Manger’s EQ is more
mathematically accurate, all results cited here follow that method.

The EQ calculated for M. ochagaviae (0,33) was higher than
those resulting from the compared non-mammaliaform cynodonts
(Table 3): Massetognathus sp. (0,21), Probelesodon sp. (0,16),
Exaeretodon sp. (0,12), E. riograndensis (0,26; 0,30), Siriusgnathus
(0,31), Probainognathus (0,18), Therioherpeton (0,27) and
Brasilitherium (0,22); and the same value as Riograndia (0,33).
The EQ obtained for P. kitchingi (0,20) was higher than the calcu-
lated for Probelesodon sp. and follows the pattern observed for other
non-mammaliaform cynodonts, as previously mentioned.

Regarding the relative sizes of MCP 3871 PV M. ochagaviae OB
(37,87%), T (28,73%) and HB (28,73%) in comparison with PVL
4016 Massetognathus sp., the proportions were comparable (38%,
31,74% and 30,15%, respectively). In MCP 1600 PV P. kitchingi, the
OB is shorter (26,22%) than in PVL 4015 Probelesodon sp. (35,41%);
however, the T (44,16% and 26,22%) and HB (41,66% and 22,91%)
evidence suggests that these components were proportionally
longer (Table 2/Figure 6).

Discussion

Analysis of the digital cranial endocasts of M. ochagaviae and
P. kitchingi revealed new features not previously described for
these genera. CT-scan images allowed the clear visualisation of
a well-defined hypophyseal cast in M. ochagaviae, which is not as
discernible in the PVL 4016 Massetognathus sp. natural endocast
(Quiroga 1979). In MCP 1600 PV P. kitchingi, the presence of
peduncles connecting the olfactory bulbs to the telencephalon high-
lights a difference between it and the specimen from Argentina.

Figure 5. Digital endocast of MCP 1600 PV Probelesodon kitchingi from southern Brazil. (a), dorsal view; (b), ventral view; (c), right lateral and (d), left lateral views. Skulls in
transparency show the position of the brain endocast on the brain cavity. Arrows indicate the thickening in the olfactory peduncles. Dashed lines represent the ventral limit
of the midbrain. Images are not to scale.
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Digital brain endocasts also facilitated the clear visualisation of the
ventral region, including cranial nerve casts and foramens.

According to Quiroga (1979) the midbrain (mentioned by the
author as the mesencephalon) was only exposed ventrally, while the
cerebellar region was represented by the laterally projected paraf-
locculi casts. Quiroga (1979) described that structure in PVL 4016
Massetognathus sp. as being caudally directed (cited as flocculus by
the author); however, on MCP 3871 PV M. ochagaviae paraflocculi
casts, in the dorsal view, the structure is rounded, laterally directed
and prominent. Moreover, we suggest that the anterior colliculi
(midbrain structure) could be dorsally exposed and represented
by prominences on the dorsal surface of the posterior region of
the endocast in both species. Therefore, the non-mammaliaforms
Probainognathus (Quiroga 1980), P. kitchingi and M. ochagaviae
present this midbrain structure as being exposed on the dorsal
region of the brain endocast.

Quantitative comparison of the endocast structures of the speci-
mens in the present study against previously described specimens in
these genera has raised some questions. Considering the larger skulls of
the specimens analysed here, could PVL 4016Massetognathus sp. and
PVL 4015 Probelesodon sp. be considered not fully-grown individuals?
Also, can we infer ontogenetic stages from endocast analysis and EQs?
In a study ofMassetognathus pascuali specimens from the Argentinian
Chañares Formation, Abdala and Giannini (2000) established an onto-
genetic sequence for the species, with the presence and position of the
parietal foramen being relevant features considered. According to
Abdala and Giannini (2000), the parietal foramen is in the middle of
the temporal region in smaller specimens (skull length < 100 mm),
while it is vestigial and more anteriorly located in larger specimens,
laterally bordered by the enlarged posterior extension of the postorbital.
Indeed, in the first description of MCP 3871 PV (Liu et al. 2008), there
was no mention of a pineal (= parietal) foramen for M. ochagaviae.
However, using the CT scanning, it was possible to observe the pre-
sence of a pineal tube (= pineal body) on the dorsal surface of the
endocast. The pineal body is more posteriorly located on the specimen

PVL 4016 Massetognathus sp. (Quiroga 1979) in comparison to MCP
3871 PVM. ochagaviae (Figure 6). Based on the new data presented by
this study and the ontogenetic sequence proposed by Abdala and
Giannini (2000), PVL 4016 Massetognathus sp. (skull
length = 95 mm) can be considered a juvenile and MCP 3871
PV M. ochagaviae (skull length = 170 mm) can be considered as an
adult.

However, the EQ values obtained in the present study were
higher than those calculated for the specimen used by Quiroga
(1979). Since the EQ represents an endocast volume/body mass
relation, it is expected that the values obtained for young specimens
to be higher than those obtained for adults, as the former exhibits
a greater relative brain size in comparison to body size.
Nevertheless, we suggest that MCP 3871 PV represents
a specimen at an advanced ontogenetic stage for Massetognathus
ochagaviae while PVL 4016 represents a juvenile of M. pascuali.
Therefore, the EQ value of the latter species should be even lower
than previously calculated, resulting in a considerable EQ variation
within the genus. In addition, the observed difference in values can
be due to the methods used to analyse the brain endocasts (natural
versus digital) and body mass estimations. Furthermore, young
individuals should not have BM estimation through the heavy
habitus equation, as robustness is only established in later ontoge-
netic stages. This implies that non-adult cynodonts would have
substantially higher EQs than adult individuals. Nevertheless,
further studies using specimens of M. pascuali are necessary to
verify these results.

Notably, an ontogenetic sequence is not available to
Probelesodon sp.; therefore, we can not discuss ontogenetic stages
based on morphological evidence. However, the difference in skull
length between PVL 4015 and MCP 1600 PV (120 mm and
166 mm, respectively) as well as the difference in EQ values (0,16
and 0,20, respectively) can be used as evidence that the specimens
are not from the same species. If both specimens were from the
same species, the expected EQ value for PVL 4015 should be higher
than the EQ value for MCP 1600 PV. This result contradicts the
revision of the genus Chiniquodon by Abdala and Giannini (2002).
Additionally, the proportions of the endocast structures are differ-
ent. In PVL 4015, the olfactory bulbs represent 35,41% of total
endocast length, while this value for MCP 1600 PV is 26,22%.
This could indicate variation within the genus or in chiniquodon-
tids, though this needs to be corroborated by additional specimens.

Regarding the Encephalization Quotient, some aspects deserve
discussion. Although EQ is the most common methodological
approach for comparing brain size among species of different
body masses, it has some constraints when applied in palaeontol-
ogy. First, the body mass of fossils specimens are estimations,
which may be an overestimate or underestimate of the actual
value. EVr values for fossil taxa lacking postcranial remains are
no better than estimations. The method chosen by the authors
also influences EQ calculations. As in most non-mammaliaform
cynodonts the skull is the only material available, the more com-
monly used method involves the equations developed by Quiroga
(1979, 1980) based on the skull length/body length relationship in
Therapsida. As sush, we obtained high EQ values in comparison
to other non-mammaliaform cynodonts when Equation (1)
(BM = 1,6S3) was used (0,49 and 0,30 for M. ochagaviae and
P. kitchingi, respectively). Equation (2) (BM = 2,7S3) resulted in
more reliable values (0,33 and 0,20 for M. ochagaviae and
P. kitchingi, respectively); however, for M. ochagaviae, it continues
higher than other cynodont taxa. Rodrigues et al. (2018) argued
that the overestimated EQ’s obtained by Quiroga (1979, 1980) for
PVL 4016 Massetognathus sp. could be due to inaccuracy in
endocast volume measurements (using natural endocast extracted

Table 3. Encephalization Quotients (EQ) calculated to different cynodont taxa.
EQ1 = EV/(0,12BM°,66), from Jerison (1973); EQ2 = EV/(0,0535BM°,7294), from
Manger (2006); NA = necessary data to calculations not available; *EQs calculated
in this study with available data on the literature. EQ’s with two results corresponds
to values obtained through Equations (1) and (2) to body mass estimations.

Taxon/specimen EQ1 EQ2 Source

Thrinaxodon 0,10 NA Jerison (1973)
Diademodon 0,14 NA Quiroga (1980)
Massetognathus sp. 0,22;0,15 0,32*;0,21* Quiroga (1979;1980)
M. ochagaviae 0,41;0,29 0,49;0,33 Present study
Exaeretodon sp. 0,15;0,10 0,18*;0,12* Quiroga (1980)
E. riograndensis

CAPPA 0030
0,39*;0,28* 0,4*;0,30* Pavanatto et al. (2019)

E. riograndensis
CAPPA 0227

0,31*;0,22* 0,38*;0,26* Pavanatto et al. (2019)

Siriusgnathus 0,4*;0,28* 0,46*;0,31* Pavanatto et al. (2019)
Probelesodon sp. 0,18;0,13 0,24*;0,16* Quiroga (1979;1980)
P. kitchingi 0,25;0,17 0,30;0,20 Present study
Probainognathus 0,17;0,12 0,26*;0,18* Quiroga (1980)
Therioherpeton 0,23;0,16 0,40*;0,27* Quiroga (1984)
Riograndia 0,22 0,33 Rodrigues et al. (2018)
Brasilitherium 0,15 0,22 Rodrigues et al. (2014)
Morganucodon NA 0,32 Rowe et al. (2011)
Hadrocodium NA 0,49 Rowe et al. (2011)
Obdurodon 0,78 1,00 Macrini et al. (2006)
Triconodon NA 0,49 Kielan-Jaworowska (1983)
Chulsanbaatar NA 0,55 Kielan-Jaworowska (1983)
Kryptobaatar 0,45*;0,32* 0,71 Kielan-Jaworowska and

Lancaster (2004)
Ptilodus NA 0,49 Kielan-Jaworowska (1983)
Vincelestes 0,27 0,37 Macrini et al. (2007)
Kennalestes NA 0,36 Kielan-Jaworowska (1984)
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from the skull) or body mass estimation. However, our results
suggest that the EQ range (0,22 to 0,15) previously calculated for
this genus was not an overestimate. In addition, higher values
were obtained to other Cynognathia cynodonts (E. riograndensis
and Siriusgnathus). These results support the alternative hypoth-
esis that increased EQ evolved separately in the sister clades
Cynognathia and Probainognathia but discontinued with the
extinction of the former group (Rodrigues et al. 2018).

Second, the criterion for the inclusion of olfactory bulb volume in
the EQ calculations varies in the literature. Jerison (1973) and Benoit

et al. (2017a, 2017b) excluded the volume of this brain structure,
arguing that the braincase in most non-mammalian therapsids is not
fully ossified, thus making it difficult to visualise the anterior ventral
limit of the endocast. Other authors (e.g. Quiroga 1979, 1980, 1984;
Kielan-Jaworowska and Lancaster 2004; Macrini et al. 2006;
Rodrigues et al. 2018) provided both calculations. Furthermore,
Rodrigues et al. (2014) suggested an initial increase in relative brain
size associated with the enlargement of the olfactory bulbs in
Brasilitherium. In addition, a second pulse of encephalisation was
driven by increasing resolution in olfaction and tactile sensitivity and

Figure 6. Comparison of the digital endocasts from the present study (digital endocasts) and previous natural endocasts (schematic drawings, modified from Quiroga
1979). (a, c), MCP 3871 PV M. ochagaviae in dorsal and lateral views; (b, d), PVL 4016 Massetognathus sp; (e, g), MCP 1600 PV Probelesodon kitchingi; (f, h), PVL 4015 cf.
Probelesodon. Scale bars: approximately 10 mm.
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enhanced neuromuscular coordination in the non-mammalian
mammaliaforms Morganucodon and Hadrocodium (Rowe et al.
2011). Therefore, olfactory enhancement was crucial for the survival
of mammaliaforms and basal mammals, as the olfaction is an impor-
tant sense in extant taxa (Kielan-Jaworowska and Lancaster 2004).
Thus, we consider that the exclusion of the olfactory bulb volumes
could result in an underestimation of EQ values and a loss of evolu-
tionary information. Therefore, the olfactory bulb volume should be
included in the calculations.

Conclusions

We presented endocast analyses of different specimens of the same
genera, which facilitated a discussion concerning brain morphology
variation within a cynodont family or genus as well as ontogenetic
stage inferences. More recently, with the application of non-destructive
techniques in palaeontology, such as CT-scan, it is possible to study
more than one skull from the same species. Thus, it is relevant to
discuss possible intraspecific variation on the endocasts and the onto-
geny of fossils. Moreover, CT scans provide amore accurate analysis of
the morphology and are more reliable than previous studies using
natural endocasts. Despite the problems discussed here regarding the
use of Encephalization Quotient in paleoneurological studies, it
remains to be the best available method to analyse brain evolution in
a variety of vertebrate species. Therefore, it should be interpreted with
caution to avoid bias when using extinct taxa.

In addition, recent studies on basal therapsids (Castanhinha
et al. 2013; Laaß 2015; Benoit et al. 2017a, 2017b) revealed mor-
phological diversity in neural structure, thus allowing inferences
regarding behaviour of these fossil groups. However, our knowl-
edge concerning the brain morphology of more basal synapsids
remains scarce, especially for non-mammaliaform cynodonts. The
analysis of digital cranial endocasts is important obtain an
improved understanding of how synapsids evolved and thrived as
the dominant group during the Permian and survived the extinc-
tion event at the end of that period by occupying a variety of niches.
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