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Abstract

Palaeanodonts are extinct placental mammals exhibiting myrmecophagous and fosso-
rial adaptations. They have been viewed as the sister group to Pholidota (pangolins),
which is the sister-clade to Carnivora within Ferae. Palaeanodonts display morpho-
logical features that are similar to those in pangolins and xenarthrans, which are likely
related to their specialized ecological niche. Therefore, it has been challenging to de-
cipher whether shared features are synapomorphies or convergences. Here, we de-
scribe in detail the brain virtual endocast anatomy of the middle Eocene palaesanodont
Metacheiromys marshi and make morphological and quantitative comparisons with
two extant African pangolins, Smutsia gigantea and Phataginus tricuspis. We found sev-
eral differences between the fossil and extant taxa including in the olfactory bulbs,
the cerebellum, and the venous and arterial systems. However, we propose an ana-
tomical feature as a possible synapomorphy uniting palaeanodonts and pangolins in
Pholidotamorpha: the presence of a well-developed orbital gyrus and a presylvian sul-
cus. These correlated features are present in some other groups but are likely derived
traits acquired independently, for example in xenarthrans. In terms of the behavioural
ecology of M. marshi and pangolins, we suggest that reduced olfaction and eye move-
ment control is likely linked to fossoriality or slow arboreality as previously proposed
for rodents. The expansion of the orbital gyrus of the neocortex is proposed to be
related to the evolution of myrmecophagy and the emergence of a protrusile tongue
in early Pholidotamorpha, acquired convergently in giant anteaters. Overall, this work

provides a novel perspective on the evolution of palaesanodonts and pangolins and
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evolution of mammals.
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1 | INTRODUCTION

Palaeanodonta is an extinct clade of placental mammals with
fossorial adaptations mainly known from the early Paleocene
(Torrejonian) to the late Eocene (Chadronian) of North America
and to a lesser degree from Eurasia (Rose, 2006, Kondrashov &
Agadjanian, 2012). This group is composed of three families:
Escavadodontidae, Epoicotheriidae, and Metacheiromyidae.
‘Escavadodontidae’ is likely basal and paraphyletic with the other
two families that show more derived postcranial and dental fea-
tures (Rose, 2008). Metacheiromyids display robust postcrania
adapted to a fossorial lifestyle, although they are less derived in
this regard than the Epoicotheriidae. A progressive reduction of
the dentition is also present and was greater in Metacheiromyidae
than in Epoicotheriidae (Rose, 2008). In metacheiromyids specifi-
cally, a grooved and rugose edge on the palate posterior to the
cheek teeth suggests the presence of a protrusile tongue used for
eating small invertebrates (Rose, 1978).

The phylogenetic position of Palaesanodonta has been a topic
of debate for decades, with two main hypotheses. They have ei-
ther been considered closely related to Xenarthra (anteaters, tree
sloths, and armadillos) from the Americas (e.g., Gaudin, 2004;
Patterson et al., 1992; Simpson, 1945; Szalay, 1977) or to Pholidota
(pangolins) from Asia and sub-Saharan Africa today and from North
America and Europe in the past (e.g., Alba et al., 2018; Emry, 1970;
Gaudin et al., 2009, 2016, 2020; McKenna & Bell, 1997; Rose
et al., 2005). More recently, the clade Palaesanodonta + Pholidota,
referred as Pholidotamorpha (Gaudin et al., 2009), has received
additional support from combined morphological and molecular
phylogenetic analyses of placental mammals (O'Leary et al., 2013).
Additionally, molecular phylogenies have recovered Pholidota
as sister-clade to Carnivora (e.g., Delsuc et al,, 2002; Foley
et al., 2023; Meredith et al., 2011; Murphy et al., 2021; Murphy,
Eizirik, Johnson, et al., 2001; Murphy, Eizirik, O'Brien, et al., 2001;
O'Leary et al., 2013; Shoshani & McKenna, 1998). Past studies
have found some potential morphological synapomorphies be-
tween Pholidota and Carnivora, including features in the cra-
nium (ossified tentorium cerebelli) and in the wrist (fusion of the
scaphoid and lunate bones). However, those characteristics are
absent or reduced in the early members belonging to each group
(Gaudin et al., 2020; Rose et al., 2005). To date, no molecular phy-
logenies have found Xenarthra + Pholidota as sister-clades, and at
this point in the maturity of molecular analyses such a relationship
would be highly unexpected (Gaudin et al., 2020).
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presents new hypotheses related to the impact of ecological adaptations on the brain
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The reason that a link between Xenarthra and Pholidota per-
sistedin theliteratureis because of the presence of shared morpho-
logical features related to a convergent lifestyle including diet (e.g.,
reduction of the dentition) and fossoriality (e.g., sacro-innominate
fusion in the vertebral column), but also cranial similarities (e.g.,
shallow subarcuate fossa, palatine confined to the ventral orbital
wall, mandibular symphyseal spout, squamosal epitympanic sinus)
reported by several studies (Gaudin, 2004; Novacek, 1986, 1992;
Novacek & Wyss, 1986). It is worth noting that the morphological
analysis of O'Leary et al. (2013) recovered the group ‘Edentata’
including Pholidota + Xenarthra + Tubulidentata (the aardvarks
from Africa), which was first proposed by Cuvier (1798). Later,
Weber (1904) proposed to classify pangolins and aardvarks in their
own orders as Pholidota and Tubulidentata. Regarding the phylo-
genetic position of Palaesanodonta, this group displays derived fea-
tures that are present in both xenarthrans and pangolins, including
fossorial adaptations and reduced dentition suggesting a myrme-
cophagous diet (Gaudin et al., 2020; Rose, 2006). The grouping
of Palaesanodonta with pangolins and xenarthrans was originally
proposed by Matthew (1918) and supported by Novacek (1986),
but later was abandoned (Gaudin et al., 1996; Rose et al., 2005;
Rose & Emry, 1993). Additionally, Palaeanodonta, and specif-
ically the taxon Metacheiromys, share morphological features of
the auditory region with both Xenarthra and Pholidota (Gaudin
et al., 2019), most of which are likely derived characters (O'Leary
etal, 2013).

The fossil record of Pholidota is relatively incomplete, which
may in part explain the difficulties of finding shared morphological
features between Pholidota and Carnivora. Today, there are eight
recognized species of pangolins belonging to three genera, including
Manis from Asia and Phataginus and Smutsia from Africa (Gaubert
et al., 2011, 2020). However, it is likely that the number of species
is underestimated based on recent molecular data (Gu et al., 2023;
Heighton et al., 2023; Wangmo et al., 2025). There is also a significant
ghost lineage for Pholidota as the oldest fossil is dated to the middle
Eocene, while the oldest Carnivoramorpha and Palaeanodonta are
Paleocene in age (Gaudin et al., 2016, 2020; O'Leary et al., 2013).
Eocene pangolins are already relatively derived, sharing morpho-
logical features with Palaeanodonta, including postcranial fossorial
adaptations in the scapula, humerus, metapodials, and unguals (see
Gaudin et al., 2009, 2020; Rose et al., 2005; Storch, 2003). More spe-
cifically, the Eocene pangolin Eomanis was already clearly adapted to
afossorial lifestyle and likely had a myrmecophagous diet (e.g., it was
edentulous; Gaudin et al., 2020). Another taxon, Patriomanis is a late
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Eocene pangolin from North America that is also edentulous, but
shows a mix of fossorial and arboreal adaptations with a prehensile
tail (Gaudin et al., 2016, 2020).

Internal cranial anatomy has had an important role supporting
the close relationship between Pholidota and Carnivora because the
presence of an ossified tentorium has been one of the very few de-
rived morphological characters linking both clades. Most mammals
have a membranous tentorium that separates the cerebrum and cer-
ebellum, but Pholidota and Carnivora have a bony lamina within the
membranous tentorium (Gaudin et al., 2016). In Pholidota, the ossi-
fied tentorium extends from the anteroventral border of the petro-
sal to the dorsal part of the cranial cavity and includes components
from the parietal and squamosal (Gaudin et al., 2016). Carnivora
also has a tentorial process of the parietal but not of the squamo-
sal (Nojima, 1990). To study endocranial anatomy in fossil pango-
lins, the sediment inside the holotype cranium of the latest Eocene
taxon Patriomanis americana (AMNH F:AM 78999) was removed.
Its endocranial anatomy was briefly described by Emry (1970), who
found that this specimen had a less developed bony tentorium in
comparison to extant pangolins. More recently, the use of micro-
computed tomography (micro-CT) scanning has revolutionized our
understanding of the internal anatomy of extinct species by serv-
ing as a non-invasive technique that reveals endocranial anatomy
while preventing the destruction of the fossils themselves (Bertrand
et al., 2025; Dozo et al., 2023 and references therein). For example,
a study of the auditory region of Metacheiromys using CT data pro-
vided substantial new information regarding potential shared mor-
phological features among Palaeanodonta, Xenarthra, and Pholidota
(Gaudin et al., 2019). An ossified tentorium was found to be absent
in Metacheiromys, with only a sharp crista petrosa present forming
the ventral anchor of the membranous tentorium as in most other
mammals (Gaudin et al., 2019).

One aspect of the biology of both Pholidota and Palaesanodonta
that has been rarely studied relates to the evolution of their neuro-
sensory system, but here are some exceptions. A latex endocast of
the Pholidota Patriomanis americana was produced by Emry (1970).
A restoration of an endocranial cast based on the cranium of the
Palaeanodonta Palaeanodon ignavus (AMNH 15086) was pub-
lished by Matthew (1918) and reproduced by Simpson (1931).
Additionally, two natural endocasts of the epoicotheriid palaean-
odont Epoicotherium sp. (FMNH UM483; AMNH 9245) were pub-
lished by Patterson et al. (1992). Finally, a brain virtual endocast of
M. marshi (USNM 452349) was generated for a study by Bertrand
et al. (2022), but only quantitative data were produced and no ana-
tomical description of the virtual endocast was published.

We here describe the brain virtual endocasts of M. marshi USNM
452349 and AMNH 131777. We also provide quantifications on the
size of the brain and of its components for AMNH 131777 and com-
pare these values to those obtained for USNM 452349 by Bertrand
et al. (2022). We acknowledge that the relationships of palaean-
donts to extant placentals are not fully settled. Because the few ap-
propriate phylogenetic analyses (e.g., Gaudin et al., 2009; O'Leary
et al., 2013) recovered palaesanodont relationships with Pholidota,
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we also report on the brain virtual endocasts of two extant pango-
lins, Smutsia gigantea and Phataginus tricuspis. Because of the scar-
city of information on the endocasts of the extinct pangolins Pat.
americana and the palaeanodont Pal. ignavus and Epoicotherium sp.,
we only make references to these taxa when relevant information is
available. We also propose potential morphological characters based
on endocranial anatomy that could improve our understanding of
the phylogenetic relationships of Palaesanodonta, Pholidota, and
Xenarthra. Finally, we provide some hypotheses related to the im-
pact of myrmecophagy and slow locomotion on the brain evolution
of Pholidotamorpha and other mammals with similar adaptations.

1.1 | Institutional abbreviations

AMNH, American Museum of Natural History, New York, NY,
USA; AMNH F:AM, Frick collection: American Museum of Natural
History, New York, NY, USA; FMNH, Field Museum of Natural
History, Chicago, IL, USA; UCMP, University of California Museum
of Palaeontology, Berkeley, CA, USA; PSU, The Pennsylvania State
University, State College, PA, USA; USGS, U.S. Geological Survey,
Washington, D.C., USA; USNM, National Museum of Natural
History, Smithsonian Institution, Washington, D.C., USA.

2 | MATERIALS AND METHODS
2.1 | Specimens studied

The two relatively complete crania of M. marshi (AMNH 131777,
USNM 452349) used in the current study were recovered from the
Bridger Formation of Wyoming (middle Eocene; Bridgerian NALMA).
Metacheiromys marshi is considered one of the most dentally derived
palaeanodonts (Rose, 2008) as this taxon includes the most extreme
tooth reduction among palaesanodonts, with an almost completely
edentulous jaw (Schoch, 1984). Regarding the dental formula, the
upper teeth include a canine and one post-canine, while the lower
teeth correspond to one incisor, one canine, and two post-canine
teeth (Rose, 2008). Two extant pangolins were also included for
comparison. Smutsia gigantea (giant pangolin) is a large nocturnal
terrestrial pangolin (30-40kg; 112.5-180cm long) that can be found
in African savannas and rainforests and in areas with large termite
populations (Hoffmann et al., 2020). Phataginus tricuspis (white-
bellied pangolin) is one of the smallest pangolins (up to 3kg; 100cm
long), with a tail longer than its head and body combined. This semi-
arboreal and nocturnal species is found in lowland tropical moist
forests (both primary and secondary), as well as in savanna/forest
mosaics of Africa (Jansen et al., 2020). Other comparisons were
made with a latex endocast of Pat. americana (AMNH F:AM 78999:
Emry, 1970), a reconstruction of a natural endocast of Pal. ignavus
(AMNH 15086; Matthew, 1918; Simpson, 1931), and natural endo-
casts of Epoicotherium sp. (FMNH UM483; AMNH 9245; Patterson
etal., 1992).
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2.2 | Virtual endocast acquisition

To generate the virtual endocasts of the different specimens, CT scans
of the crania were processed using Avizo Lite 2019.4 (Visualization
Sciences Group, 1995-2019). Metacheiromys marshi (AMNH 131777)
was CT-scanned with a 2010 GE phoenix nano-focus v|tome|x s240 at
the American Museum of Natural History's Microscopy and Imaging
Facility (MIF). The other specimen of M. marshi (USNM 452349)
was scanned at the High-Resolution X-ray Computed Tomography
Facility at UChicago PaleoCT (University of Chicago, Department of
Organismal Biology and Anatomy, Chicago, IL, USA) by T. Gaudin. Both
specimens were provided by JRW. In terms of the scanning settings:
M. marshi (AMNH 131777) has a voxel size of 0.04240788 mm and
was scanned with a voltage of 225kV, and an amperage of 160pA.
Regarding M. marshi (USNM 452349), the voxel size is 0.026012 and
the specimen was scanned with a voltage of 190kV and an amper-
age of 136 uA. The two modern specimens: S. gigantea (AMNH 53855;
Media ID: 000106417) and P. tricuspis (AMNH 53874; Media ID:
000084693) were downloaded from Morphosource. Both specimens
were uploaded by A. Harrington. The specimens are curated at the
AMNH Mammalogy Department and were CT-scanned with a Nikon
Metrology XT H 225 ST at the Duke Shared Materials Instrumentation
Facility (SMiF, Duke University, NC, USA). Smutsia gigantea has a voxel
size of 0.079287 mm and was scanned with a voltage of 193kV and an
amperage of 82pA, while P. tricuspis has a voxel size of 0.046592mm
and was scanned with a voltage of 178kV and an amperage of 82 pA.
For this work, AMNH 131777 was segmented by ECB following
the segmentation procedure for USNM 452349, segmented by OCB
(Bertrand et al., 2022). The pen tool was used to isolate the endocranial
cavity of the cranium because the inside was filled with sediment, and
in some areas, the matrix was of similar density to the bone. Then inter-
polation was performed every three slices. In the extant S. gigantea and
P. tricuspis, the absence of sediment made the segmentation simpler.
Interpolation was performed every five slices for the modern dataset
instead of three for the fossils. Then, Biomedisa (Losel et al., 2020)
was used for semi-automatic interpolation using the CT data and the
label field file of the segmentation that had been generated by hand
for the extant specimens. This resulted in a completely segmented
version of the virtual endocast that was cleaned in Avizo to generate
the final versions of the endocasts. In the fossils, when the bone was
not preserved or was detached from the matrix due to a fracture, a
straight line was used to link the two nearest pieces of bone and to
be conservative with the reconstruction of the endocast. In the three
virtual endocasts made for this work, the post-processing protocol for
USNM 452349 (Bertrand et al., 2022) was followed. The endocranial
volume and the size of different brain components were quantified. To
determine the endocranial volume, we generated a ‘surface rendering’
of the endocast in Avizo. The olfactory bulbs were isolated from the
rest of the endocast using the ‘volume edit’ module and subsequently
their volume was measured with the ‘Surface Area Volume’ option in
Avizo (Figure S1). The petrosal lobules (= paraflocculi) were first re-
segmented in Avizo and their volume was calculated using the ‘Surface
Area Volume’ for USNM 452349 in Bertrand et al. (2022). Because of
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the poorer preservation of AMNH 131777 in this area and the great
reduction of the subarcuate fossa (Jollie, 1968; where the petrosal
lobules are located) on the endocast of S. gigantea and P. tricuspis, the
volume of the petrosal lobules was not calculated in these specimens.
Finally, to calculate the neocortical surface area, the ‘generate surface’
function was used, and then this structure was isolated from the rest
of the endocast through the ‘extract surface’ tool. The boundaries of
the neocortical surface are defined by the rhinal fissure on the lateral
aspect of the endocast, but this structure was challenging to identify
with certainty on the lateral aspect along the entire length of the ce-
rebrum in the two modern specimens of pangolins. Imam et al. (2018)
illustrated the brain and specifically the boundaries of the paleocortex
of P. tricuspis (= Manis tricuspis), which helped us in our segmentation
of the neocortex in the extant taxa (Figure S1). However, the value
for neocortical surface area of S. gigantea should be taken with cau-
tion as the brain of this species has not been published to guide our
extraction and only P. tricuspis was used. Linear measurements were
taken following the procedure from Bertrand and Silcox (2016) for ro-
dents that were also applied to other mammals (e.g., Bertrand, Jiménez
Lao, et al., 2024). Rendering of the virtual endocasts inside the translu-
cent crania were also produced in Avizo (Figure 1). The colours used for
the endocasts correspond to what is calculated for the brain endocast
(blue) and the petrosal lobule (green) volumes in Avizo. The remain-
ing part in yellow corresponds to vessels in bony canals that are not
counted as part of the endocranial volume because they would lead to

an overestimation of the endocranial volume.

2.3 | Body mass and encephalization quotient
estimations

The most common proxy used to estimate the body mass of a fossil
mammal is the area of the first lower molar (Hopkins, 2018), but the
taxa studied here either have reduced or no teeth, which means we
had to use another proxy. We could have used limb-based mass esti-
mations, with either the lengths of long bones or the midshaft cross-
sectional dimensions of the humerus, femur, or both. However,
there are no postcrania elements at our disposal to estimate the
body mass of AMNH 131777. Another option is to estimate body
mass using the occipital condyle width (OCW). This dimension has
been found to be a strong predictor of body mass in therian mam-
mals (Engelman, 2022). Therefore, we used the following equa-
tion: In(body mass)=7.70727 xIn(OCW)2/3-8.21527 (only therians
equation). We used the same equation to estimate the body mass of
USNM 452349, S. gigantea, and P. tricuspis for consistency.

A standard practice in palaeoneurobiology is to calculate the
Encephalization Quotient (EQ; Jerison, 1973). The EQ corresponds
to the ratio between the actual brain size (E;) of a species ‘I’ and
the brain size that is expected for a hypothetical mammal of the
same body mass (E_; Martin, 1990). The EQ was calculated follow-
ing the equation from Jerison (1973) (EQ=brain size/(0.12 x (body
mass)®®’)) and the equation from Eisenberg (1981) (EQ = brain size/
(0.0553 x (body mass)®”4). We used both because Jerison (1973)'s
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FIGURE 1 Right lateral views of the translucent crania with their virtual endocasts inside of Metacheiromys marshi (a) AMNH 131777,
(b) USNM 452349; (c) Phataginus tricuspis (AMNH 53874); and (d) Smutsia gigantea (AMNH 53855). Only the major bony canals have been

traced in yellow in extant pangolins. Scale bars represent 10 mm.

equation may underestimate and Eisenberg (1981)'s equation may
overestimate the EQ of a particular specimen because of differ-
ences between the samples that were used to produce these
equations (see Bertrand et al., 2017).

2.4 | Cranial vascular system

Little has been published on the cranial vascular system of ex-
tant pangolins. Cranial arteries have been described for P. tetra-
dactyla (= Manis macrura) by Hyrtl (1854) and Manis javanica by
Bugge (1979). Radiographs of injected cranial arteries are illus-
trated for P. tricuspis (= Manis tricuspis) and Manis pentadactyla in
Du Boulay and Verity (1973). Aspects of the intracranial venous
system have been reported recently for extant pangolins as well as
for Pat. americana (AMNH 78999) and M. marshi (USNM 452349)
by Billet et al. (2026).

3 | DESCRIPTIONS AND COMPARISONS

3.1 | Overall brain endocast and encephalization
quotient

The cranium of the two specimens of M. marshi does not show any de-
formation and only presents a few fractures that minimally alter the
final endocast models with the exception of the poor preservation of

the subarcuate fossa in AMNH 131777. Metacheiromys marshi USNM
452349 has a larger brain endocast based on endocranial length and
width (TL: total endocast length; CRMW: Cerebrum maximal width;
Table 1) compared with AMNH 131777. Regarding P. tricuspis, it has
similar dimensions to USNM 452349, while the endocast of S. gi-
gantea displays the largest dimensions of the sample (Table 1). Based
on body mass and endocranial volume, AMNH 131777 has an EQ
of 0.49 and 0.66 based on Jerison's equation (1973) and Eisenberg's
equation (1981), respectively (Table 1), while USNM 452349 has an
EQ of 0.57 (Jerison equation) and 0.76 (Eisenberg equation; Table 1).
For both S. gigantea and P. tricuspis, the EQ is 0.48 using Jerison's
equation, which is very similar to the values for M. marshi using the
same equation. With Eisenberg's equation, the values are again
higher, at 0.52 and 0.60 for P. tricuspis and S. gigantea, respectively,
but still lower than the values obtained for M. marshi (Table 1).

3.2 | Olfactory bulbs

In dorsal view, the mid-region of the olfactory bulbs in both
specimens of M. marshi is wide (although wider in AMNH 131777)
and then narrows anteriorly towards the tip and posteriorly at
the level of the circular fissure (Figure 2a,b). In lateral view, the
olfactory bulbs have a triangular form, with the narrowest point
located anterodorsally (Figure 3a-d). In both S. gigantea and
P. tricuspis, the olfactory bulbs are rounded in dorsal view and
separated by an anteroposterior gap (Figure 2c,d), which is absent
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TABLE 1 Linear measurements, surface areas, volumes, EQ, body mass measurements and their ratios for the endocasts of

Palaesanodonta and extant pangolins.

Metacheiromys marshi
(AMNH 131777)

Measurements (mm)

Total endocast length (TL) 35.12
Olfactory bulb length (OL) 7.83
Olfactory bulb width (OW) 15.59
Olfactory bulb height (OH) 8.31
Cerebrum maximal length (CRML) 18.09
Cerebrum maximal width (CRMW) 21.51
Cerebrum maximal height (CRMH) 15.39
Cerebellum maximal length (CLML) 9.50
Cerebellum maximal width (CLMW) 18.00
Occipital condylar width (OCW) 15.31
Ratios linear measurements (%)
OL/TL 22.29
OL/OW 50.22
OL/OH 94.22
CRML/TL 51.51
CLMW/CRMW 83.68
OW/CRMW 72.48
OW/CLMW 86.61
OL/CRMH 50.88
CLMW/CRMH 83.68
Surface areas (mm?) and volumes (mm°)
Total endocast surface area (TS) 2270.02
Neocortical surface area (NS) 237.79
Total endocast volume (TV) 5725.65
Olfactory bulb volume (OV) 407.28

Petrosal lobule volume (PV) —

Ratios surface areas and volumes (%)

OV/TV 711
OV/BM 0.04
PV/TV =

PV/BM =

NS/TS 10.48
NS/BM 0.03

Encephalization quotient (EQ)

EQ Jerison (1973) 0.49
EQ Eisenberg (1981) 0.66
Body mass (BM) 928.96

Note: The values in bold are published in Bertrand et al. (2022).

in M. marshi where instead we can observe the cast of the superior
olfactory sinus (Figure 2a,b). The superior olfactory sinus is also
visible in Epoicotherium sp. (Patterson et al., 1992: figure 19). In
lateral view, the olfactory bulbs are shorter anteroposteriorly in
both S. gigantea and P. tricuspis (Figure 3e-h) compared with M.

Metacheiromys marshi ~ Smutsia gigantea Phataginus tricuspis
(USNM 452349) (AMNH 53855) (AMNH 53874)
40.05 69.33 40.22
9.09 15.00 7.60
16.21 30.10 18.74
8.09 18.49 11.40
19.26 38.85 20.30
23.22 46.06 29.95
16.02 34.33 20.70
10.26 19.45 11.81
19.68 36.25 25.14
15.32 37.65 20.44
22.70 21.64 18.90
56.08 49.83 40.55
112.36 81.12 66.67
48.09 56.04 50.47
84.75 78.70 83.94
69.81 65.35 62.57
82.37 83.03 74.54
56.74 43.69 36.71
84.75 78.70 83.94
2678.25 9578.00 3555.60
307.18 2647.17 113191
6641.68 46404.20 11289.50
425.83 2590.81 611.43
10.23 - -
6.42 5.58 5.42
0.05 0.01 0.02
0.15 = =
0.001 — —
11.65 27.64 31.83
0.03 0.01 0.04
0.57 0.48 0.48
0.76 0.52 0.60
931.19 21662.95 2640.60

marshi (Figure 3a,b); however, the narrowest point of the olfactory
bulbs is also the anterodorsal region as in M. marshi (Figure 2a,b).
Emry (1970) described Pat. americana as having short olfactory
bulbs anteroposteriorly, which is more similar to extant pangolins
than to M. marshi. In contrast, the olfactory bulbs in Pal. ignavus
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FIGURE 2 Virtual reconstructions in dorsal view of the brain endocasts of Metacheiromys marshi (a) AMNH 131777; (b) USNM 452349; (c)
Phataginus tricuspis (AMNH 53874); and (d) Smutsia gigantea (AMNH 53855). Cor. g, coronal gyrus; ecto. g, ectosylvian gyrus; lateral g, lateral
gyrus; orb. g, orbital gyrus; sig. g, sigmoid gyrus; sup. g, suprasylvian gyrus. Bony canals are in yellow. Scale bars represent 10 mm.

have similar proportions to those of M. marshi, its close relative
(Simpson, 1931). The olfactory bulbs of Epoicotherium sp. are
anteroposteriorly shorter and mediolaterally wider (Patterson
etal., 1992: figure 19) compared with M. marshi and the two extant
pangolins. The circular fissure, which separates the olfactory
bulbs from the rest of the endocast, appears expanded in M.
marshi (Figure 2a,b) compared with the two modern species. It
is narrower in S. gigantea (Figure 2d) and even more compressed

anteroposteriorly in P. tricuspis (Figure 2c). The anterior aspect
of the olfactory bulbs is oriented more ventrally in M. marshi
compared with S. gigantea and P. tricuspis in which it is oriented
more anteriorly (Figure 1). One of the reasons might be due to the
fact that the olfactory bulbs are more expanded anterodorsally in
M. marshi than in both extant pangolins (Figure 1).

The olfactory bulbs of AMNH 131777 represent a total of
7.10% of the total volume of the endocast and 0.04% compared
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FIGURE 3 Virtual reconstructions in lateral view of the brain endocasts of Metacheiromys marshi (a, b) AMNH 131777; (c, d) USNM
452349; (e, f) Phataginus tricuspis (AMNH 53874); and (g, h) Smutsia gigantea (AMNH 53855). Cor. g, coronal gyrus; ecto. g, ectosylvian gyrus;
lateral g, lateral gyrus; orb. g, orbital gyrus; otc, orbitotemporal canal; ptc, post-temporal canal; sig. g, sigmoid gyrus; sup. g, suprasylvian
gyrus. Bony canals are in yellow. The black dashed lines represent the border between the otc and ptc, which corresponds to the position of

the transverse sinus. Scale bars represent 10mm.

with body mass (Table 1). They account for a higher volume in
USNM 452349 (Table 1), but represent a lower percentage in com-
parison to endocranial volume (6.42%), but higher compared with
body mass (0.05%). In terms of the linear measurements of the
olfactory bulbs, they are slightly higher in USNM 452349 than in
AMNH 131777 (Table 1). In S. gigantea, the olfactory bulbs rep-
resent a lower percentage in relation to both endocranial volume
(5.58%) and body mass (0.01%; Table 1) compared with M. marshi.
In P. tricuspis, the volume of the olfactory bulbs represents a sim-
ilar ratio to S. gigantea in comparison to both endocranial volume
(5.42%) and body mass (0.02%; Table 1). Using the ratios OL/OH,
OL/OW, OL/TL (OL: olfactory bulb length, OH: olfactory bulb
height, OW: olfactory bulb width), we observe that M. marshi has
more elongated olfactory bulbs than the extant species, in which
the bulbs appear to be compressed anteroposteriorly (Table 1,

Figure 3).

3.3 | Cerebrum and midbrain

The cerebrum, as in all other mammals, is composed of two dif-
ferent parts, the neocortex and the paleocortex (= piriform lobe;
Martin, 1990). In dorsal view, the cerebrum of M. marshi displays
an elongated ovoid shape with a maximum width in the mid-region
to posterior third that slightly narrows towards the olfactory bulbs,
which means that the cerebrum is mediolaterally narrower ante-
riorly (Figure 2a,b). In the extant pangolins, the cerebrum is more
rectangular in dorsal view, with the posterior region being wider
than the anterior part (Figure 2c,d). Patriomanis americana has a
smaller cerebrum compared with the extant pangolins (Emry, 1970).
Both Palaeanodon ignavus and Epoicotherium sp., have a cerebrum
that is mediolaterally narrower anteriorly compared with its pos-
terior region than M. marshi and extant pangolins (Simpson, 1931;
Patterson et al., 1992: figure 19). The cerebrum is separated from
the olfactory bulbs by the circular fissure in all taxa including
Epoicotherium sp. and it was likely the case as well in Pal. ignavus
and Pat. americana, although it was not noted in the original de-
scriptions of Simpson (1931) and Emry (1970). In dorsal view, the
medial region of the cerebrum is more anteriorly positioned than
the lateral edges in M. marshi and S. gigantea (Figure 2a,b,d), while in
P. tricuspis (Figure 2c) and Epoicotherium sp. (Patterson et al., 1992:
figure 19), it is mediolaterally straight. In both specimens of M. mar-
shi, the neocortical surface is delimited by the rhinal fissure later-
ally (Figures 2a,b and 3a,b), the transverse sinus posteriorly, and the
circular fissure anteriorly (Figure 2a,b). In dorsal view, the neocor-
tex does not expand laterally (Figure 2a,b) and in lateral view, the
neocortex does not expand ventrally either, and is overall mainly

confined to the dorsal aspect of the endocast (Figure 3a,b). In dor-
sal and lateral views, the neocortex expands laterally, ventrally, and
posteriorly more in both S. gigantea and P. tricuspis compared with
M. marshi (Figures 2c¢,d and 3e-h). In lateral view, the neocortex of
the extant taxa is also delimited by the rhinal fissure from the pale-
ocortex (Figure 3e-h). The neocortex of M. marshi (AMNH 131777)
accounts for 10.54% of the total surface of the endocast (Table 1).
In M. marshi (USNM 452349), it represents 11.65% of the endocast
(Table 1). Compared with the fossils, the neocortex represents a
much larger proportion of the brain in both S. gigantea (25.96%)
and P. tricuspis (32.25%). In relation to body mass, the neocortex
is smaller in S. gigantea (0.01%) and higher in P. tricuspis (0.04%)
in comparison to M. marshi (0.03%). The rhinal fissure would have
had a more dorsal position in Pat. americana compared with Manis
(Emry, 1970). The same structure was also annotated with a ques-
tion mark in Pal. ignavus but its position was not discussed in
Simpson (1931: figure 9). The rhinal fissure in Pal. ignavus appears to
be in a similar position as in M. marshi, also suggesting a neocortical
expansion limited to the dorsal aspect of the endocast. Similarly in
Epoicotherium sp. (Patterson et al., 1992: figure 19), the neocortex
appeared to have been limited to the dorsal surface of the cerebrum
delimited by the rhinal fissure laterally, although not labelled.

As in M. marshi, there is no contact of the neocortex with the
olfactory bulbs in the extant taxa because of the presence of the
circular fissure anteriorly (Figure 3e-h). In dorsal view, the circular
fissure is in contact with the neocortex medially and the paleocortex
laterally in M. marshi (Figure 2a,b). In the extant species, the poste-
rior region of the neocortex is separated from the cerebellum by the
ossified tentorium, which acts as a physical barrier between these
structures (Figure 3e-h; S2m-p). The orbital gyrus can be differ-
entiated in the most anterior region of the neocortex in M. marshi,
S. gigantea, and P. tricuspis (see fresh brain of a P. tricuspis in Imam
et al., 2017: Figure 1a,b). This gyrus is delimited anteriorly by the
circular fissure and posteriorly by the presylvian sulcus (Figure 2; as
observed in the carnivoran Canis in Lyras et al., 2023: figure 17.4e),
medially by the superior sagittal sinus (or by the medial border of
the hemispheres in extant pangolins as their superior sagittal sinus if
they have one does not leave a trace on the endocast) and laterally
by the rhinal fissure (Figures 2 and 3). In dorsal view, it is difficult to
identify the presence or absence of other sulci in both specimens
of M. marshi (Figure 2a,b). We note the possible presence of a lat-
eral sulcus on the right hemisphere of M. marshi AMNH 131777
(Figure 2a) and Epoicotherium sp. (Patterson et al., 1992: figure 19).
Simpson (1931) also mentioned that one or more longitudinal sulci
may have been present in Pal. ignavus, but Patterson et al. (1992)
noted that a presylvian sulcus (=transverse cerebral fissure) was
not present in Palaeanodon. In Epoicotherium sp., a presylvian sulcus
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and an orbital gyrus are both present and well developed (Patterson
et al., 1992: figure 19).

In dorsal view, the gyri and sulci on the surface of the endocast of
P. tricuspis are relatively well demarcated and some of them are visi-
ble in S. gigantea (Figure 2c,d). The orbital gyrus, presylvian, and lat-
eral sulci are all visible in P. tricuspis and S. gigantea. The lateral sulcus
holds a similar position in the extant taxa as in M. marshi (Figure 2).
Additionally, both extant taxa have a clearly demarcated lateral
gyrus extending anteroposteriorly bordered by the cerebral hemi-
sphere midline medially and the lateral sulcus laterally (Figure 2c,d).
Lateral to the latter sulcus, there are three gyri running in an ante-
rior to posterior direction: sigmoid, coronal, and suprasylvian gyri
(Figure 2c,d). They could not be distinguished with ease, so we used
Imam et al. (2017) as a guide to identify them in both P. tricuspis and
S. gigantea. Lateral to these gyri, a suprasylvian sulcus is present and
more clearly visible in P. tricuspis than in S. gigantea (Figure 2c,d). The
most lateral region next to this sulcus corresponds to the ectosylvian
gyrus (Figure 2c,d). In dorsal view, anterior to the orbital gyrus in S.
gigantea, a sulcus and likely the paleocortex are visible (Figures 2d
and 3g,h), suggesting that the neocortex only contacts the circu-
lar fissure medially as in M. marshi, but contrasts with P. tricuspis in
which the neocortex is in contact with the circular fissure mediolat-
erally (Figure 2c). Those different gyri and sulci can also be seen in
lateral view with the ectosylvian gyrus as the most ventrally located
neocortical gyrus (Figure 3e-h). We were able to identify the ante-
rior and posterior ectosylvian gyri, which are separated by the syl-
vian sulcus (see Imam et al., 2017). The sylvian sulcus is very faint, is
not visible in lateral view, and only visible when observed at specific
angles. In lateral view, the paleocortex is more ventrally expanded
in P. tricuspis and S. gigantea in comparison to M. marshi (Figure 3).
In ventral view, the paleocortex appears more developed anteriorly
in M. marshi and S. gigantea, forming bulbous lobes also known as
olfactory peduncles (Igado et al., 2021), in comparison to P. tricuspis,
which exhibits less pronounced lobes (Figure 4c). Emry (1970) de-
scribed Pat. americana as displaying a pattern of sulci very similar to
that of Manis without providing further details.

In dorsal and lateral views, M. marshi has a groove located pos-
terior to the cerebrum and anterior to the cerebellum correspond-
ing to the exposure of the midbrain (Figures 2a,b and 3a,b). In P.
tricuspis and in S. gigantea, the midbrain is not visible. It is covered
mainly by the neocortex and also slightly by the cerebellum (see
Imam et al., 2017: Figure 6a). Patriomanis americana and Pal. igna-
vus were also described as not displaying an exposed midbrain by
Simpson (1931) and Emry (1970) but it is challenging to verify this
claim as this regions is not well preserved on the latex endocast
of Pat. americanus. On the reconstruction of the brain endocast of
Pal. ignavus, the midbrain is not annotated, only the confluence of
sinuses is labelled and there appears to be little space between the
sinuses and the vermis (Simpson, 1931: figure 9). In Epoicotherium
sp., the midbrain is not visible and likely ventral to the cerebrum and
cerebellum as these two structures are in contact with each other
(Patterson et al., 1992: figure 19). An extensive dorsolateral gap is
present between the cerebrum and the cerebellum in P. tricuspis in

CABASES BRU ET AL.

contrast to S. gigantea, in which the gap is shallower (Figures 2c,d
and 3e-h). This space for the ossified tentorium is hidden dorsally by
the large canal containing the transverse sinus in S. gigantea, which
is relatively thinner in P. tricuspis (Figures 2c,d and 3e-h). There is a
clear development of the ossified tentorium in P. tricuspis in contrast
to M. marshi in which this structure is absent (Figure 5). In P. tricuspis,
the tentorium includes processes from the parietal, squamosal, and
alisphenoid, while in S. gigantea, it is made of the same bones minus
the alisphenoid. An ossified tentorium was present in the early
pangolin Pat. americana but was less developed than in Manis. It is
comprised of parietal and squamosal (Gaudin et al., 2016). According
to Emry (1970), an ossified tentorium was present in the palaeano-
dont Pal. ignavus, although less prominent than in Manis; however,
he did not specify the bones comprising the tentorium. Similarly,
Epoicotherium sp. was described as having an ossified tentorium by
Patterson et al. (1992).

3.4 | Cerebellum

The cerebellum is slightly narrower than the maximum medi-
olateral dimension of the endocast in all specimens, although
to a higher degree in S. gigantea and potentially in Pal. ignavus
(Figure 2; Simpson, 1931: figure 9). Interestingly, the cerebellum
appears to be the narrowest mediolaterally in Epoicotherium sp.
(Patterson et al., 1992: figure 19). The ratio between the cerebel-
lum maximal width (CLMW) and the cerebrum maximal width
(CRMW) shows that in M. marshi and P. tricuspis, the cerebellum
accounts for 83-84% of the width of the cerebrum, while in S.
gigantea, the cerebellum accounts for only 78% of the cerebrum
(Table 1). In dorsal view, each lateral lobe of the cerebellum is
medially separated from the vermis by the paramedian fissure. A
dorsal cerebellar vein left a trace lateral to the paramedian fis-
sure in M. marshi (AMNH 131777; Figure 2a). The vermis and lat-
eral lobes are of similar proportions in all taxa described here as
well as in Pat. americana (Emry, 1970). The cerebellar lobes are
slightly broader than the vermis in Epoicotherium sp. (Patterson
et al., 1992: figure 19). These cerebellar structures were not com-
pared in terms of their proportions in Pal. ignavus but appear to
be of similar proportions (Simpson, 1931: figure 9). The cast of
the vermis does not have any trace of the transverse fissures in
the described specimens including in Pal. ignavus (Simpson, 1931).
However, this is likely due to the transverse fissures not leaving a
mark on the endocranial cavity as they are present on the brain of
P. tricuspis (Imam et al., 2017: figure 1). No description of cerebel-
lum anatomy for Pat. americana was provided in Emry (1970) and
the natural endocast does not provide sufficient details for formu-
lating a fair description of the cerebellar anatomy. The paramed-
ian fissure is well marked on the endocranial surface of M. marshi
and P. tricuspis in comparison to S. gigantea in which this struc-
ture is harder to distinguish, which could be due to the dura mater
being thicker in that region (Figure 2). In lateral view, the vermis
is more dorsally expanded in M. marshi compared with P. tricuspis
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FIGURE 4 Virtual reconstructions in ventral view of the brain endocasts of Metacheiromys marshi (a) AMNH 131777; (b) USNM 452349;
(c) Phataginus tricuspis (AMNH 53874); and (d) Smutsia gigantea (AMNH 53855). Bony canals are in yellow. Scale bars represent 10 mm.

and S. gigantea (Figure 3). In lateral view, the petrosal lobules (only (AMNH 131777), the volume of the petrosal lobules was not meas-
fully segmented in USNM 452349) are located anteroventral to ured because only part of these structures could be reconstructed
the rest of the cerebellum (Figure 3c,d). Their combined volume (Figure 3b). In S. gigantea and P. tricuspis, the subarcuate fossae
is 10.23mm°. The petrosal lobules represent 0.15% and 0.001% are very reduced and therefore the petrosal lobules could not be
of the brain endocast and body mass, respectively. In M. marshi quantified in these two specimens (Figure 3e-h). Simpson (1931)
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FIGURE 5 Translucent crania with the virtual endocast inside in lateral view and high-resolution X-ray computed tomography slices of (a,
b) M. marshi (USNM 452349) and (c, d) Phataginus tricuspis (AMNH 53874). CT slices were taken at the levels indicated with the red lines of

each specimen. Scale bars represent 10mm.

mentioned that the floccular regions of the cerebellum (= petrosal
lobules) are not visible in Pal. ignavus. CT scanning of a specimen
of Pal. ignavus will be necessary to verify the presence or absence
of these structures.

3.5 | Cranial nerves and blood vessels

In lateral view, the ethmoidal nerve and vessels are located ventral
to each olfactory bulb in all specimens (Figure 3). In S. gigantea, the
canal containing these nerves and vessels divides into two branches
that exit the cranium separately (Figure 3g,h). This contrasts with M.
marshi and P. tricuspis, in which this canal is restricted to one fora-
men (Figure 3a-f). In ventral view, M. marshi has a canal for the optic
nerve (ll) located posterior to the circular fissure connected to the
optic chiasm, which is located posteromedial to the cast of each optic
nerve (Figure 4a,b). This configuration is different in the extant taxa,
with P. tricuspis and S. gigantea having the optic canals more poste-
riorly located, the chiasm less prominent, and shorter canals for the
optic nerves leading to the optic foramina (especially in P. tricuspis)
compared with M. marshi (Figure 4c,d). These canals and the optic
foramina are also much closer to the median sagittal plane in extant
pangolins compared with M. marshi, in which they open far from each
other mediolaterally (Figure 4). Using the CT data, we observe that in
P. tricuspis, the optic nerves remain in the chiasma until they exit the
cranium bilaterally through the optic foramen (Figure 4c). In ventral
view, posterior to nerve |l (optic), the sphenorbital fissure is present

and likely carried the ophthalmic vein and cranial nerves Il (oculomo-
tor), IV (trochlear), V, (ophthalmic), V, (maxillary), and VI (abducens)
in all specimens (Figure 4). Indeed, this configuration is likely the
ancestral condition for eutherians and is present in many placental
mammals, including dermopterans, chiropterans, and carnivorans
(Christensen & Evans, 1979; Novacek, 1986; O'Leary et al., 2013).

Posteromedial to the sphenorbital fissures, all specimens pre-
serve the hypophyseal fossa that would have contained the hypoph-
ysis (pituitary gland) (Figure 4). This structure has a more rectangular
shape and appears larger in M. marshi compared with P. tricuspis
and S. gigantea in which it is smaller and more rounded (Figure 4). In
ventral view, slightly anterolateral to the hypophyseal fossa, cranial
nerve V, (i.e., mandibular branch of the trigeminal nerve) is present
in all specimens (Figure 4). This branch exits the endocranial cavity
through the foramen ovale. Cranial nerves VII (facial nerve) and VIl
(vestibulocochlear nerve) can be identified and are located ventral
to the boundary between the cerebrum and the cerebellum in M.
marshi (Figure 3a,b) and anterior to this boundary (ventral to the ce-
rebrum) in P. tricuspis and S. gigantea (Figure 3c,d). The separation be-
tween these two nerves is only visible in M. marshi (USNM 452349)
because of the poor preservation in AMNH 131777 (Figure 4a,b).
The two extant specimens, P. tricuspis and S. gigantea, have a longer
common canal before splitting into separate canals (not traced be-
yond the common canal in Figure 4c,d) compared with the condition
in M. marshi.

The exit of the internal jugular vein and cranial nerves IX (glos-
sopharyngeal nerve), X (vagus nerve), and Xl (accessory nerve) can
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be identified in M. marshi. In contrast to other mammals, such as
rodents (e.g., Bertrand et al., 2019), there are two foramina in-
stead of one jugular foramen in M. marshi (Figure 4a,b), as noted by
Gaudin et al. (2019). The nerves would have exited more medially
through the medial jugular foramen and the jugular vein through
the lateral jugular foramen (see Gaudin et al., 2019). The cast for
cranial nerve Xll (hypoglossal) located posterior to the jugular fo-
ramina leaves the endocranial cavity through the hypoglossal fo-
ramen in M. marshi (Figure 4a,b). The extant P. tricuspis has a more
typical arrangement with only one jugular foramen for the internal
jugular vein and nerves IX, X, XI (Figure 4c), which is also the case
in Palaeanodon (Matthew, 1918; Patterson et al., 1992) and Pat.
americana (Gaudin et al., 2016). As in M. marshi, nerve Xl| exited
through the hypoglossal foramen in P. tricuspis (Figure 4c). In con-
trast, in S. gigantea, only one large foramen is visible, suggesting
that all nerves and vessels (i.e., IX, X, XI, XIl and the internal jug-
ular vein) would have exited through this opening (Figure 4d). A
separate hypoglossal foramen is absent in S. gigantea (Gaudin &
Wible, 1999).

In lateral view, a large longitudinal channel containing arteries
and veins runs between the occiput and orbit in both specimens
of M. marshi (Figure 3a-d). The posterior part of this channel is en-
closed in a canal, whereas the anterior part is open on the virtual en-
docast. Although a continuous structure, the bone enclosed portion
is actually two named canals: the posterior half opposite the cere-
bellum is the post-temporal canal and the anterior half opposite the
cerebrum is the orbitotemporal canal (see Wible, 1987). The primary
occupants of the orbitotemporal canal were the ramus supraorbit-
alis and accompanying vein and of the post-temporal canal are the
arteria and vena diploética magna (Wible, 1987). The vessels on the
virtual endocast anterior to the orbitotemporal canal are the con-
tinuation of the ramus supraorbitalis and accompanying vein, which
we refer to as orbitotemporal vessels. The orbitotemporal vessels
sent arteries and veins to the temporalis muscle (rami temporales)
through foramina in the braincase wall. Gaudin et al. (2019) reported
five foramina on the right and four on the left for AMNH 131777,
two in the squamosal bilaterally and the remainder in the parietal.
The orbitotemporal vessels do not leave a trace on the endocranial
surface and the post-temporal canal is absent in P. tricuspis and in S.
gigantea (Figure 3e-h), and in Pat. americana (Billet et al., 2026). The
orbitotemporal vessels appear to leave a trace on the endocast of
Epoicotherium sp. and the orbitotemporal canal might also be present
(Patterson et al., 1992: figure 19). Bugge (1979) reported the arteria
diploética magna as absent in Manis javanica, but a small ramus su-
praorbitalis runs open in the endocranium. It is uncertain whether
or not the African pangolins had a similar ramus supraorbitalis.
Foramina for rami temporales are absent in Pat. americana (Gaudin
et al., 2019) and extant pangolins (Jollie, 1968).

In dorsal view of the endocast of M. marshi, the superior sagittal
sinus running medially between the cerebral hemispheres connects
to the transverse sinus, which in turn is connected to the conflu-
ence of sinuses, forming the posterior margin of the neocortex
(Figure 2a,b). The same configuration was observed in Pal. ignavus
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by Simpson (1931) and in Epoicotherium sp. (Patterson et al., 1992:
figure 19). In extant pangolins and Pat. americana, the presence of
the superior sagittal sinus cannot be determined with certainty as
it does not leave a trace on the surface of the endocranial cavity
(Figure 2c,d); instead, there is a vast network of diploic canals in
the frontal and parietal (Billet et al., 2026). The transverse sinus,
which connects to the confluence of sinuses in P. tricuspis and S. gi-
gantea, has branches directed posteriorly, but these are not present
on either specimen of M. marshi (Figure 2c,d). After inspecting the
CT data carefully, we confirm that this branch leads to a multitude
of small canals in the interparietal and supraoccipital in P. tricuspis,
while these canals are relatively larger in S. gigantea. Their content
likely corresponds to supraoccipital emissary veins exiting caudally
through multiple supraoccipital foramina in both specimens, al-
though they are more numerous and larger in diameter in S. gigantea
(Figure 6a,b).

In placentals, the transverse sinus divides into three branches:
the capsuloparietal emissary vein (CEV) or temporal sinus, the
sigmoid sinus (SS), and the superior petrosal sinus (SPS; e.g.,
Wible, 1984, Novacek, 1986; Muizon et al., 2015). The CEV exits
the cranium as the postglenoid vein via the postglenoid foramen,
the SS as the internal jugular vein via the jugular foramen, and the
SPS runs anteriorly on the endocranial surface of the petrosal. The
postglenoid foramen is absent in M. marshi (Gaudin et al., 2019),
and there is no indication of the CEV or of the SPS (Figure 2a,b).
However, a postglenoid foramen is present in Palaeanodon sp. USGS
21876 (Patterson et al., 1992). In P. tricuspis and S. gigantea, the CEV
is continuous with the transverse sinus, but they are both encased in
canals (Figure 3e-h). In lateral view, the CEV starts posterior to the
tentorium at the level of the lateral lobe of the cerebellum and runs
anteroventrally, reaching the level of the ventral aspect of the paleo-
cortex and leaving the cranium through the postglenoid foramen as
the postglenoid vein (Figure 3e-h). The whole canal (i.e., transverse
sinus, CEV, and postglenoid vein) is much larger in S. gigantea than in
P. tricuspis (Figure 3e-h). Billet et al. (2026) found a similar canal for
these veins in Pat. americana and extant pangolins. Neither P. tricus-
pis nor S. gigantea show evidence of the SPS.

A large SS is seen in M. marshi (Figure 3a,b). Its most dorsal seg-
ment is in a short canal that communicates with the post-temporal
canal. It then lies against the cerebellum and its path has a slightly
posteroventral orientation that becomes completely ventral on the
brainstem, exiting at the jugular foramen. Additionally, the SS is con-
nected to the condyloid vein, which is encased in a canal in M. marshi
(Figure 3a,b). The content of the condyloid canal would have exited
via the foramen magnum in this taxon (Figure 4a,b). The condyloid
canal is also connected to the hypoglossal foramen. One difference
between the two specimens of M. marshi is that in AMNH 131777
the anterior end of the condyloid canal splits into two canals, while
in USNM 452349, there are three canals including two leading to
the SS and one to the hypoglossal foramen (Figure 4a,b). The SS is
tiny in the extant pangolins. In S. gigantea, the SS on the left side
is first in a short canal oriented dorsoventrally and then connects
to the endocranial cavity as in M. marshi; a similar canal is absent
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on the right side (Figure 3g,h). In P. tricuspis, the SS is also within a
short canal, but it is oriented anteroposteriorly before it too joins
the endocranial cavity. This specimen also exhibits asymmetry, as
one side presents two canals while the other only one (Figure 3e-f).
The path of the SS is challenging to identify on the surface of the
endocast of P. tricuspis and S. gigantea once within the endocranial
cavity, but it appears to exit via the jugular foramen as in M. marshi
(Figure 3a-f). The condyloid canal is absent in both P. tricuspis and
S. gigantea (Figure 4c,d). In lateral view in M. marshi, the tract for
the occipital emissary vein (not preserved on the left side of USNM
452349) is connected to the SS and to the post-temporal canal -
and exited the cranium posteriorly through the mastoid foramen
(Figure 3a-d) as in the dog (Evans & de Lahunta, 2012; Wible, 2008).
There is also a separate posterior exit out of the cranium for the con-
tent of the post-temporal canal through the post-temporal foramen
in M. marshi (Gaudin et al., 2019). The occipital emissary vein canal
is absent in P. tricuspis and S. gigantea (Figure 3e-h). The inferior pe-
trosal sinus is hard to trace in M. marshi (Figure 4a,b), as noted by
Gaudin et al. (2019). It is present in both P. tricuspis and S. gigantea
(Figure 4c,d). This sinus runs open on the endocast in P. tricuspis but
is encased inside a canal in S. gigantea.

Metacheiromys marshi, Pat. americana (Gaudin et al., 2016),
P. tricuspis, and S. gigantea have a frontal diploic vein foramen
(Figures 2-4 and 6). However, in M. marshi this opening is more ven-
trally positioned in the orbit, whereas it is near the dorsal orbital rim
in the others (Figure 6; Billet et al., 2026). Additionally, we observe
intraspecific variation in M. marshi, with USNM 452349 displaying
two foramina (on the right side only), while AMNH131777 only has
one as in extant pangolins (Figure 6a,b). The frontal diploic vein has
an extensive area of drainage in the pangolins, but this is more lim-
ited in M. marshi. In the pangolins, it drains veins that occupy a canal
running along the circular fissure (Figure 3e-h), but a similar canal
and vein are not present in M. marshi (Figure 3a,d). Additionally, the
extant pangolins have a large posterior frontal branch of the frontal
diploic vein within a canal (Figure 3e-h), but these are absent in M.
marshi (Figure 3a,d). We observe some variation between P. tricuspis,
and S. gigantea in terms of the configuration of the frontal diploic
vein. Indeed, in lateral view, the posterior frontal diploic vein of P.
tricuspis turns ventrally at the level of the coronal gyrus and then
connects to an anterior branch of the frontal diploic vein that drains
through the postglenoid foramen (Figures 3e,f and 6c,g). Based on a
large intraspecific sample (>10 specimens), Billet et al. (2026) found
that P. tricuspis has a unique pattern of diploic veins within extant
pangolins. The classical path that links the CEV and the transverse
sinus is very reduced to absent and is replaced by a more extensive
diploic network in the frontal area in P. tricuspis (also see Figure 3e-
h). In S. gigantea, the posterior frontal diploic vein continues on the
dorsal aspect of the cerebrum until reaching the level of the circular
fissure where it turns ventrally and exits through the frontal dip-
loic foramen (Figure 6d,h,l). We also note the presence of anterior
branches of the frontal diploic vein in S. gigantea, which connect to
the capsuloparietal emissary vein (Figures 3g,h and 6d,h). This con-
nection is absent in P. tricuspis (Figure 3e,f). Finally, a ventral branch
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of the frontal diploic vein is present only in P. tricuspis (Figure 4c); it
occupies a canal in the frontal, orbitosphenoid, and presphenoid and
the left and right vessels communicate on the midline.

Narrow grooves for the internal carotid artery and one of its
branches, the stapedial artery, are present on the promontorium
of the petrosal in M. marshi (Gaudin et al., 2019). However, these
arteries appear to leave no trace on the endocranial cavity. It is un-
certain if the small stapedial artery is connected via a ramus superior
to the ramus supraorbitalis anteriorly and into multiple rami tem-
porales posteriorly as in other fossil laurasiatherians (see Bertrand,
Jiménez Lao, et al., 2024). In extant pangolins, the internal carotid
is small and the stapedial artery is absent at least in adult pangolins
(Bugge, 1979; Gaudin et al., 2019; Guth, 1961; Wible, 1984, 1987). A
small canal for the internal carotid artery, posterior to the mandib-
ular nerve (V,), is visible in ventral view in P. tricuspis and S. gigantea
(Figure 4c,d).

4 | DISCUSSION

4.1 | Endocranial anatomy and potential
phylogenetic signals

Morphological features that might represent synapomorphies unit-
ing Palaeanodonta and Pholidota have been challenging to estab-
lish because many morphological features are also adaptations to
myrmecophagy and fossoriality, and thus potentially prone to con-
vergence (Rose, 2006; Gaudin et al., 2019, 2020). As noted in the
Introduction, Metacheiromys shares many features of the auditory
region with xenarthrans, but also has a decent number of features
in common with pangolins (Gaudin et al., 2019). In the Descriptions
and comparisons section above, we only made comparisons with ex-
tant pangolins as we have followed the view that Palaesanodonta are
likely stem pangolins (Gaudin et al., 2009; O'Leary et al., 2013). In
the following, however, we include xenarthrans in our discussions.
Metacheiromys and extant pangolins have many endocranial
dissimilarities including features associated with the olfactory
bulbs and the cerebellum. Noticeable differences include the pres-
ence of the following features in Metacheiromys that are absent in
pangolins: (1) superior olfactory sinus, (2) trace of the orbitotem-
poral vessels on the endocranial surface, (3) post-temporal canal
(present in xenarthrans; Le Verger et al., 2021), (4) trace of the
superior sagittal sinus on the endocranial surface, (5) trace of the
transverse sinus on the endocranial surface, (6) well-developed
SS, (7) condyloid canal, (8) occipital emissary vein, and (9) sepa-
rate foramina for the exit of the internal jugular vein and for cra-
nial nerves IX, X, and XI. We note that the subarcuate fossa is
not absent in pangolins but is reduced, while it is more expanded
in Metacheiromys. It is worth noting that the absence of venous
grooves on the endocranial surface of extant pangolins was coded
in the phylogenetic analyses of Gaudin and Wible (1999) and
Gaudin et al. (2009). Other features present in the extant pango-
lins but absent in Metacheiromys include: (1) the network of diploic
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veins in the frontal and parietal (Billet et al., 2026), (2) supraoccip-
ital veins, (3) the ossified tentorium, and (4) the capsuloparietal
emissary vein and postglenoid foramen (Table 2). Additionally, the
inferior petrosal sinus in Metacheiromys is hard to distinguish in
comparison to extant pangolins. Other notable differences include
the presence of a small neocortex, low number of sulci and gyri,
and an exposed midbrain in Metacheiromys. Those last anatomical
characteristics are likely related to the expansion of the neocortex
in extant pangolins (see below).

Nevertheless, Metacheiromys and pangolins also share endocra-
nial features that might not be plesiomorphic for all mammals and
could potentially be synapomorphies. Among these features, we
note two morphological characters: the presence of an orbital gyrus
and a presylvian sulcus (Table 2). The orbital gyrus and presylvian
sulcus should be considered as co-occurring structures because the
orbital gyrus is delimitated from the rest of the neocortex by the
presylvian sulcus (Imam et al., 2017). Therefore, if the presylvian
sulcus is absent, the orbital gyrus will be also absent. We checked
the literature for the presence of this sulcus in Pan-Carnivora and
Xenarthra to deduce whether or not this sulcus could be a synapo-
morphy for Pholidotamorpha. The presylvian sulcus is not pres-
ent in stem Carnivora, specifically in the Eocene Carnivoraformes
‘Miacidae’ Vulpavus palustris (Flink et al., 2021; Lyras et al., 2023;
Radinsky, 1977). This sulcus is present in the Eocene stem
Carnivoramorpha ‘Creodonta’ Hyaenodontoidea Cynohyaenodon
cayluxi and Proviverra typica; however, these taxa are nested well
within ‘Creodonta’ and the more basal Thinocyon velox does not
have a presylvian sulcus (Dubied et al., 2019; Flink et al., 2021;
Radinsky, 1977). The presence of a presylvian sulcus and the or-
bital gyrus in ‘Creodonta’ and in extant Carnivora for which these
structures are well developed (Lyras & Van der Geer, 2003) might
be derived, although more early diverging members of these groups
would be needed to evaluate which condition is more likely to be
plesiomorphic. Similarly, it is possible that the common ancestor of
Carnivora and Pholidota did not have this pattern (i.e., orbital gyrus
and presylvian sulcus), and instead that it evolved independently in
both groups, but more basal taxa are required to test this hypothesis.

The extant xenarthran Cingulata (armadillos) Zaedyus pichiy,
Chaetophractus villosus, and Dasypus novemcinctus also have a pre-
sylvian sulcus, but the orbital gyrus is only well developed in Z.
pichiy based on the figures published by Tambusso and Farifia (2015)
and Troyelli et al. (2023). However, the brain natural endocast of
the Eocene xenarthran Cingulata Utaetus buccatus presents lateral
sulci, but does not have a presylvian sulcus (Dozo, 1998). Regarding
Folivora (sloths), the extant Choloepus and Bradypus and the late
Pleistocene Glossotherium robustum and Catonyx tarijensis also pres-
ent an orbital gyrus and presylvian sulcus, although the orbital gyrus
is not very developed (Boscaini, lurino, Mamani Quispe, et al., 2020;
Boscaini, lurino, Sardella, et al., 2020). Because of the lack of data
for Eocene Folivora, the ancestral condition for Xenarthra cannot
be resolved. It is possible that the presence of an orbital gyrus and

presylvian sulcus also appeared convergently in Xenarthra, but more
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basal representatives will be required to determine the ancestral
condition for the group.

As mentioned in the Results section, the Eocene pangolin Pat.
americana was described as having a cerebral sulcus pattern similar to
that of extant pangolins but no images or detailed comparisons were
provided by Emry (1970) and the AMHN latex endocast of that spec-
imen does not have sufficient details to make a conclusion. Based
on this current understanding of the evolution of the presylvian sul-
cus, it is likely that early pangolins already had this sulcus and this
would support the hypothesis that Metacheiromys, Epoicotherium,
and Palaeanodonta more generally are the sister-clade to Pholidota.
It is worth noting that the presence of the orbital gyrus and pre-
sylvian sulcus represents very labile structures, with a high level of
homoplasy as described above for xenarthrans. However, this is not
surprising because brain structures might increase in size when used
for a specific behaviour (Bertrand & Krubitzer, 2025). Therefore, we
acknowledge the challenge in teasing apart phylogenetic signal from
convergence and that the presence of these structures might have
also been acquired independently in palaesanodonts and pangolins.
Ultimately, more basal members of each group will be crucial to de-
termine the ancestral condition of the orbital gyrus and presylvian
sulcus in these various clades.

In the scenario in which palaesanodonts and pangolins are sister-
clades, it is possible that the tentorial process of the parietal either
arose convergently in Carnivora and in Pholidota or that it was lost
in Metacheiromys. The next step will be to CT scan the specimen of
Pal. ignavus (AMNH 15086) to verify the presence and composition
of a tentorial process. Another feature shared by both Carnivora and
Pholidota is the presence of the dense network of diploic veins en-
closed in canals, which is not present in Metacheiromys (Billet et al.,
2026). This pattern could have also been acquired convergently in
both clades as a course within a canal or within the endocranial cav-
ity appears to also be fairly homoplastic as a course in a canal is pres-
ent in humans (Rangel de Lazaro et al., 2016). Additionally, a large
network of veins in canals is present in tillodonts (Bertrand, Jiménez
Lao, et al., 2024). Alternatively, if these features (ossified tentorium
and dense network of diploic veins within canals) are truly absent in
palaeanodonts and can be considered synapomorphies of Carnivora
and Pholidota, this would suggest that palaesanodonts might not be

so closely related to pangolins.

4.2 | Neurosensory ecology of pholidotamorpha

The auditory region and the postcrania have shown that
Metacheiromys was likely fossorial and a myrmecophagous mammal
like extant pangolins (Gaudin et al., 2019). The size of three brain
regions was measured (i.e., olfactory bulbs, neocortex, and petrosal
lobules) to study the behavioural ecology of Metacheiromys. We
used previous research showing that the size of a brain structure is
generally correlated with its function (Jerison, 1973). To study that
relationship, we looked at the size of a structure in relation to both
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endocranial volume and body mass (for a review see Bertrand &
Krubitzer, 2025).

Concerning the olfactory bulbs, they have a relatively larger size
in comparison to both brain and body mass in Metacheiromys com-
pared with extant pangolins. Therefore, Metacheiromys relied more
heavily on its sense of smell than extant pangolins. Molecular studies
have found that pangolins have a large number of olfactory recep-
tor genes compared with other mammals, indicating that pangolins
have a very good sense of smell (Choo et al., 2016; Li et al., 2024).
However, what is important is the ratio between the number of ac-
tive (functional) vs. inactive (pseudogenes) receptor genes (Imam
et al., 2018). The number of functional or intact chemoreceptor
genes has been quantified for Manis (Martinez et al., 2025). From
this study, Manis has an average number of intact chemoreceptor
genes and therefore average olfaction within mammals. Behavioural
and anatomical studies have shown contrasting results. In terms
of cortical regions, no specialization of the olfactory system in the
brain of pangolins was found in comparison to laboratory rats (Imam
et al., 2018). Based on behavioural observations, olfaction might
be used as sniffing behaviour when foraging for food as in other
mammals (Mohapatra & Panda, 2014), but pangolins do not perform
well at ‘olfactory distance’ and appear to only use olfaction when
following scent trails (DiPaola et al., 2020). Additionally, nasal tur-
binates are not necessarily better developed in myrmecophagous
mammals compared with their close relatives (Wright et al., 2024).
This mismatch between molecular and morphological data is not un-
common and the link between molecular data and function such as
olfaction is rarely tested (except in model organisms) and therefore
the results of such studies should be interpreted with caution (Yohe
& Krell, 2023). For example, in Yinpterochiroptera, some bats show
very specialized olfactory systems, but most of the olfactory genes
are lost (Yohe & Krell, 2023). This demonstrates the need to more
systematically combine behavioural, anatomical, and genetic data to
more fully understand the evolution of senses such as olfaction. It is
possible that lower selective pressures in olfaction in the evolution
of pangolins led to an expansion of the number of pseudogenes, as
has occurred in primates (Niimura et al., 2018).

The orbital gyrus of the neocortex is relatively well developed
in Metacheiromys and extant pangolins (Imam et al.,, 2017). This
gyrus is part of the orbital cortex, which is located in the frontal
lobe, also known as the orbitofrontal cortex in primates and rodents
(Duvernoy, 2005; Hoover & Vertes, 2011; Price, 2007). The orbital
cortex is also presumably present in pangolins (Imam et al., 2017)
and lipotyphlans (Igado et al., 2021). Because different cortical areas
are connected to achieve specific functions, the use of networks
rather than cortex as a whole has been preferred to determine brain
functions. Therefore, the orbital cortex is not the same as the orbital
network and indeed the orbital network does not include the entire
orbital cortex (Carmichael & Price, 1996; Hoover & Vertes, 2011;
Price, 2007). Regarding the associated functions of the orbital net-
work, it may be involved in assessing sensory objects such as food
items and especially flavour, appearance, and texture (Price, 2007;
Rolls, 2005). Based on behavioural studies and stomach content

CABASES BRU ET AL.

analyses, pangolins are myrmecophagous mammals that are highly
selective in terms of preferred prey (e.g., Karawita et al., 2020;
Pietersen et al., 2016; Tamang et al., 2022). Based on the previous
section, the senses used for this selection might not heavily favour
olfaction. Myrmecophagous mammals have a specialized tongue and
pangolins specifically have two relatively well innervated tactile or-
gans on the tip of the tongue (Cheng, 1986; Doran & Allbrook, 1973;
Kubota et al., 1962; Reiss, 2000). Pangolins also appear to have some
taste buds but they are restricted to the lateral epithelium of each
papilla (e.g., Casali et al., 2017; Doran & Allbrook, 1973; Kubota
etal., 1962).

No stimulation studies appear to have been conducted on pan-
golins (Imam et al., 2018). Stimulations in the primary motor and
somatosensory cortices located in the parietal lobe lead to tongue
movements in bats, primates (Halley et al., 2022, 2025), and rodents
(Pineda et al., 2025). This information is then sent to the orbitof-
rontal cortex to be processed, which then guides feeding behaviour
through a reward system (Rolls, 2021). Therefore, a potential inter-
pretation of the presence of a larger orbital gyrus could be that it is
related to a specific food selection behaviour via the use of a spe-
cialized tongue that is needed for survival. This particular behaviour
might have already been present in Metacheiromys more than 50 mil-
lion years ago. This behaviour would coincide with the emergence
of other morphological adaptations to myrmecophagy that are pres-
ent in Metacheiromys as this species likely had a protrusile tongue
also present in extant pangolins based on osteological correlates
(Rose, 1978). The giant anteater (Myrmecophaga tridactyla) also has a
protrusile tongue (Gaudin et al., 2018) and its brain shows a relatively
well-developed orbital gyrus (see the Comparative Mammalian Brain
Collections; Welker et al., 2001). Two other myrmecophagous mam-
mals that also have a protrusile tongue (Reiss, 2000), the armadillos
Z. pichiy and D. novemcinctus, have an orbital gyrus, but it is less de-
veloped (see Tambusso & Farifna, 2015; Troyelli et al., 2023).

The petrosal lobules have a role in controlling and maintain-
ing eye movements during locomotion (Rambold et al., 2002)
and they occupy the subarcuate fossa in mammals (e.g., Bertrand
et al., 2020; Lang et al., 2022). These structures are relatively small
in Metacheiromys and extremely reduced in pangolins, which might
be related to their fossorial adaptations or more precisely to their
slower mode of locomotion in comparison to more active mam-
mals (Bertrand et al., 2021; Bertrand, Lang, et al., 2024; Goyens
et al., 2022; Lang et al., 2022). The subarcuate fossa is also weakly
developed in extant xenarthrans (Troyelli et al., 2023; Wible, 2010),
which might be associated with this convergent lifestyle of fossori-
ality and myrmecophagy, suggesting a low reliance on this function
to navigate their surroundings. However, there is an exception with
the anteater Tamandua tetradactyla (UCMP 117518; Morphosource
Media ID: 000766298), which shows relatively developed petro-
sal lobules. However, its close living relatives Cyclopes didacty-
lus (PSU ANTH301.1; Morphosource Media ID: 000066622) and
Myrmecophaga tridactyla (AMNH 133489; Morphosource Media ID:
000085043) have less developed subarcuate fossae. Additionally,
the fossil anteater Protamandua was scored as having a deep and
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large subarcuate fossa (Gaudin & Branham, 1998), but no CT data
or images are available for this specimen. It is important to note
that the reduction to absence of a subarcuate fossa could also be
related to a packing-problem of fitting the brain into the cranium.
Therefore, the function of the petrosal lobule might still be present
in the non-lobule part of the cerebellum (see Bertrand et al., 2021;
Troyelli et al., 2023). Additionally, the inner ear semicircular canals
might influence the size of the subarcuate fossa (Billet et al., 2015).
However, we note that in squirrels, the petrosal lobules (=parafloc-
culus in Bertrand & Silcox, 2016: figure 7) grow beyond the canals as
the latter leave marks on the surface of the subarcuate fossa.
Finally, the neocortex in Metacheiromys is relatively smaller than
in pangolins and is very close in size to another potential fossorial
mammal from the late Eocene: Anagale (Lopez-Torres et al., 2023).
An increase in the neocortical surface and in the number of sulci
has occurred through time in mammals (e.g., Bertrand et al., 2022;
Jerison, 2012), which is also likely what occurred in the lineage lead-
ing to pangolins. However, the neocortex looks relatively smaller
when compared with body mass in S. gigantea but larger in P. tricupsis
in comparison to Metacheiromys. This result could suggest that in-
crease in complexity of the neocortex occurred before the increase
in body mass in S. gigantea. The EQ is slightly lower in extant pan-
golins than in Metacheiromys. In fossorial rodents, Aplodontiidae,
there is a general decrease through time in all of the structures (i.e.,
petrosal lobules, olfactory bulbs, neocortex) and in the EQ in com-
parison to squirrels (Bertrand et al., 2018; Bertrand et al., 2021). In
fossorial Euarchontoglires, the petrosal lobules are also significantly
smaller compared with other locomotor categories of the same
clade (Lang et al., 2022). Other arboreal rodents that move carefully
through branches also appear to have relatively smaller petrosal
lobules, olfactory bulbs, and neocortex (Bertrand, Lang, et al., 2024;
Fernandez Villoldo et al., 2023; Vincent et al., 2025). The fact that
extant pangolins have a smaller relative brain size in comparison
to their purported sister group, Palaeanodonta, and more specifi-
cally Metacheiromys is especially interesting, because usually an in-
crease in neocortical size leads to an increase in relative brain size,
even if we consider that Metacheiromys has a derived condition in
comparison to more basal palaesanodonts. One possibility that will
need to be tested with additional fossils is that a second increase in
body mass might have occurred after the increase of the neocortex.
Indeed, there is some evidence showing that Pleistocene fossils be-
longing to S. gigantea tend to be smaller than extant forms (Botha &
Gaudin, 2007; Terhune et al., 2021). Therefore, possible interpreta-
tion of this result would be that specialization to fossoriality and/or
slow arboreal locomotion (Gaubert et al., 2020; Gaudin et al., 2016)
led to a decrease in several brain structures (olfaction and eye move-
ment control). The reason for the increase in the neocortex in extant
species (before the increase in body mass in S. gigantea) might be
related to ecological circumstances during the Eocene when crown
placental clades such as pangolins emerged. All crown clades taxa
consistently show relatively larger neocortices than their respective
stem relatives (Bertrand et al., 2022) and pangolins are no exception.
The neocortex likely plays a major role in the survival of pangolins
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today. In the future, it will be important to evaluate the brain en-
docasts of fossil pangolins to investigate when the increase of the
neocortex and the potential decrease of both the olfactory bulb and
the petrosal lobule size started in Pholidota, and how this related to
body mass.

5 | CONCLUSION

We described the first brain virtual endocasts of palaesanodonts,
which have been considered the sister group to Pholidota (Gaudin
et al., 2009). Because of shared morphological similarities related to
myrmecophagy and fossoriality with both Pholidota and Xenarthra,
it has been challenging to tease apart synapomorphies from con-
vergent traits when evaluating palaeanodont relationships (Gaudin
et al., 2019, 2020; Rose, 2006). Metacheiromys and pangolins ex-
hibit many differences in their endocranial morphology including
features related to the olfactory bulbs, the cerebellum, the venous
and arterial systems, which suggest some phylogenetic distance
between Metacheiromys and pholidotans, as palaeanodonts lack
features that are present in extinct and extant pangolins. However,
they display a similarity that could be viewed as a synapomorphy of
Pholidotamorpha, with the presence of an orbital gyrus and a pr-
esylvian sulcus. Based on the fossil record, the evolution of these
features in derived xenarthrans may be convergent.

We find that the size of the olfactory bulbs (olfaction) and the
petrosal lobules (eye movement control) is smaller in pangolins com-
pared with Metacheiromys, which aligns with trends recognized in
aplodontiid rodents (Bertrand et al., 2018, 2021). The lack of petro-
sal lobules in most xenarthrans and pangolins is likely convergent as
Metacheiromys had petrosal lobules. Overall, this suggests a lower
need to maintain head and eye movement control during locomo-
tion in animals engaging with a relatively slow-moving lifestyle such
as fossoriality or carefully navigating from one tree branch to an-
other. Regarding olfaction, despite some genetic data claiming that
pangolins have an exceptional sense of smell (Choo et al., 2016; Li
et al., 2024), our results support behavioural, anatomical, and quan-
titative and new genetic data that pangolins might not be relying on
olfaction as much as previously thought (DiPaola et al., 2020; Imam
et al., 2018; Martinez et al., 2025; Wright et al., 2024). The possi-
ble mismatch between these types of data could be the result of
an expansion of the number of pseudogenes related to olfaction, as
found for primates (Niimura et al., 2018). Probably the most inter-
esting finding is the presence of the orbital gyrus in Metacheiromys,
which is also well developed in pangolins and in the giant anteater.
We hypothesize that the orbital gyrus might have played a major role
in specialization for myrmecophagy and might be linked to the use of
a protrusile tongue, as all of these taxa have this specialized tongue
(Gaudin et al., 2018; Rose, 1978).

The relatively smaller brain of pangolins compared with
Metacheiromys might be related to the smaller size of the olfactory
bulbs and of the petrosal lobules. However, the neocortex takes
up a larger proportion of the brain in pangolins compared with
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Metacheiromys. Therefore, we hypothesize that after the increase
in the neocortex in the evolution of pangolins, an increase in body
mass occurred, which led to a decrease in relative brain size. Brain
endocasts of fossil pangolins will be needed to verify whether this
was the case. Overall, the study of the brain virtual endocast of
Metacheiromys provides significant new information in relation to its
phylogenetic position and to the evolution of behavioural adapta-

tions of pangolins and other myrmecophagous mammals.
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