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ABSTRACT—We present the first digital reconstruction of the endocranial cavity and endosseous labyrinth of the Late
Cretaceous gondwanatherian mammal Vintana sertichi from the Maevarano Formation of Madagascar. The Malagasy
specimen is exceptionally well preserved and represents the only described cranium known for Gondwanatheria, an
enigmatic clade from the Late Cretaceous and Paleogene of Gondwana. The endocranial cast of Vintana is relatively small
for an animal of its estimated body mass. Its encephalization quotient is 0.28–0.56 for a range of body mass estimates, which is
similar to that of basal mammaliaforms. The olfactory bulbs are very large, occupying over 14% of the endocranial volume.
The cerebral hemispheres are only slightly expanded, more similar to the condition in Morganucodon than to that in
multituberculates and monotremes. Unlike the condition in other Mesozoic mammaliaforms, the endocast is greatly flexed at
the circular fissure. The osseous labyrinth displays a mixture of derived and primitive features. The cochlear canal is only
slightly curved and short compared with that of extant therians. The ratio between total cochlear canal length and maximum
cranial length is smaller than in basal mammaliaforms and approximates that of non-mammaliaform cynodonts. By contrast,
the presence of both primary and secondary osseous laminae, the tractus foraminosus, and Rosenthal’s canal represent
derived characteristics of the mammalian inner ear typical of cladotherians. A modern innervation of the cochlea has either
evolved independently in Vintana and cladotherians or was already present in the last common ancestor of both clades.

SUPPLEMENTALDATA—Supplemental materials are available for this article for free at www.tandfonline.com/UJVP

INTRODUCTION

Enlargement of the brain and elaboration of various sensory
systems have played an important role in the evolution and
diversification of Mammaliaformes (e.g., Kielan-Jaworowska
et al., 2004; Rowe et al., 2011). Mammals, along with birds, have
the largest brain-to-body size ratio among extant vertebrates,
and this greater encephalization has been linked to increased
olfactory sensitivity, enhanced high-frequency hearing, and
increased sensorimotor integration (Jerison, 1973; Ulinski, 1986;
Butler, 1994; Northcutt, 2002, 2011; Rowe et al., 2011). The
mammalian brain occupies almost the entirety of the endocranial
cavity, typically leaving an impression on the internal surface of
the cranium (e.g., Jerison, 1973; Macrini, 2006). In fossil taxa,
these impressions can be used to reconstruct the external organi-
zation and size of the brain. Particularly relevant for the study of
fossil endocasts, the relative importance of a sensory system for
the organism may be discerned from the size of the specific brain
region where the sensation is processed. For example, relatively
large olfactory bulbs and olfactory cortex indicate enhanced
olfaction. This is known as Jerison’s (1973) ‘principle of proper
mass,’ which has been employed to provide important insights
into the sensory adaptations and sensory ecology of extinct spe-
cies. Consequently, the significance of the endocranial space for
understanding the evolution of the mammalian sensory systems
has been long recognized (e.g., Edinger, 1948, 1949, 1955, 1964,

1975; Radinsky, 1968a, 1968b, 1973, 1975, 1976, 1977, 1978; Jeri-
son, 1973; Kielan-Jaworowska, 1983, 1984, 1986; Rowe, 1996b).
During most of the 20th century, study of the endocranial mor-

phology of fossil taxa was limited to rare natural endocasts, frag-
mentary crania, and destructive serial sectioning. With the
advent and increasingly common use of micro-computed tomog-
raphy (mCT) imaging, study of the endocranial space has become
much more feasible, leading to a significant increase in sampling
of extinct mammaliaforms and their immediate outgroups. For
instance, recently described endocrania of the non-mammalia-
form cynodont Brasilitherium (Rodrigues et al., 2014), the early
mammaliaforms Morganucodon and Hadrocodium (Macrini,
2006; Rowe et al., 2011), the prototribosphenidan Vincelestes
(Macrini et al., 2007a), the stem marsupial Pucadelphys (Macrini
et al., 2007c), and the fossil platypus Obdurodon (Macrini et al.,
2006), in conjunction with previously published studies on those
of basal cynodonts (Watson, 1913; Bonaparte, 1966; Hopson,
1979; Quiroga, 1979, 1980a, 1980b, 1984), multituberculates,
and early therians (Simpson, 1927, 1937; Hahn, 1969; Kielan-
Jaworowska, 1983, 1984, 1986; Kielan-Jaworowska et al., 1986;
Kielan-Jaworowska and Lancaster, 2004), has allowed research-
ers to develop a comparative framework for identifying key
aspects of mammaliaform brain and sensory evolution. In this
context, Rowe et al. (2011) proposed that encephalization in
basal mammaliaforms was initially driven mainly by increased
olfactory sensitivity. The importance of olfaction in the evolu-
tionary history of early mammals was underscored by Kaas
(2011, 2013), who suggested that the neocortex was restricted to
a small cap on the forebrain, with the olfactory cortex occupying
large parts of the cerebrum. In this scenario, visual acuity and*Corresponding author:
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enhanced audition affected brain size much later in mammalia-
form evolution and probably did not play a significant role out-
side of crown Mammalia (Rowe et al., 2011).
Rapidly increasing application of mCT imaging in studies of

fossil crania has also led to vastly improved documentation of
the endosseous labyrinth (the cavity of the osseous labyrinth) in
Mesozoic mammaliaforms. Such studies were typically limited to
naturally exposed and fractured petrosals (Hahn, 1988; Lille-
graven and Krusat, 1991; Lillegraven and Hahn, 1993; Rougier,
1993; Meng and Fox, 1995; Meng and Wyss, 1995; Fox and
Meng, 1997) or destructive serial sectioning (Kielan-Jaworowska
et al., 1986; Graybeal et al., 1989; Luo et al., 1995; Hurum,
1998a; Luo, 2001). Early studies employing CT technology by
Luo and Ketten (1991) focused on the inner ear of multitubercu-
lates. This was followed by detailed descriptions of the end-
osseous labyrinth in non-mammaliaform cynodonts (Luo et al.,
1995; Rodrigues et al., 2013), the docodont Haldanodon (Ruf
et al., 2013), the dryolestids Dryolestes and Henkelotherium
(Ruf et al., 2009; Luo et al., 2011, 2012), and several fossil and
extant therians (e.g., Schmelzle et al., 2007; Ekdale, 2009, 2013;
Benoit et al., 2014).
Despite the increasing evidence pertinent to endocranial and

inner ear evolution during the Mesozoic, much of mammalia-
form diversity is still underrepresented in this regard. The well-
preserved cranium of Vintana sertichi (Fig. 1; Krause, Wible
et al., this volume, figs 1–6) from the Late Cretaceous of Mada-
gascar allows for the first reconstructions of the endocranium
and endosseous labyrinth of a gondwanatherian mammal. Gond-
wanatheria are an enigmatic clade from the Cretaceous and
Paleogene of Gondwana whose relationships remain ambiguous
(see Krause, Rogers et al., this volume, for a review of gondwa-
natherian taxa). Krause et al. (2014) recovered the clade contain-
ing Gondwanatheria within Mammalia as sister taxon to
Multituberculata in a parsimony analysis (figs. 3, S1), but nested
within Multituberculata when using a Bayesian approach (fig.
S2). Vintana was nested within Gondwanatheria in both analyses
and is used in Figure 2 to indicate the position of Gondwanathe-
ria as a whole.
Vintana significantly expands the breadth of knowledge of

mammalian endocranial organization from phylogenetic and
paleobiogeographic perspectives and provides information of
the brain in one of the largest known Mesozoic representatives.
In extant mammals, brain size is highly correlated with body size

(e.g., Jerison, 1973; Eisenberg, 1981; Martin, 1981) and Vintana
therefore also provides the first opportunity to examine this rela-
tionship in a Mesozoic mammaliaform larger than 1,000 g. In
this contribution, we characterize both the braincase and osseous
labyrinth of Vintana based on mCT images and compare them
with those of other mammaliaforms and basal cynodonts. The
sensory ecology and functional interpretations of these morpho-
logical entities are analyzed and discussed by Kirk et al. (this
volume).
Institutional Abbreviation—UA, Universit�e d’Antananarivo,

Antananarivo, Madagascar.

MATERIALS ANDMETHODS

mCT Scanning

The holotypic specimen of Vintana sertichi (UA 9972) was
scanned on a Nikon Metrology MCT225 industrial mCT scanner
at Avonix Imaging in Plymouth, Minnesota (225 kV micro-focus
reflection target X-ray tube, PerkinElmer XRD 1621 AN3 ES

FIGURE 1. Volume rendering of the cranium and integrated endocranial cast reconstruction of Vintana sertichi (UA 9972) in right lateral view based
on mCT imaging. In A the endocast (in blue) is only visible through cracks, fissures, and foramina. In B the left half of the cranium is rendered via a
mid-sagittal cut-away view to reveal the position of the endocast (blue), inner ear (magenta), and cranial nerves (green and yellow).

FIGURE 2. Simplified tree depicting the phylogenetic relationships of
the main mammaliaform taxa used in this study (modified from Krause
et al., 2014:fig. 3). Extant monotremes are included in Australosphenida.
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detector). Two sets of scans were used for the reconstruction of
the endocranial cavity: (1) a complete scan of the cranium (2,000
slices; voxel size 0.0726 mm £ 0.0726 mm £ 0.0726 mm), and (2)
a detailed scan of the basicranium (1,287 slices; voxel size
0.0297 mm £ 0.0297 mm £ 0.0297 mm). The basicranial scan
was utilized for reconstruction of the endosseous labyrinth,
whereas all other reconstructions and images are based on the
complete cranial scan.

Extraction of Endocasts and Measurements

The digital endocast was extracted from 16-bit TIFF stacks
using the manual segmentation function and automated thresh-
old tool in Avizo 7.1/8.0 (Visualization Sciences Group). We
reconstructed the preserved morphology of the endocranium,
even if it included fractures and displaced cranial elements, to
minimize interpretive bias during the segmentation process. The
virtual endocast described here therefore differs from its original
undistorted morphology, but it is exact to the preserved endocra-
nial space in UA 9972. Planar surfaces were utilized to demar-
cate the endocranial cavity at the external surface of the
foramen magnum, the entry/exit points of cranial nerves, the
anterior end of the olfactory bulbs, and any significant fracture
or displacement point of the braincase.
Linear and angular measurements were calculated using the

Avizo 7.1 measurement tool (Table 1; Fig. 3). Most endocranial
measurements follow Jerison (1973) and Kielan-Jaworowska
(1983, 1986). Endocranial flexure at the hypophyseal fossa was
measured in lateral view as the angle between a segment at mid-

height through the olfactory bulbs and the hypophyseal fossa
and a segment at mid-height through the foramen magnum and
the hypophyseal fossa, following Macrini et al. (2007c). Endocra-
nial flexure at the circular fissure was measured in lateral view as
the acute angle between a line along the long axis of the endocra-
nium from mid-height of the foramen magnum to mid-length of
the circular fissure and a line along the long axis of the olfactory
bulb from the anterior-most point of the olfactory bulb to mid-
length of the circular fissure (Fig. 3A). Geomagic 10 (Geomagic,
Inc.) was used to estimate total and partial volumes (e.g., total
brain volume, olfactory bulb volume; Table 1) within the endo-
cranial space, following Macrini (2006). Given the taphonomic
displacement on the left side, the endocranial volume is esti-
mated based on both (1) the best volumetric model derived from
the segmentation efforts; this will be referred to as the uncor-
rected total endocranial cavity volume; and (2) as reconstructed,
based on mirroring the right side (i.e., the least distorted half) of
the endocranial cavity volume; this is referred to below as the
corrected total endocranial cavity volume. All endocranial meas-
urements are given to one decimal place.
An interpretive drawing is used herein for characterizing the

inferred non-deformed contours of the endocranial reconstruc-
tion (Fig. 4). The virtual endocast was digitally mirrored in
Adobe Photoshop CS 5.1 and redrawn by L. Betti-Nash.
The endosseous labyrinth was reconstructed in Avizo 7.1 using

automated and manual segmentation functions. Measurements
of the endosseous labyrinth are given to two decimal places and
are listed in Table 2. The total length of the cochlear canal from
base to apex was measured using the SplineProbe tool in Avizo
7.1, following Ekdale (2013). Cochlear canal diameter was mea-
sured after correcting for the displacement resulting from a large
fracture running longitudinally through the length of the
cochlear canal. Cross-sectional slices through the basal part of
the cochlear canal were taken in Avizo 7.1. These images were
modified in Adobe Photoshop CS 5.1 by manually rotating the
displaced fragment to establish the original shape of the cochlear
canal. The left semicircular canals were used for estimating the
radius of curvature and planar orientation of the semicircular
canals, because the right side is more fractured in these areas.
Following Spoor and Zonneveld (1995), radius of curvature for
each semicircular canal and mean radius of curvature were calcu-
lated using half the average between height and width of the
canal arc. Estimates of semicircular canal orthogonality follow
Malinzak et al. (2012) for variance of 90� (90var) and Berlin
et al. (2013) for deviation from 90� (90dev). Berlin et al. (2013)
originally referred to the variable used in their paper as 90var,
but they actually calculated the deviation and not variance from
orthogonality. Planar orientation of the canals was estimated by
placing an array of 100–150 landmarks on the geometric center
of each canal, from the end of the ampulla to and including the
crus commune for the posterior and anterior semicircular canals,
and from the intersection of the lateral canal and vestibule to the
center of the ampulla for the lateral semicircular canal. Canal
orientation was determined by fitting a plane through the land-
marks using a principal component technique developed by
Thompson et al. (2014). Normal vectors were used to calculate
internal angles between the canal planes. In Vintana, 90var
was calculated by taking the sum of the square of the difference
between each canal pair angle and 90�, and dividing it by
3 ([(90 ¡ LPSC ffLLSC)2 C (90 ¡ LASC ffLLSC)2 C (90 ¡
LASC ffLPSC)2]/3). The average deviation from 90� (90dev)
was calculated by taking the sum of the absolute values of the
difference between each canal pair angle and 90� and dividing it
by 3 ([j90 ¡ LPSC ffLLSC j C j90 ¡ LPSC ffLLSC j C j90 ¡
LPSC ffLLSC j]/3). Note that these equations differ from those
of Malinzak et al. (2012) and Berlin et al. (2013), because the
average for Vintana is based solely on the better-preserved left
semicircular canals and not on all six canal pairs.

TABLE 1. Endocranial measurements for Vintana sertichi (UA 9972).

Skull length1 124.1 mm
Skull maximum width1 83.4 mm
Endocranial flexure 44.2�
Endocranial flexure at circular fissure2 32�
Endocranial volume uncorrected 15,216.2 mm3

Endocranial volume corrected 18,297.5 mm3

Endocast anteroposterior length3 70.7 mm
Endocast maximum width4 21.5 mm
Endocast maximum height circular fissure5 9.0 mm
Endocast maximum height cerebrum5 15.9 mm
Endocast maximum height anterior hindbrain5 13.8 mm
Endocast maximum height mid-hindbrain5 20.2 mm
Endocast maximum height caudal medulla5 8.9 mm
Olfactory bulb cast volume, uncorrected 2,199.0 mm3

Olfactory bulb cast volume, corrected 2,656.6 mm3

Olfactory bulb cast anteroposterior length6 19.5 mm
Olfactory bulb cast maximum height6 14.0 mm
Olfactory bulb cast maximum width7 14.4 mm
Optic nerve cast maximum length 5.7 mm
Cavum epiptericum cast length8 15.9 mm

Linear and angular measurements are depicted in Figure 3. Endocranial
flexure angle follows Macrini (2007c) and volumetric measurements fol-
low Macrini (2006).
1From Krause, Wible et al. (this volume); Kirk et al. (this volume).
2Measured as acute angle between long axis of cerebrum and long axis of
olfactory bulb.
3Measured from foramen magnum to anterior extent of olfactory bulbs.
4Measured in dorsal view at greatest width of cerebral hemispheres and
based on average of three 2D and one 3D measurements taken to opti-
mize mediolateral dimension through cerebrum (and attempting to
account for distortion).
5Measured normal to anteroposterior axis of brain and brainstem along
midline using slice view.
6Measured in lateral view based on average of two 2D and two 3D
measurements.
7Measured in dorsal view based on average of two 2D and two 3D
measurements.
8Measured from posterior extent of foramen ovale to posterior end of
sphenorbital fissure.
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Flexure at the circular fissure was also measured in a sam-
ple of extant and extinct mammaliaforms (Table 3). Measure-
ments follow the same procedure as described for Vintana
above. Lateral views were taken from published endocranial
reconstructions (Kielan-Jaworowska, 1986; Owen, 2001; Digi-
morph Staff, 2004; Macrini, 2005, 2006; Rowe et al., 2011) or,
in the case of the guinea pig, squirrel, mouse, and rat, were
extracted from mCT data made available to us by N. Jeffery
(see Cox et al., 2011, 2012; Jeffery et al., 2011; Vickerton
et al., 2013).

Encephalization Quotient

The encephalization quotient (EQ) was calculated using EQ D
EV/(0.055[Wt]0.74) (Eisenberg, 1981), where EV is endocranial
volume in cm3 and Wt is body mass in g. This equation is based
on an extensive empirical data set from a broad range of extant

mammalian species and has been widely utilized in the study of
Mesozoic mammaliaforms (Kielan-Jaworowska, 1984; Kielan-
Jaworowska and Lancaster, 2004; Macrini et al., 2006, 2007a,
2007b, 2007c; Rowe et al., 2011). In this analysis, we use EQ
solely to provide a perspective regarding brain size relative to
body mass, but not for inferences related directly to intelligence.
The relationship between brain size and intelligence is unclear,
and the use of EQ as a measurement of intelligence has been fre-
quently criticized in the literature (Deacon, 1990; Harvey and
Krebs, 1990; Safi et al., 2005; Striedter, 2005; Healy and Rowe,
2007). Body mass estimates for Vintana (mean D 8.95 kg; lower
limit D 5.59 kg; upper limit D 14.32 kg) were taken from Kirk
et al. (this volume). Body mass and brain size for 497 extant and
20 extinct cynodonts were taken from published literature (see
Supplemental Data Table S1 for a detailed list of sources and
measurements). In order to incorporate a taxonomically broad
range of extant mammals, brain volume in cm3 (1 cm3 D

FIGURE 3. Endocranial reconstruction and sagittal slices through the cranium of Vintana sertichi (UA 9972), obtained via mCT imaging, that depict
measurements (in mm) used in this paper (see Table 1).A, right lateral view; B, dorsal view; and C,D, mid-sagittal sections (note sediment infilling of
nasal cavity and endocranium and high degree of trabecular bone, particularly in frontal and parietal bones). Bold lines in A represent maximum
height and length of the olfactory bulb (OBH, OBL), length of the cavum epiptericum (CEL), and length of the optic nerve (CNIIL). Dashed lines in
A illustrate how flexure of the endocranium at the circular fissure (EFcf) was measured. Bold lines in B indicate measurements of greatest endocranial
width (EW) and greatest olfactory bulb width (OBW). White bold lines in C illustrate how greatest length of the endocranium (EL) was measured.
White bold lines in D depict measurements of maximum height of the endocranium, from anterior to posterior, at circular fissure (EHcf), cerebrum
(EHcb), anterior hindbrain (EHahb), mid-hindbrain (EHmhb), and caudal medulla (EHm). Abbreviations: cb, space for cerebrum; ef, ethmoidal
fossa for olfactory bulbs; fr, frontal; hyf, hypophyseal fossa; nc, nasal cavity; pa, parietal; v, space for vermis.
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1,000 mm3 D 1 ml) is assumed to be equivalent to brain mass in
grams, following Jerison (1973) and Rowe et al. (2011).
Olfactory bulb volume and body masses for 163 extant

and extinct Mammaliaformes were obtained from several
sources (see Supplemental Data Table S2 for a complete list
of taxa and references). Based on the available data, the
sample is predominated by Primates and Chiroptera. Even
though Gittleman (1991) measured olfactory bulb volume in
11 carnivorans and estimated olfactory bulb size based on
linear measurements in 50 additional carnivorans, these
results were not included into this analysis because they do
not compare favorably with the rest of the compiled data.
Canis lupus is the only species in common between Gittle-
man (1991) and the data set compiled here based on Macrini
(2006). Gittleman (1991) and Macrini (2006) provided
roughly similar values for body mass (33.1 kg in Gittleman;
36.5 kg in Macrini) and brain volume (131.6 cm3 in Gittle-
man; 153.9 cm3 in Macrini), but their estimates of olfactory
bulb volume differ significantly (25 cm3 in Gittleman;
10.4 cm3 in Macrini). More generally, olfactory bulb-to-endo-
cranial volume estimates reported in Gittleman (1991) were
extremely high for all 11 species—greater than 30% in Pro-
teles cristatus. Although some carnivorans are probably in
the range of 10% or higher, we find it unlikely that several
species greatly exceed the largest olfactory bulb volume in
Afrotheria and Lipotyphla. Given this discrepancy and the
lack of an explanation for it, we did not include Gittleman’s
(1991) data in the current analysis.

Phylogenetic Framework

In this paper we follow the relationships and names of major
clades presented in Figure 2. The simplified topology is based on
the parsimony analysis by Krause et al. (2014), with one excep-
tion. The parsimony analysis by Krause et al. (2014:fig. 3)
resolved Hadrocodium in an unusual position as sister to mam-
maliaforms. This result was not recovered in the Bayesian analy-
sis by Krause et al. (2014:fig. S2) or in any other recent
phylogenetic analyses (e.g., Luo et al., 2007; Rougier et al., 2007;
Zheng et al., 2013; Zhou et al., 2013). Pending further analysis,
we therefore conservatively refer to Hadrocodium as a basal
mammaliaform (see Krause, Wible et al., this volume for further
discussion).

Anatomical Terminology and Synonyms

Anatomical terminology of the mammaliaform endocranium
and endosseous labyrinth often varies among authors. Here we
provide our preferred terminology and synonymous terms.
Circular Fissure—This term was used by Loo (1930), Rowe

(1996a, 1996b), Macrini (2006), and Macrini et al. (2006, 2007a,
2007b, 2007c). Synonymous terms include ‘transverse furrow’ of
Kielan-Jaworowska (1986), ‘transverse fissure’ of Krause and
Kielan-Jaworowska (1993), ‘circular sulcus’ of Luo et al. (2002),
and ‘annular fissure’ of Rowe et al. (2011).
Primary and Secondary Osseous Laminae—This term was

used by Fox and Meng (1997), Ruf et al. (2009, 2013), Ladev�eze
et al. (2010), and Luo et al. (2011, 2012). Synonymous terms

FIGURE 4. Reconstruction of the brain and cranial nerve roots in Vintana sertichi inA, right lateral; B, dorsal; and C, ventral views. Reconstruction
was based on mirrored images of the better-preserved right side of UA 9972. The cerebral hemispheres are reconstructed as one continuous space
because the rhinal fissure, which separates the neocortex from the olfactory cortex, is not clearly visible on the endocast of UA 9972. Even though
these regions were no doubt present in the living animal, the exact proportions of the neocortex relative to the olfactory cortex remains uncertain.
Abbreviations: cb, cerebrum; cf, circular fissure; CN II, optic nerve; CN V1/V2, ophthalmic and maxillary divisions of trigeminal nerve in the cavum
epiptericum; CN V3, mandibular division of trigeminal nerve at its exit point (foramen ovale) from the cranium; CN VII, facial nerve; CN VIII, vesti-
bulocochlear nerve; CN IX, glossopharyngeal nerve; CN X, vagus nerve; CN XII, hypoglossal nerve bundles (XIIa and XIIb); dss, dorsal sagittal sinus;
hy, hypophysis; ob, olfactory bulb; pf, paraflocculus; v, vermis.
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include ‘osseous spiral lamina’ of Gray (1908b) and Meng and
Fox (1995).
Tractus Foraminosus for Cochlear Nerve Fibers—Synony-

mous terms include ‘tractus spiralis foraminosus’ of Meng and
Fox (1995), Ruf et al. (2009), and Luo et al. (2011, 2012), ‘spiral
foramina of cochlear nerve fibers’ of Luo et al. (2011), ‘foramina
of cochlear nerve’ of Luo et al. (2012), and ‘cribriform-like fora-
mina’ of Ruf et al. (2009).
Habenula Perforata—This term was used by Pritchard (1881)

and Gray et al. (1995). Synonymous terms include ‘canal for
cochlear nerve fibers’ of Luo et al. (2011).
Rosenthal’s Canal—Synonymous terms include ‘cochlear gan-

glion canal’ of Luo et al. (2011), ‘spiral ganglion canal’ of Luo
et al. (2012), and ‘spiral canal of the modiolus’ of Gray et al.
(1995) and Meng and Fox (1995).

DESCRIPTION AND COMPARISON

Preservation and General Morphology of Endocranial Cast

The right side of the endocranial cast of UA 9972, the holo-
typic specimen of Vintana sertichi, is generally well preserved.
However, other parts of the cranial cavity are more significantly
affected by distortion of the cranium (Figs. 1, 5). Most notably,
the left posterior portion of the cranium is displaced anteriorly
and slightly medially, leading to considerable displacement of the
openings and grooves for the major vessels and cranial nerves. In
addition, the left lateral braincase wall exhibits numerous frac-
tures, precluding an accurate reconstruction of the left cerebral
hemisphere. Although the right side is also fractured, it is less dis-
placed and thereby preserves the normal or close-to-normal rela-
tionships of openings and paths for nerves and vessels. Two of
the major cracks passing through parts of the cranium (see
Krause, Wible et al., this volume:figs. 1–6) affect the geometry of
the endocranial cast. The first passes transversely through the
posterior portion of the cranium, displacing the postparietal and
tabular bones anteriorly into the endocranial cavity. The second
crack passes through the right side of the specimen stretching
from the dorsal rim of the orbit toward the squamosal, medially

displacing the underlying olfactory bulb and cerebral hemisphere
cast farther into the cranial cavity. The ventral part of the basicra-
nium is damaged and preserves little anatomical detail associated
with the ventral hindbrain. For a more comprehensive description
regarding the preservation of the cranium see Krause, Rogers
et al. (this volume: “Preservation of UA 9972”).
One of the most peculiar features of general endocranial cav-

ity organization is best observed in lateral view (Figs. 1, 5). The
endocranial cavity deviates considerably from the generally hori-
zontal position typical of most mammals. It is angled with respect
to the apparent long axis of the cranium, with a flexure at the cir-
cular fissure of approximately 32�. Such marked flexion of the
olfactory bulbs compared with the remainder of the endocra-
nium is not present in other Mesozoic mammaliaforms. The
endocranial cast is only moderately flexed in Morganucodon and
Hadrocodium (11� and 12�, respectively) and ranges between
9� and 17� in multituberculates. The olfactory bulbs are even
more in line with the long axis of the cerebrum in the prototri-
bosphenidan Vincelestes (5�), as well as in basal eutherians and
metatherians (0–5�). Based on endocranial reconstructions of
several extant mammals, flexure at the circular fissure seems to
be more variable than in basal therians, but still substantially
lower than in Vintana, ranging between 3� and 22� (Table 3).
Even though these results should be taken with caution due to
the small taxonomic sample, they are in accordance with a lower
flexure at the hypophyseal fossa in extant Theria observed by
Macrini (2006). Despite the variability in extant mammals, none
of the taxa included exhibits flexure at the circular fissure close
to the extreme degree present in Vintana, which seems highly
unusual, if not unique, among mammaliaforms. This unusual
flexion might be attributed to the extreme height of the cranium
in Vintana. In addition, the dorsal-most part of the cranium is
not occupied by the endocranial cavity but is instead filled by tra-
becular bone, possibly contributing to a flexed orientation of the
endocranial cast (see Fig. 3C).

TABLE 2. Basic metrics of the osseous labyrinth of Vintana sertichi
(UA 9972).

Promontorium maximum length 9.97 mm
Cochlear canal maximum length 5.39 mm
Cochlear canal diameter »1.5–1.7 mm
Primary osseous lamina length 2.74 mm
Secondary osseous lamina length 3.56 mm
LASC height 5.77 mm
LASC width 5.34 mm
LLSC height 5.46 mm
LLSC width 5.72 mm
LPSC height 5.82 mm
LPSC width 6.15 mm
RASC height 5.72 mm
RASC width 5.41 mm
LASC radius of curvature 2.78
LLSC radius of curvature 2.80
LPSC radius of curvature 2.99
SC radius of curvature 2.86
LASC ffLLSC 94.3�
LASC ffLPSC 92.1�
LPSC ffLLSC 91.4�
Deviation from 90� (90dev) 2.6
Variance from 90� (90var) 8.3

Cochlear canal length follows Ekdale (2013); semicircular canal height
and width, as well as radius of curvature, follow Spoor and Zonneveld
(1995); 90dev was calculated following Berlin et al. (2013); 90var was cal-
culated following Malinzak et al. (2012).Abbreviations: LASC, left ante-
rior semicircular canal; LLSC, left lateral semicircular canal; LPSC, left
posterior semicircular canal; RASC, right anterior semicircular canal;
SC, average semicircular canal. The ff symbol indicates angle.

TABLE 3. Endocranial flexure at the circular fissure in a sample of
extant and extinct mammaliaforms including Vintana sertichi (UA 9972).

Higher taxon Species Source EFcf

Gondwanatheria Vintana sertichiy This study 32�
Mammaliaformes Morganucodon sp.y 1:fig. 2 11�

Hadrocodium wuiy 1:fig. 2 12�
Multituberculata Chulsanbaatar vulgarisy 2:fig. 2a 9�

Nemegtbaatar gobiensisy 2:fig. 3b 10�
Kryptobaatar dashzevegiy 3:fig. 11 17�

Stem Therian Vincelestes neuquenianusy 3:fig. 17 5�
Stem Placentals Kennalestes gobiensisy 2:fig. 5b 0�

Zalambdalestes lecheiy 2:fig. 6b 1�
StemMarsupial Pucadelphys andinusy 3:fig. 16 0�
Monotremata Ornithorhynchus anatinus 3:fig. 8 13�

Tachyglossus aculeatus 3:fig. 4 21�
Marsupialia Didelphis virginiana 3:fig. 26 3�

Monodelphis domestica 3:fig. 19 4�
Phascolarctos cinereus 3:fig. 21 8�
Vombatus ursinus 4 19�

Placentalia Cavia porcellus This study 12�
Felis silvestris This study 22�
Mus musculus This study 8�
Orycteropus afer 5 19�
Rattus norvegicus This study 4�
Sciurus carolinensis This study 8�

Endocranial flexure at the circular fissure (EFcf) was measured in lateral
view as the acute angle between a segment at mid-height of the foramen
magnum to mid-length of the circular fissure and a segment at mid-length
of the circular fissure to the anterior-most point of the olfactory bulb
(Fig. 3). Lateral views were either taken from published endocranial
reconstructions or were extracted from mCT data made available to us
by N. Jeffery. Abbreviations: 1, Rowe et al. (2011); 2, Kielan-Jaworowska
(1986); 3, Macrini (2006); 4, Digimorph Staff (2004); 5, Macrini (2005).
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FIGURE 5. Volume rendering of the endocranial cast of Vintana sertichi (UA 9972) based on mCT imaging. Reconstructed endocast in A, right lat-
eral; B, dorsal; C, left lateral; andD, ventral views. Interpretive line drawings of the endocranial reconstruction in E, right lateral; F, dorsal;G, left lat-
eral; and H, ventral views. Reconstruction of the cranial endocast set within the skull in I, right lateral; J, dorsal; K, left lateral; and L, ventral views.
Anterior is toward the right in A, B, D–F, H–J, and L and toward the left in C, G, and K. The endocast is rendered in blue, the inner ear in magenta,
and the cranial nerve trunks in green (CNs II, V1, V2, V3, IX, X, XIIa, XIIb) and yellow (CN VII). CNs III, IV, and VI are not labeled but likely trav-
eled with CNs V1 and V2 through the cavum epiptericum. Note that the scale ofA–H is different from that of I–L in order to allow the entire cranium
to be visualized in the latter with reference to the illustrations on the left.Abbreviations: ce, endocast of cavum epiptericum; cf, circular fissure; CN II,
endocast of optic nerve; CN V1/V2, endocast of ophthalmic and maxillary divisions of trigeminal nerve; CN V3, endocast of mandibular division of tri-
geminal nerve at its exit point (foramen ovale) from the cranium; CN VII, endocast of facial nerve; CN IX, endocast of glossopharyngeal nerve at its
exit point (jugular foramen) from the cranium; CN X, endocast of vagus nerve at its exit point (jugular foramen) from the cranium; CN XII, endocast
of hypoglossal nerve bundles (XIIa and XIIb); hy, endocast of hypophysis; iam, endocast of internal acoustic meatus;mr, midline ridge for dorsal sagit-
tal sinus; ncx, endocast of neocortex; ob, endocast of olfactory bulb; ocx, endocast of olfactory cortex; pf, endocast of paraflocculus; v, endocast of
vermis.
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In dorsal or ventral view, the overall shape of the endocranial
cast of Vintana approximates that of an elongated tube (Fig. 5B,
D). It is much longer than wide, reflecting the slender shape of
the basicranium. The endocast is 70.7 mm long, as measured
from the anterior aspect of the olfactory bulbs to the beginning
of the spinal cord estimated at the posterior extent of the fora-
men magnum. It has an uncorrected volume of 15,216.2 mm3

and a corrected volume of 18,297.5 mm3. The endocast width/
length ratio is 0.30, the height/length ratio is 0.29, and the height/
width ratio is 0.94. See Table 1 for a summary of endocranial
metrics. The cortical region is only 49% wider than the olfactory
bulbs, with its greatest width (21.5 mm) located roughly midway
through the cerebral hemispheres. In this regard, Vintana is most
similar toMorganucodon. In bothHadrocodium and multituber-
culates, the width of the cerebral hemispheres is roughly four
times greater than that of the olfactory bulbs (Kielan-Jaworow-
ska, 1986; Krause and Kielan-Jaworowska, 1993; Macrini, 2006;
Rowe et al., 2011). The maximum height of the endocast is
20.2 mm in the mid-hindbrain region. Although deformation of
the occiput obscures the posterior extent of the vermis, it appears
that this region of the endocranium would have been equal in
height or slightly shorter. Many of the cranial nerve pathways
are traceable, as described below, and provide a clear basis for
their reconstruction. The rhinal fissure is not visible on the lateral
surface of either side of the cerebral endocast.

Nasal Cavity

The nasal cavity is large, constituting roughly 60% of cranial
length (Krause, Wible et al., this volume). It tapers posteriorly,
becoming subquadrangular in cross-section (Fig. 6B). Small,
ridge-like projections arising from the lateral nasal wall extend
into the nasal cavity and indicate the positions from which the
ethmoturbinals emanated. For a more detailed description of the
morphology of the nasal cavity, see Krause, Wible et al. (this vol-
ume). The nasal cavity is included in this contribution in order to
discuss the boundary between it and the endocranial cavity,
because this boundary demarcates the anterior and ventral
extents of the olfactory bulbs. In most extant mammals, an ossi-
fied cribriform plate of the ethmoid separates the endocranial
cavity from the nasal cavity. The only exception is the mono-
treme Ornithorhynchus, in which parts of the cribriform plate
are secondarily reduced in the adult (Zeller, 1988). The condi-
tion in Mesozoic mammaliaforms is still debated. A cribriform
plate of the ethmoid is not preserved in Morganucodon but has
been suggested to be present, based on transverse ridges along
the frontal (Kermack et al., 1981). Lillegraven and Krusat (1991)
also identified small remnants of a purported cribriform plate
in Haldanodon. Macrini (2006) presented the first unequivocal
evidence of a broken cribriform plate of the ethmoid in
mCT scans of Kryptobaatar, demonstrating that at least some

FIGURE 6. Serial transverse slices through the cranium of Vintana sertichi (UA 9972) obtained via mCT imaging. The position of each transverse
slice (B–F) is indicated on the dorsal view of the cranium inA.Abbreviations: ce, cavum epiptericum; co, cochlear canal; ef, ethmoidal fossa for olfac-
tory bulbs; et, ethmoturbinal; hyf, hypophyseal fossa; iam, internal acoustic meatus; mr, midline ridge for dorsal sagittal sinus; nc, nasal cavity; ncx,
margin of neocortex; ocx, margin of olfactory cortex; opf, optic foramen; os, orbitosphenoid; sff, secondary facial foramen; ut, utricle; v, vermis.
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multituberculates possessed a bony separation between the nasal
cavity and the ethmoidal fossa in the endocranial cavity. In Vin-
tana, remnants of an osseous cribriform plate of the ethmoid are
preserved. An anterodorsal-posteroventral ridge on the orbital
plate of the right frontal demarcates the attachment site for a
cribriform plate comparable to that of Morganucodon (Krause,
Wible et al., this volume:figs. 7D, 35B, 37D–F). The left side
even preserves fragments of the osseous cribriform plate projec-
ting medially from the ridge. The more central parts of the cribri-
form plate are not preserved. The curvature of this ridge was
used to complete the olfactory bulb cast in lieu of a complete
ossified cribriform plate of the ethmoid. The anterodorsal
boundary of the olfactory bulbs represents an estimate due to
the fact that the anterodorsal aspect of the ethmoidal fossa is in
open communication with the nasal cavity in UA 9972.

Endocranial Cast

Olfactory Bulb Cast—The olfactory bulbs are relatively large,
together constituting 14.4% of the uncorrected endocranial vol-
ume and 14.5% of the corrected volume. The circular fissure,
which marks the posterior extent of the bulbs, is well developed
(Fig. 5). In dorsal view, the olfactory bulbs are ovoid, with a
greatest transverse width of 14.4 mm and length of 19.5 mm.
The olfactory bulb casts taper anteriorly, with the deepest part
being 14.0 mm anterior to the circular fissure. The anterior sur-
face and part of the ventral surface are poorly defined because
the central part of the cribriform plate is not preserved. Whether
or not accessory olfactory bulbs were present cannot be dis-
cerned from the specimen. Kielan-Jaworowska (1983) tenta-
tively described structures on the ventral side of the olfactory
bulb cast as accessory bulbs in the multituberculate Chulsanbaa-
tar, whereas they are reconstructed on the dorsal side of the
olfactory bulb cast in Vincelestes, similar to the condition in
extant mammals (Macrini et al., 2006, 2007a).
The presence of large olfactory bulbs has been noted in several

multituberculates, including Ptilodus (Simpson, 1937; Krause
and Kielan-Jaworowska, 1993), Chulsanbaatar (Kielan-Jawor-
owska, 1983), Nemegtbaatar (Kielan-Jaworowska, 1986), and
Kryptobaatar (Kielan-Jaworowska and Lancaster, 2004; Macrini,
2006), as well as in both Morganucodon (Kermack et al., 1981;
Rowe et al., 2011) and Vincelestes (Macrini et al., 2007a). Large
olfactory bulbs have most typically been associated with an olfac-
tory-dominated, nocturnal lifestyle in Mesozoic mammaliaforms
(Jerison, 1973; Krause and Kielan-Jaworowska, 1993).
Olfactory Cortex—The exact proportions and extent of the

olfactory cortex cannot be determined with certainty. The rhinal
fissure, separating the neocortex from the paleocortex, is not visi-
ble on the endocast of Vintana. Bilateral damage to the cranium
along the dorsal portion of the cerebrum precludes a definitive
assessment in Vintana. A large fracture passing between the
orbital rim and squamosal on the right side might obscure a rhi-
nal fissure. Similarly, numerous fractures on the left side pre-
clude an accurate reconstruction of the cerebral hemisphere.
The absence of a rhinal fissure on the endocast does not

necessarily indicate the absence of a neocortex-paleocortex
boundary. It has been noted previously that the rhinal fissure,
even if visible on the brain, does not always leave an impres-
sion on the endocast (Jerison, 1991; Macrini, 2006). This
appears to be the case in Morganucodon and Hadrocodium
(Macrini, 2006; Rowe et al., 2011), as well as in multitubercu-
lates (Kielan-Jaworowska, 1983, 1986; Krause and Kielan-
Jaworowska, 1993). The only known exception is the basal
mammaliaform Castorocauda lutrasimilis (see Rowe et al.,
2011). Kielan-Jaworowska (1983) tentatively identified a fur-
row on the endocast of the multituberculate Chulsanbaatar as
a rhinal fissure. However, Krause and Kielan-Jaworowska
(1993) reexamined the endocranium of Chulsanbaatar, stating

that a ‘faint furrow’ is present, but in a variable position
even on opposite sides of the same specimen.
In Vintana, the large bulbous area on each side between the

circular fissure and the semilunar ganglion is tentatively assigned
to the olfactory cortex (Fig. 5E, G). The dorsal extent of this
region remains uncertain, because a rhinal fissure is not visible
on either side of the endocast.
Neocortex—The neocortex is defined as that portion of the

cerebral hemisphere dorsal to the rhinal fissure. As noted above,
the rhinal fissure is not visible on the endocast of Vintana. The
endocast is partitioned dorsally by two parasagittal fissures into
three similar-sized ridges extending from the circular fissure
toward the vermis (Figs. 5F, 6D). The midline ridge is herein
interpreted as an extensive dorsal sagittal venous sinus separat-
ing the two parasagittal right and left ridges, which we identify as
hemispheres of the neocortex. The dorsal surface of the cerebral
cast is smooth, similar to the condition in other Mesozoic mam-
maliaforms (Simpson, 1927; Kielan-Jaworowska, 1986; Macrini,
2006; Macrini et al., 2007a). Very little can be stated about the
posterior portion of the cerebral hemisphere endocast, because
this region of the cranium is significantly damaged.
Cerebellum—It remains unclear if any portion of the dorsal

surface (i.e., the tectum) of the midbrain is exposed, due in large
part to the above-mentioned damage and the prominent bulbous
structure herein interpreted as the vermis (Figs. 5, 6F). The ver-
mis represents the midline region of the cerebellum that is vari-
ably developed in mammals. Kielan-Jaworowska and Lancaster
(2004) offered a different interpretation of the bulbous structure
in Kryptobaatar and other multituberculates as the superior
(dorsal) cistern, a cerebrospinal fluid–filled space overlying the
vermis and midbrain, similar to the condition in the koala (Phas-
colarctos cinereus). However, Macrini (2006) reconstructed the
endocranial cavity of P. cinereus based on mCT scans and indi-
cated that the superior (dorsal) cistern and the vermis leave dif-
ferent and distinct impressions. The vermis occupies the dorsal
edge of the cerebellum just posterior to the superior (dorsal) cis-
tern. Following Macrini’s delineation, the bulb overlapping the
midbrain and cerebellum in Vintana is interpreted as the vermis.
A superior (dorsal) cistern is not recognizable in UA 9972, due
to poor preservation of the posterodorsal part of the endocra-
nium (Fig. 5). The full extent of the vermis is likewise masked by
the deformed occiput. Nonetheless, we estimate vermal volume
to be approximately 5% of the endocranial space.
A slight depression within the right petrosal posterior to the

internal acoustic meatus is herein interpreted as the subarcuate
fossa, which housed the parafloccular lobe (Krause, Wible et al.,
this volume). The shallow indentation of the subarcuate fossa in
Vintana is much smaller than in other Mesozoic mammaliaforms
and does not protrude into the space circumscribed by the poste-
rior semicircular canal (Kielan-Jaworowska, 1983, 1986; Macrini,
2006; Luo et al., 2012; Ruf et al., 2009, 2013). This finding is not
entirely surprising given the large size of Vintana compared with
most Mesozoic mammaliaforms and the fact that a similar pat-
tern, in which the volume of the subarcuate fossa is negatively
correlated with cranial size, can be seen in marsupials (S�anchez-
Villagra, 2002).
Hypophysis—The hypophyseal fossa in Vintana is located on

the ventral midline between the posterior ends of the cava epi-
pterica (Figs. 4C, 5H), similar to the position reconstructed in
other Mesozoic mammaliaforms (Kielan-Jaworowska, 1986;
Macrini, 2006; Macrini et al., 2007a, 2007c; Ruf et al., 2013). The
dorsum sellae is weakly developed, thereby negating its utility
for constraining the posterior extent of the pituitary gland. In the
virtual reconstruction (Fig. 5H), the cast of the pituitary gland
blends gradually into the cast of the brainstem without any
clearly distinctive posterior boundary. However, it most likely
did not extend much farther than the basisphenoid-basioccipital
contact. The anterior wall is better defined and preserves the
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circular morphology of the hypophyseal fossa (Figs. 3C, 6D).
Exact volumetric and linear measurements could not be taken
due to the poor state of preservation.
Cranial Nerves—Most of the cranial nerves are well con-

strained on the right side of the specimen and exhibit topological
congruency that is generally consistent with their known loca-
tions and pathways in extant mammals. The optic tract and nerve
(CN II) are reconstructed as emanating from the ventral surface
of the endocast between the olfactory cortex and midway
between the circular and sphenorbital fissures (Figs. 5, 6). At its
inferred attachment to the diencephalon, the cast of the optic
tract is directed anteriorly then laterally, parallel to the olfactory
bulbs. The optic nerve and tract cast is 5.7 mm long, 6.9 mm
wide, and occupies approximately 0.7% of the corrected

endocranial volume (0.9% of the uncorrected volume). The optic
foramen is visible on the right lateral braincase wall opening in
the center of the orbit (Fig. 7A0). Based on transverse sections
through the cranium, the full extent of the optic foramen is
obscured by the highly fractured orbitosphenoid (Fig. 6C). The
size of the optic nerve might be better represented by a 3.7-mm-
wide impression extending anteroventrally from the right optic
foramen (Fig. 7A0). In endocasts of most Mesozoic mammalia-
forms, the pathway of the optic nerves are not visible, and CN II
is assumed to have traversed the cranium through the sphenorbi-
tal fissure (Simpson, 1937; Kielan-Jaworowska et al., 1986; Hop-
son and Rougier, 1993, Macrini, 2006; Macrini et al., 2007a).
Casts of CNs III, IV, and VI, all providing motor innervation to
the extraocular muscles, could not be reconstructed because they

FIGURE 7. Volume rendering of the endocranial cast and braincase wall of Vintana sertichi (UA 9972) inA,A0, right lateral; and B, B0, right ventro-
lateral views illustrating the major organization of cranial nerve trunks (A, B) relative to cranial elements (A0, B0). Note that the endocast (in blue) is
visible as a shadow and that the petrosal and squamosal are sectioned (shaded hatching) in A0 and B0. Cranial nerve trunks are rendered in various
shades of green (CNs II, V, IX, X, XIIa, XIIb) and yellow (CNs VII, VIII) and the inner ear in magenta. CNs III, IV, and VI are not labeled but likely
traveled with CNs V1 and V2 through the cavum epiptericum. Abbreviations: al, anterior lamina of petrosal; as, alisphenoid; bo, basioccipital; ce,
endocast of cavum epiptericum; CN II, endocast of optic nerve; CN V1/V2, endocast of ophthalmic and maxillary divisions of trigeminal nerve; CN
V3, endocast of mandibular division of trigeminal nerve; CNVII, endocast of facial nerve; CNVIII, endocast of vestibulocochlear nerve; CN IX, endo-
cast of glossopharyngeal nerve; CN X, endocast of vagus nerve; CN XII, endocast of hypoglossal nerve (XIIa and XIIb); eoc, exoccipital; fo, foramen
ovale; gg, endocast of geniculate ganglion; gpn, endocast of greater petrosal nerve; hf, hypoglossal foramina (hfa and hfb); hy, endocast of hypopyhsis;
jf, jugular foramen;mx, maxilla; opf, optic foramen; pr, promontorium; pt, pterygoid; sff, secondary facial foramen; sof, sphenorbital fissure.
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potentially traveled with, and thereby are obscured by, the
extensive trigeminal nerve (CN V) system.
The trigeminal is the most extensive cranial nerve system

preserved in Vintana. The endocast reveals that the root of the
trigeminal nerve attached to the brainstem and expanded
quickly into the large, bulbous semilunar ganglion situated
within the cavum epiptericum (Figs. 5A, E; 7A). From there,
the mandibular division of the trigeminal (V3) emerges, travel-
ing directly laterally and traversing the cranium through a
clearly defined foramen ovale, which is situated between the
anterior lamina of the petrosal, the alisphenoid, and possibly
the pterygoid (Krause, Wible et al., this volume). The ophthal-
mic and maxillary divisions of the trigeminal (V1 and V2,
respectively) pass anterodorsally as a common bundle
(Figs. 5A, E; 7B). The right and left cava epipterica seem to
connect across the midline anterior to the foramen ovale
(Fig. 5D, H), with only the anterior extensions remaining sepa-
rated. The posterior regions of the right and left cava epipter-
ica are also confluent in Vincelestes (Macrini et al., 2007a).
The combined V1/V2 (and potentially CNs III, IV, and VI) tra-
verse the boundary of the cranial cavity by passing through the
sphenorbital fissure located between the alisphenoid and orbi-
tosphenoid (Fig. 7A0). In total, the right cavum epiptericum is
15.9 mm long, measured from the posterior extent of the fora-
men ovale to the posterior end of the sphenorbital fissure.
Casts of the facial nerve (CN VII) as well as the common

stem of the vestibular and cochlear nerves (together constitut-
ing CN VIII) attach to that of the brainstem immediately
medial to the internal acoustic meatus. Both nerves pass lat-
erally through the internal acoustic meatus of the petrosal for
approximately 4 mm until they reach the medial side of the
cochlear canal. The vestibulocochlear nerve (CN VIII) branches
into its two primary divisions, innervating the vestibular appara-
tus and cochlea. The path of the facial nerve continues through
the facial canal and bends anteriorly around the cochlear canal
(Fig. 7). The facial canal expands into an oval cavity at the
most anterior point, hereby interpreted as the cavum supraco-
chleare for the geniculate ganglion (Fig. 7). The cavum supraco-
chleare and cavum epiptericum are thus separated by a portion
of the petrosal. From the cavum supracochleare, the cast of the
facial nerve bifurcates into two forks. The much smaller fork,
the cast of the greater petrosal nerve, passes anteromedially
until it reaches the cavum epiptericum (Fig. 7). The main part
of the facial nerve cast (i.e., that portion within the facial canal)
continues posterolaterally, looping around the cochlear canal. It
emerges on the ventral side of the cranium through the second-
ary facial foramen, positioned at the posterior end of the lateral
trough, adjacent to the fenestra vestibuli and dorsal to the tym-
panohyal (Fig. 7B0).
Casts of the glossopharyngeal and vagus nerves (CNs IX and

X) attach to the brainstem 7 mm posteroventral to the internal
acoustic meatus (Fig. 7). They pass anterolaterally and exit the
braincase through the jugular foramen, an opening between the
petrosal and occipital bones (Fig. 7B0).
Casts of two hypoglossal nerve roots are present in Vintana,

with the two passing along in near-parallel trajectories in an
anteroventral direction. After approximately 2.3 mm, they tra-
verse the cranial wall through separate foramina located in the
occipital (presumably the exoccipital, as is usual in mammals)
(Fig. 7B0).

Osseous Labyrinth

The osseous labyrinth is generally better preserved on the
right side in UA 9972 (Figs. 8–10). The left petrosal is minutely
fractured, and multiple larger cracks run through the vestibule
and cochlear canal. For further information on the preservation

and morphology of the petrosal, see Krause, Wible et al. (this
volume:figs. 26, 27). The left cochlear canal is fragmented into
multiple pieces that are displaced and rotated posterodorsally
relative to the vestibule. The description of cochlear canal mor-
phology thus relies on the relatively more intact right side, from
which cochlear canal measurements were obtained exclusively
(Table 2). The left semicircular canals, however, are well pre-
served and will serve as the primary reference for description
and measurement (Table 2). The osseous labyrinth can be
divided into three parts consisting of the cochlear canal, vesti-
bule, and semicircular canals, with each being described sepa-
rately below. The total length of the right labyrinth, from the
posterior-most point of the posterior canal to the anterior tip of
the cochlear canal is 11.9 mm.
Cochlear Canal—Description of the internal structure and

morphology of the cochlear portion of the osseous labyrinth is
based on the better-preserved right petrosal. Although multiple
cracks pass through the right petrosal, the fragments are still in
association and only slightly displaced, permitting a digital
reconstruction of the cochlear canal (Figs. 8, 9). The largest frac-
ture runs parallel to the longitudinal axis of the cochlear canal
and is visible in ventrolateral view (Fig. 8A). It splits the
cochlear canal in half with a greater separation and translation at
the base than at the apex (Fig. 9C). This translation artificially
enlarges the diameter of the cochlear canal. Despite the fractur-
ing of the petrosal, we believe that the length and gross morphol-
ogy of the cochlear canal are accurately represented on the right
side.
The cochlear canal is short, measuring 5.39 mm from the apex

of the cochlear canal to the apical border of the fenestra vestibuli
and constituting only 4.3% of total cranial length. The cochlear
canal is oriented anteromedially within the petrosal and extends
about half of the length of the promontorium (9.97 mm). The
basal part of the cochlear canal is gently curved with the apex
gently deflected anterolaterally. In this regard, Vintana resem-
bles Morganucodon and some multituberculates in which a
slightly curved cochlear canal is present (Graybeal et al., 1989;
Fox and Meng, 1997; Hurum, 1998a), but differs from Haldano-
don, Dryolestes, Henkelotherium, Vincelestes, and monotremes
where cochlear curvature exceeds 180� (Rougier et al., 1992; Fox
and Meng, 1997; Ruf et al., 2009, 2013; Luo et al., 2012). The
cochlear canal is nearly circular in cross-section at mid-length,
with an estimated diameter of 1.5–1.7 mm (measurements were
obtained after eliminating the displacement resulting from the
previously mentioned longitudinal fracture; see “Materials and
Methods”) (Fig. 9D). The cochlear canal tapers smoothly to its
apex, thereby suggesting the absence of a significant macula
lagena (Fig. 8A). The lagena is an otolithic organ that constitutes
part of the vestibular apparatus in many vertebrates and is posi-
tioned at the apical terminus of the cochlear canal. Among
extant mammals, a lagena is present in monotremes (Pritchard,
1881; Gray, 1908a), but not in therians (e.g., Fernandez and
Schmidt, 1963). In monotremes, the vestibular epithelium lining
the lagena is distinct and separate from the auditory organ of
Corti and more closely resembles the macular epithelia
expressed in the vestibule of therians (Pritchard, 1881; Ladhams
and Pickles, 1996). The lagena also receives its own innervation
in monotremes, bypassing the tractus foraminosus that transmits
nerve bundles to the organ of Corti (Pritchard, 1881; Luo et al.,
2011). There is no indication of a separate nerve canal to the
apex of the cochlear canal in Vintana, thereby further supporting
the absence of a lagena (Fig. 10). A lagena-like expansion of the
cochlear canal is also absent in the basal mammaliaform Morga-
nucodon (Graybeal et al., 1989), but is present in Haldanodon
(Ruf et al., 2013), several (but not all) multituberculates (Luo
and Ketten, 1991; Meng and Fox, 1995; Hurum, 1998a; Ladev�eze
et al., 2010), and, as noted above, monotremes (Pritchard, 1881;
Gray, 1908a).
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FIGURE 8. Digital reconstructions and interpretive drawings of the right (A, B, C) and left (D, E, F) endosseous labyrinth of Vintana sertichi (UA
9972) based on mCT imaging inA,D, ventrolateral; B, E, dorsomedial; and C, F, anterolateral views. Dotted lines in interpretive drawings ofA and C
indicate the fracture passing through the cochlear canal. The cochlear canal of the left labyrinth is severely damaged (fractured and displaced) and
could not be accurately reconstructed. A red line marks the end of the virtual reconstruction of the left labyrinth. Dotted black lines represent the
reconstructed outline of the cochlear canal mirrored from the right labyrinth.Abbreviations: asc, anterior semicircular canal; asca, anterior semicircu-
lar canal ampulla; cc, crus commune; CN VIII, reconstructed cochlear nerve (yellow); co, cochlear canal; fv, fenestra vestibuli (blue); lsc, lateral semi-
circular canal; lsca, lateral semicircular canal ampulla; pf, perilymphatic foramen; psc, posterior semicircular canal; psca, posterior semicircular canal
ampulla; scc, secondary crus commune; sl, sulcus of the secondary osseous lamina.
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Both primary and secondary osseous laminae are present in
Vintana (Figs. 9C, 10). The term ‘osseous lamina’ is here pre-
ferred over ‘osseous spiral lamina’ (e.g., Gray et al., 1995;
Meng and Fox, 1995), because the cochlear canal is not
coiled in Vintana, and the laminae, even though following
the slight curvature of the cochlear canal, lack a spiral mor-
phology. The secondary osseous lamina projects inward along
the abneural curvature of the cochlear canal and is visible on
the digital endocast as a slight fissure that extends almost to
the apex of the cochlear canal (Figs. 8B, 9A). Although the
apical-most and basal-most portions appear to be broken, the
secondary osseous lamina is otherwise preserved over most
of the course (approximately 3.5 mm) of the cochlear canal.
In therians, the secondary osseous lamina arises proximally
from the crista interfenestralis (Meng and Fox, 1995). A con-
nection is not preserved in Vintana, likely due to damage to
the basal part of the cochlear canal. A secondary osseous
lamina has been identified in the cladotherians Henkelothe-
rium and Dryolestes, as well as in Vincelestes (Ruf et al.,
2009; Luo et al., 2012). Ladev�eze et al. (2010) tentatively
assigned several thin fragments within the cochlear canal as
pertaining to the secondary osseous lamina in a new but
undescribed djadochtatherioid multituberculate.
Medially, multiple tubular canaliculi of variable size (0.06–

0.23 mm in diameter) pass between the cochlear canal and the
internal acoustic meatus and are herein interpreted as the tractus
foraminosus for the cochlear nerve fibers (Fig. 10). The term
‘tractus foraminosus’ is preferred here over ‘tractus spiralis fora-
minosus’ or ‘spiral foramina of cochlear nerves’ because the
cochlear canal lacks a spiral morphology. The cribriform plate,
the bony structure between the internal acoustic meatus and
cochlear canal that houses the tractus foraminosus, is damaged
in apical-most and basal-most parts of the cochlear canal. Several
fragments are preserved within the basal part of the cochlear
canal, suggesting that it extended farther basally (Fig. 10). Most
canaliculi of the tractus foraminosus are confluent with a large
canal running along the base of the primary lamina, here identi-
fied as Rosenthal’s canal (Fig. 9). Along the fractured anterior
margin, some canaliculi may bypass Rosenthal’s canal (Fig. 9).
These canaliculi connect with a second, more anteriorly placed
canal. Due to the poor preservation of the basal part of the crib-
riform plate, however, it is difficult to discern whether this repre-
sents an additional ganglion canal or a vascular canal. A second
ganglion canal at the base of the primary osseous lamina is not
known in any other mammaliaform. The cochlear nerve passes
between the cochlear canal and internal acoustic meatus in at
least three different ways in mammaliaforms. In Morganucodon
(Kermack et al., 1981; Luo, 2001; Luo et al., 2011), Haldanodon
(Ruf et al., 2013), and multituberculates (Meng and Fox, 1995;
Fox and Meng, 1997; Hurum, 1998a), the cochlear nerve passes
through a single foramen. By contrast, the cochlear nerve of
monotremes passes through the tractus foraminosus (i.e., multi-
ple small bony foramina) in a cribriform plate between the
cochlear canal and internal acoustic meatus (Pritchard, 1881;
Fox and Meng, 1997). In fossil cladotherians and extant therians
(e.g., Gray, 1908a, 1908b), the nerve fibers constituting the
cochlear nerve pass through the habenulae perforatae and
primary osseous lamina, Rosenthal’s canal, and the tractus fora-
minosus. Vintana seems to be more similar to cladotherians in
this respect.
Adjacent to the cribriform plate and Rosenthal’s canal, a short

segment of the primary osseous lamina is also preserved in Vin-
tana (Figs. 9, 10), the apical and basal portions of which are dam-
aged. In extant therians, the primary osseous lamina anchors the
neural margin of the basilar membrane along its full length and
transmits nerve fibers from the organ of Corti to Rosenthal’s
canal. The secondary osseous lamina of extant therians provides
a secondary bony support for the basilar membrane along its

abneural margin, but only in more basal portions of the cochlear
canal (Gray et al., 1995; Meng and Fox, 1995). In Vintana, the
primary osseous lamina is relatively slender and narrow com-
pared with the cribriform plate (Fig. 10D, E). It forms the lateral
edge of Rosenthal’s canal and only extends a short distance far-
ther into the center of the cochlear canal in cross-section
(Fig. 9D). In extant therians, the primary osseous lamina often
extends a greater distance abneurally from Rosenthal’s canal
into the cochlear canal. It is not clear whether Vintana had a nar-
row primary lamina compared with that of extant therians, or
whether the narrow width of the preserved segment of the pri-
mary osseous lamina is the result of damage. The habenulae per-
foratae, small canals transmitting sensory fibers from the organ
of Corti to Rosenthal’s canal, are barely visible in the mCT scans
(Fig. 9A). Visualization of the individual canaliculi is compli-
cated by the fact that the cross-sectional dimensions of these
structures approach the maximum resolution of the scans used
here. Due to the fragmentary nature of the primary and second-
ary osseous laminae, the exact length of the basilar membrane
cannot be determined in Vintana.
An osseous cochlear canaliculus for the perilymphatic duct,

which connects the inner ear to the subarachnoid space, is lack-
ing in Vintana. Instead, a shallow groove can be seen on the ven-
tral surface of the petrosal medial to the aperture of the scala
tympani (Krause, Wible et al., this volume:fig. 27A). Therefore,
we assume that a perilymphatic recess was still present and dis-
tinct from the scala tympani. The aperture is hence termed the
perilymphatic foramen (Rougier and Wible, 2006). A perilym-
phatic foramen separating the scala tympani and perilymphatic
recess (perilymphatic sac) is present in most non-cladotherian
mammaliaforms, includingMorganucodon,Haldanodon, Priaco-
don, and several multituberculates (Lillegraven and Hahn, 1993;
Luo, 1994; Rougier et al., 1996; Fox and Meng, 1997; Hurum,
1998b; Wible and Rougier, 2000; Ruf et al., 2013), as well as in
extantOrnithorhynchus (Gray, 1908a; Zeller 1991, 1993). In con-
trast, in therians, dryolestids, and Vincelestes, as well as in extant
Tachyglossus, the perilymphatic recess is enclosed within the
cochlear canal and completely merges with the scala tympani
(Gray, 1908a; Kuhn, 1971; Wible and Rougier, 2000; Wible et al.,
2001; Ruf et al., 2009; Luo et al., 2012). The perilymphatic duct
then exits the inner ear through a bony canal, the cochlear cana-
liculus (cochlear aqueduct), close to the fenestra cochleae. Even
though similar in position, the fenestra cochleae and the perilym-
phatic foramen are therefore not homologous (Gray, 1908a;
Meng and Fox, 1995).
Vestibule—Only minimal information can be drawn from the

vestibule, because it is severely damaged on both sides (Fig. 10).
Nonetheless, it is clear that the vestibule is not inflated, in con-
trast to the condition in at least some multituberculates (Miao,
1988; Luo and Ketten, 1991; Meng and Wyss, 1995). In life, the
bony vestibule encloses the membranous saccule and utricle.
The utricle communicates with the membranous part of the
semicircular canal system via five openings positioned in the
anterior and lateral ampullae, the crus commune, and two sepa-
rate openings for the lateral and posterior semicircular canals in
the secondary crus commune. The saccule is connected to the
utricle via the utriculosaccular duct, from which the endolym-
phatic duct originates. In Vintana, the aqueductus vestibuli (the
bony canal transmitting the endolymphatic duct) arises close to
the junction of the canal for the crus commune and passes dor-
sally into the endocranial cavity. Only the proximal-most portion
of the aqueductus vestibuli can be followed in the mCT scans. It
merges with a large crack passing through the petrosal into the
endocranial cavity, thereby precluding a complete reconstruction
of the path of the endolymphatic duct. In extant mammals, the
endolymphatic duct ends in the endolymphatic sac, a small mem-
branous extension positioned between the internal surface of the
petrosal and the dura mater.
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Semicircular Canals—The semicircular canals are intact and
preserved best on the left side. Therefore, all measurements
given in Table 2 were taken from the left petrosal. In general,
the arcs of the semicircular canals are very large in Vintana,
particularly when compared with the length of the cochlear

canal. More than half of the length of the inner ear is taken
up by the semicircular canals (55%). The radii of curvature of
the three canals are similar to one another. The anterior canal
is 2.78 mm, the lateral canal is 2.80 mm, and the posterior
canal is 2.99 mm (measurements follow Spoor and Zonneveld,

FIGURE 9. Digital reconstruction of the right endosseous labyrinth and cochlear nerve of Vintana sertichi (UA 9972) based on mCT imaging in A,
posteromedial and B, ventrolateral views. The endosseous labyrinth is illustrated as semitransparent, with the canal system occupied by the cochlear
nerve (yellow) depicted both in situ (upper left of A and B) and in an identical view but enlarged four times (lower right of A and B). Arrows in A
indicate dorsomedial (up) and posterolateral (right) directions; arrows in B indicate dorsolateral (up) and anterolateral (right) directions. A cross-sec-
tional slice through the base of the cochlear canal (see line depicting position of slice in B) obtained via mCT scanning is presented in its original, mod-
ified, and reconstructed states (C–E). In D, part of the promontorium was manually rotated counterclockwise and moved in the direction of the two
white arrows to approximate the displaced fragments and establish the original shape of the cochlear canal. E is an interpretive drawing of the cross-
section in D. Abbreviations: asc, anterior semicircular canal; cc, crus commune; co, cochlear canal; hp, habenulae perforatae; iam, internal acoustic
meatus; lsc, lateral semicircular canal; pf, perilymphatic foramen; pl, primary osseous lamina; psc, posterior semicircular canal; rc, Rosenthal’s canal;
sc, secondary canal; scc, secondary crus commune; sl, secondary osseous lamina; tf, tractus foraminosus.
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1995). In contrast to the condition in Vintana, the arc of the
anterior canal is the greatest of the three in most fossil and
many extant cynodonts (Spoor et al., 2007; Luo et al., 2012;
Ruf et al., 2013). For example, in the tritylodontid Yunnano-
don and docodont Haldanodon, the radius of curvature of the
anterior canal is about twice the size of the lateral semicircu-
lar canal (Luo, 2001; Ruf et al., 2013). The difference among
the canal arcs is less marked in monotremes, several multitu-
berculates (Nemegtbaatar, cf. Tombaatar), stem therians, and

therians (Meng and Wyss, 1995; Hurum, 1998a; Schmelzle
et al., 2007; Spoor et al., 2007; Ladev�eze et al., 2010; Ekdale
and Rowe, 2011; Luo et al., 2012; Ekdale, 2013). The lateral
semicircular canal, however, is the largest of all canals in the
multituberculate Lambdopsalis (Miao, 1988; Meng and Wyss,
1995).
The semicircular canals in Vintana are large not only when

compared with the length of the cochlear canal, but also when
mean radius of curvature is regressed against body size for

FIGURE 10. Serial slices through the right petrosal of Vintana sertichi (UA 9972) obtained via mCT imaging. A–I, anterior-to-posterior series from
the anterior end to the middle portion of the osseous labyrinth; dorsal is toward the top and right is toward the right in each image. Abbreviations:
asc, anterior semicircular canal; asca, anterior semicircular canal ampulla; co, cochlear canal; fv, fenestra vestibuli; iam, internal acoustic meatus; lsc,
lateral semicircular canal; lsca, lateral semicircular canal ampulla; pl, primary osseous lamina; rc, Rosenthal’s canal; sl, secondary osseous lamina; tf,
tractus foraminosus; ut, utricular portion of vestibule.
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mammals more generally (see Kirk et al., this volume, for addi-
tional discussion). The lateral and posterior canals both fall
above the distribution for mammals, indicating their relatively
large size (Kirk et al., this volume). Furthermore, all canals lie at
approximately right angles to one another, ranging between 91�
and 94� (see Table 2). The crus commune is well developed
between the posterior and anterior canals (Fig. 8B). Likewise,
the posterior and lateral canals merge to form a shorter second-
ary crus commune (Fig. 8A).

DISCUSSION

This discussion focuses primarily on phylogenetic inferences
that can be drawn from the endocranial cast and inner ear. Func-
tionally relevant aspects are analyzed and discussed by Kirk
et al. (this volume).

Endocranial Volume and Encephalization Quotient

The relative endocranial volume is comparatively small in Vin-
tana, as indicated in Figure 11, which is a bivariate plot of log10
endocranial volume and log10 body mass for 497 extant and 21
extinct cynodonts assembled from several data sets (see Supple-
mental Data Table S1 for a detailed list of taxa and sources). Vin-
tana falls near the lower end of the distribution for extant
mammals for the range of its predicted body masses (mean D
8.95 kg; lower limit D 5.59 kg; upper limit D 14.32 kg; see Kirk
et al., this volume). Generally, Vintana plots more closely to the
distribution of Mesozoic mammaliaforms, particularly so for the
lower body mass estimate. At larger body mass estimates, Vintana
shifts toward non-mammaliaform cynodonts. However, none of
the taxa closest to Vintana are actually Mesozoic mammaliaforms,
a fact mainly driven by the absence of larger-bodied Mesozoic
mammaliaforms in this sample. All of the Mesozoic mammalia-
forms included in this data set are much smaller than Vintana,

ranging between 2 and 900 g in body mass. No clear pattern
emerges from the taxa closest toVintana.They occupy diverse eco-
logical niches and are widely spread among extant lineages such as
the echidna (Tachyglossus aculeatus), Tasmanian devil (Sarcophi-
lus harrisii), koala (Phascolarctos cinereus), rock hyrax (Procavia
capensis), Arctic hare (Lepus arctictus), Malayan civet (Viverra
tangalunga), andCape porcupine (Hystrix africaeaustralis).
To further compare brain size across different body sizes, an

encephalization quotient was calculated. Encephalization quo-
tient (EQ) is the ratio of actual to expected brain size given a
certain body mass. Using Eisenberg’s (1981) equation, the EQ
for Vintana ranges between 0.28 and 0.56 for the corrected endo-
cranial volume. This range of EQ values is generally similar to
those of basal mammaliaforms such as Morganucodon (0.3;
Rowe et al., 2011), Hadrocodium (0.49; Rowe et al., 2011), and
Triconodon (0.49; Jerison, 1973). The EQ is substantially lower
in non-mammaliaform cynodonts (<0.25; Rowe et al., 2011;
Rodrigues et al., 2014) and first reaches 0.5 in Hadrocodium
(Rowe et al., 2011; 0.32–0.49 for different body mass estimates in
Macrini, 2006). However, caution is warranted when considering
enlargement of the brain during mammaliaform evolution as a
solely gradual process. Even though a general trend over time
toward increasing relative brain size can be documented in Mam-
maliaformes (Rowe et al., 2011), several extant mammalian line-
ages diverge from this pattern and exhibit EQ values below 0.5.
In this data set alone, nearly 30 species belonging to several
mammalian clades (e.g., Afrotheria, Lipotyphla, Rodentia,
Xenarthra, and Pholidota) have EQ values lower than 0.5. More-
over, Vincelestes and Pucadelphys have values of 0.28 and 0.32,
respectively, indicating a lower EQ near the base of Theria and
Marsupialia (Macrini et al., 2007a, 2007c). Nonetheless, the EQ
of Vintana is lower than in multituberculates (0.53–0.62; Kielan-
Jaworowska, 1983; Krause and Kielan-Jaworowska, 1993,
Macrini, 2006; Rowe et al., 2011) and considerably lower than in

FIGURE 11. Relationship between endo-
cranial volume (logEV) and body mass
(logBM) in 518 extant and extinct cynodonts,
including Vintana sertichi (UA 9972), which
is depicted by red stars at lower, average, and
upper body mass estimates for the uncor-
rected (lower row) and corrected (upper
row) endocranial volume. Data and sources
are provided in Supplemental Data Table S1.
Basal cynodonts and multituberculates indi-
cated by numbers: 1, Diademodon sp.; 2,
Exaeretodon sp.; 3, Probelesodon sp.; 4, Mas-
setognathus sp.; 5, Thrinaxodon liorhinus; 6,
Probainognathus jenseni; 7, Brasilitherium
riograndensis; 8, Therioherpeton cargnini; 9,
Ptilodus sp.; 10, Kryptobaatar dashzevegi; 11,
Chulsanbaatar vulgaris.
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monotremes (0.75–1.0; Macrini, 2006). These and other results
suggest that relatively larger brains evolved multiple times even
within basal mammals (e.g., Eisenberg and Wilson, 1978; Marino
et al., 2004; Finarelli and Flynn, 2007; Macrini et al., 2007a;
Weisbecker and Goswami, 2010). Some of the variation
observed in the EQ of Mesozoic mammaliaforms might in part
be caused by differences in estimating body mass and brain size.
This problem even exists in estimates for extant mammals, where
different methods have been used to estimate brain volume (e.g.,
measuring the actual weight or volume of the brain vs. digitally
reconstructing the endocranial cavity) (Macrini, 2006; Healy and
Rowe, 2007; Macrini et al., 2007a). Thus, using encephalization
as a phylogenetic character might be problematic before further
investigating the effects of combining different methods to calcu-
late EQ.
Characters describing the endocranial cavity have historically

received comparatively little attention in phylogenetic analyses
of Mammaliaformes. For example, there are only seven endocra-
nial characters out of 304, 458, and 436 characters in the analyses
of Rougier et al. (2011), Yuan et al. (2013), and Zheng et al.
(2013), respectively. Macrini and colleagues (Macrini, 2006;
Macrini et al., 2007a) only recently developed a larger set of
endocranial characters to further explore their phylogenetic sig-
nificance in the context of mammaliaform evolution. Unfortu-
nately, about half of the characters listed in Macrini et al.
(2007a) are difficult to score for Vintana due to the poor state of
preservation in certain critical areas of the specimen. For exam-
ple, the rhinal fissure is not clearly visible, and the region of the
hypophysis is too damaged to be coded in detail.
Particularly remarkable, however, is the size and morphology

of the cavum epiptericum in Vintana. Two aspects of the
cavum epiptericum are phylogenetically informative: (a) whether
or not the geniculate ganglion of the facial nerve is housed within
it; and (b) the composition of its osseous boundaries (e.g., Wible
and Hopson, 1993; Macrini, 2006). In several Mesozoic mamma-
liaforms, the cavum epiptericum houses not only the trigeminal
nerve and portions of CNs III–VII but also the geniculate gan-
glion of the facial nerve. Such is the case inMorganucodon (Wible
and Hopson, 1993), Hadrocodium (Macrini, 2006), Haldanodon
(Lillegraven and Krusat, 1991; Ruf et al., 2013), multituberculates
(Hurum, 1998b; Wible and Rougier, 2000; Macrini, 2006;
Ladev�eze et al., 2010), and the monotremeOrnithorhynchus (Zel-
ler, 1989). In contrast, an osseous wall separating the cavum epi-
ptericum and cavum supracochleare is present in Vintana. In this
respect, Vintana is more similar to the fossil cladotherian Vince-
lestes (and most likely Henkelotherium), and to Theria in general
(Macrini et al., 2007a; Ruf et al., 2009). However, it should also
be noted that a separate cavum supracochleare evolved conver-
gently in Tachyglossus (Kuhn and Zeller, 1987) and possibly also
Eutriconodonta (Rougier et al., 1996).
The composition of the medial and lateral walls of the cavum

epiptericum is also phylogenetically informative. In non-mam-
malian cynodonts, the ossified pila antotica forms the medial
wall of the cavum epiptericum (Presley, 1980; Novacek, 1993)
and, as such, it is present in Brasilitherium, Adelobasileus, and
Sinoconodon (Lucas and Luo, 1993; Rodrigues et al., 2014).
Within mammaliaforms, the pila antotica is ossified in Megazos-
trodon (Lucas and Luo, 1993) and possibly also in Morganuco-
don (Kermack et al., 1981; Crompton and Sun, 1985; Wible and
Hopson, 1993) and Triconodon (Kermack, 1963). The pila anto-
tica is also ossified in multituberculates (Kielan-Jaworowska
et al., 1986; Miao, 1988; Hurum, 1998b; Wible and Rougier,
2000) but is absent in Vincelestes (Hopson and Rougier, 1993).
In extant mammals, the primary wall of the braincase is greatly
reduced and the cavum epiptericum is incorporated into the
endocranial cavity (Kuhn and Zeller, 1987; Novacek, 1993). In
Vintana, the medial side of the cavum epiptericum is severely
damaged. A bony process extending ventrally from the

alisphenoid, medial to the cavum epiptericum, is herein tenta-
tively identified as the pila antotica (see Krause, Wible et al.,
this volume, for more detailed description and discussion). In
contrast to the condition in multituberculates (Kielan-Jaworow-
ska et al., 1986; Hurum, 1998b; Wible and Rougier, 2000), the
pila antotica does not broadly seal off the cavum epiptericum
from the endocranial cavity in Vintana.
Olfactory Bulbs—The relatively large size of the olfactory

bulbs in Vintana is illustrated in Figure 12, in which the percent-
age of olfactory bulb to endocranial volume is plotted for 163
extant and extinct mammaliaforms (Supplemental Data Table
S2). Vintana has the highest ratio of olfactory bulb to endocranial
volume of all extinct and extant mammaliaforms included in the
data set. This is true for the corrected (14.52%) as well as uncor-
rected endocranial and olfactory bulb volumes (14.45%), even
though it should be kept in mind that both are based on esti-
mates of the actual endocranial volume. However, even if endo-
cranial volume were 30% larger (probably a substantial
overestimate), the olfactory bulbs would still be extensive and
take up more than 11% of the total endocranial volume. Using
the corrected endocranial and olfactory bulb volumes, the values
for Vintana are closest to those of Hadrocodium (14.2%) and
Triconodon (12.3%) and considerably larger than in Kryptobaa-
tar (5.8%). Vintana thereby falls near the range of basal mamma-
liaforms included in this data set. Olfactory bulb size for
Morganucodon is not available but, based on published images
in Rowe et al. (2011:fig. 2), it appears to exceed the relative size
of those ofHadrocodium and Vintana.
Rowe et al. (2011) proposed that an initial increase in brain

size in early mammaliaforms was driven mainly by expansion of
the olfactory system, as evidenced by the large olfactory bulbs of
Morganucodon, Hadrocodium, and now Vintana. An extensive
olfactory system in Vintana is supported not only by the large
olfactory bulbs, but also by an enlarged nasal cavity and the pres-
ence of ethmoturbinals (Krause, Wible et al., this volume). The
elaboration of the neocortex contributed substantially to an
increase in brain size in mammals only much later in

FIGURE 12. Box and whisker plot showing the percentage of olfactory
bulb volume of endocranial volume (EV) in 163 extinct and extant mam-
maliaforms, including Vintana sertichi (UA 9972). The boxes depict the
first and third quartiles, the internal line depicts the median, and the ends
of the whiskers depict maximum and minimum values; outliers are shown
as circles. Data and sources are listed in Supplemental Data Table S2.
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mammaliaform evolution (Kaas, 2011, 2013; Rowe et al., 2011).
However, some caution is warranted, because total and partial
brain volumes do not predictably increase through the course of
mammaliaform evolution. A number of extant tenrecs, in partic-
ular Setifer setosus (14.4%), the xenarthran Dasypus novemcinc-
tus (12.2%), the marsupial Didelphis virginiana (11.5%), as well
as the lipotyphlans Erinaceus europaeus (10.3%) and Solenodon
paradoxus (10.3%), exhibit relative olfactory bulb volumes well
within the range of Vintana and other Mesozoic mammaliaforms
(see Supplemental Data Table S2). Nevertheless, brain size
clearly increased rapidly in the evolutionary history of many
extant mammalian lineages, driven primarily by expansion of the
neocortex (Kaas, 2011, 2013; Rowe et al., 2011). Accordingly,
the size of the olfactory bulbs as a percentage of total brain vol-
ume is lower in highly neocorticalized species.
To evaluate olfactory bulb size independent of the size of the

neocortex, we plotted log10 olfactory bulb volume and log10
body mass in 163 extant and extinct mammaliaforms (Fig. 13;
see Supplemental Data Table S2 for a complete list of taxa and
sources). Not unexpectedly, Vintana exhibits very large olfactory
bulbs for all three body mass estimates. Extant species most simi-
lar to Vintana in this plot are Vombatus ursinus,Dasypus novem-
cinctus, and Zaglossus bruijni, all of which exhibit similar body
masses but slightly smaller olfactory bulb volumes than Vintana.
It is evident that the relative olfactory bulb size in Vintana is
therefore not solely driven by the overall small size of the brain,
but that the olfactory bulbs are also large when compared with
mammals of similar body mass. However, this point also under-
scores the limitations of this study and identifies potential ave-
nues for future directions of research. The only non-primate taxa
comparable in body mass to Vintana in this data set areDasypus,
Tachyglossus, Manis, Felis, Zaglossus, Didelphis, Phascolarctos,
and Vombatus (collectively ranging between 4 and 25 kg). Fur-
thermore, rodents (one species), lagomorphs (none), xenarthrans
(one species), carnivorans (two species), and marsupials (seven
species) are underrepresented in this analysis. The available data

are predominated by primates, many of which exhibit large neo-
cortices and reduced olfactory systems (Martin, 1990), poten-
tially biasing the included comparative sample. Olfactory bulb
measurements of Carnivora given by Gittleman (1991) were not
included in this analysis, because they do not compare favorably
with the rest of the data (see above, “Materials and Methods”).
Nevertheless, relative olfactory bulb size is very large in

Morganucodon and Hadrocodium and relatively smaller in
monotremes and multituberculates. The close affiliation
between Gondwanatheria and Multituberculata (Fig. 2), sug-
gests that relative olfactory bulb size might have decreased in
several basal mammalian lineages independently (e.g., monot-
remes, multituberculates).

Osseous Labyrinth

Cochlear Canal Length—The length of the cochlear canal is of
particular interest in fossils because it can be used as a proxy for
basilar membrane length, which in turn influences the range of fre-
quencies for which a given auditory system is sensitive (West,
1985; Echteler et al., 1994). In this contribution, however, we focus
on the phylogenetic significance of cochlear canal length; a full dis-
cussion of cochlear shape and its implications for frequency sensi-
tivity in Vintana is provided by Kirk et al. (this volume). A general
trend toward increased cochlear canal length has been documented
within cynodonts (e.g., Luo et al., 2011). The cochlear canal is
short and stout in basal cynodonts but coiled and elongate in ther-
ians, with a variety of intermediate states preserved in Mesozoic
mammaliaforms. In Vintana, the cochlear canal is very short
(5.4 mm), constituting only about 4.3% of total cranial length
(Table 1). Compared with other Mesozoic cynodonts, this is
greater than in Probainognathus (2.6%) and Sinoconodon (2.7%)
(Luo et al., 1995) and similar to Brasilitherium (4.4%; Rodrigues
et al., 2013), but much shorter than in Morganucodon (5.7–6.3%;
Graybeal et al., 1989; Luo and Ketten, 1991; Luo et al., 1995),Hal-
danodon (8.8–9.6%; Lillegraven and Krusat, 1991; Ruf et al.,

FIGURE 13. Relationship between olfac-
tory bulb volume (logOB) and body mass
(logBM) in 163 extant and extinct mammalia-
forms, including Vintana sertichi (UA 9972).
Vintana is depicted at lower, average, and
upper body mass estimates taken from Kirk
et al. (this volume), and for the uncorrected
(lower row) and corrected (upper row) olfac-
tory bulb volume. Data and sources are pro-
vided in Supplemental Data Table S2.
Multituberculates identified by numbers: 1,
Ptilodus montanus; 2, Kryptobaatar
dashzevegi.
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2013), the multituberculates Nemegtbaatar (6.7%), Chulsanbaatar
(9.5%), Catopsalis (8.1%), Meniscoessus (7.3%), and Lambdopsa-
lis (13.4%) (Luo and Ketten, 1991; Luo et al., 1995; Meng and
Wyss, 1995; Hurum, 1998a), and the monotreme Ornithorhynchus
(7.9%; Pritchard, 1881). Even more striking, the cochlear canal
only extends 54% of the length of the promontorium in Vintana.
In comparison, the cochlear canal extends less than half the length
of the promontorium in Sinoconodon (Luo et al., 1995), about half
the length in the tritheledontid Brasilitherium (Rodrigues et al.,
2013), but about three-quarters of the length in Morganucodon,
Haldanodon, several multituberculates, and Dryolestes (Luo et al.,
1995, 2012; Rodrigues et al., 2013; Ruf et al., 2013). Based solely
on cochlear canal length as a percentage of cranial length, Vintana
is more similar to non-mammaliaform cynodonts, but such a basal
placement is not congruent with other more derived features of
the inner ear (e.g., the presence of primary and secondary osseous
laminae). The possibility that the cochlear canal in Vintana is sec-
ondarily shortened cannot be discounted.
It should also be noted that the cranium of Vintana is one of

the largest among Mesozoic mammaliaforms, and the cochlear
canal of Vintana is thus larger in absolute size than in most taxa
listed above. Only three taxa, all multituberculates, exceed the
absolute cochlear canal length of Vintana: Catopsalis (6.5 mm),
Meniscoessus (5.5 mm), and Lambdopsalis (8.7 mm) (Luo et al.,
1995; Meng and Wyss, 1995). The relatively short cochlear canal
in Vintana could also be the result of an allometric increase in
cranial length instead of a reduction in cochlear canal length, or
a reduction in cochlear canal length following loss of the macula
lagena (see below). Whether cochlear canal length increases pro-
portionally with cranial length in Mesozoic mammaliaforms has
yet to be examined. Unfortunately, cochlear canal length is
unknown for other large-bodied Mesozoic mammaliaforms such
asGobiconodon and Repenomamus.
Lagena—A contributing factor to the shortness of the cochlear

canal in Vintana might be the absence of a lagena. Located at the
apex of the cochlear canal, the lagena contains a sensory epithe-
lium that is structurally and functionally more similar to that of
the saccular or utricular maculae than to the organ of Corti
(Pritchard, 1881; Alexander, 1904; Ladhams and Pickles, 1996;
Mahmoud et al., 2013). Most extant non-mammalian vertebrates
possess a lagena macula either situated adjacent to the saccule or
within the cochlear canal (lagenar recess in non-mammaliaform
tetrapods) (Khorevin, 2008; Fritzsch et al., 2013). Among extant
mammals, only monotremes possess a lagena. In therians, the
lagena is absent and the cochlear duct occupies the entire length
of the cochlear canal. Based on the presence of a lagena in
monotremes and most non-mammalian vertebrates, several
authors suggested that a lagena was primitively present in Mam-
maliaformes (Manley, 1972; Meng and Fox, 1995; Fritzsch et al.,
2013).
In fossil mammaliaforms, a lagena is assumed to have been

present if the apex of the cochlear canal is expanded and if there
is a separate canal for the lagenar nerve, as in monotremes (e.g.,
Ruf et al., 2013). Based on these indicators, clear evidence for a
lagena is absent in Sinoconodon (Luo et al., 1995), Morganuco-
don (Graybeal et al., 1989), and Triconodon (Fox and Meng,
1997). A lagena-like expansion with a distinct canal for the lage-
nar nerve is documented for the docodont Haldanodon (Ruf
et al., 2013). A lagena-like expansion is preserved in some multi-
tuberculates (cf. Tombaatar, Ladev�eze et al., 2010; unidentified
petrosal, Fox and Meng, 1997). Ruf et al. (2013:398), however,
stated that there is “not an independent perforation, nor is there
a related sulcus to indicate a lagenar nerve in these fossils.” Sev-
eral cimolodontan multituberculates even lack a lagena-like
expansion (Chulsanbaatar, Nemegtbaatar, Catopsalis, and Lamb-
dopsalis; Luo and Ketten, 1991; Meng and Wyss, 1995; Hurum,
1998a). As such, the presence of a lagena remains ambiguous in
multituberculates. Both Dryolestes and Henkelotherium lack a

lagena-like expansion and separate nerve canal to the apex, as
do other cladotherians (Ruf et al., 2009; Luo et al., 2011, 2012).
This pattern could either indicate multiple reduction and loss

of a lagena-like expansion of the cochlear apex in Sinoconodon,
Morganucodon, and Triconodon, as well as in several multitu-
berculates, Vintana, and cladotherians, or convergent evolution
of a lagena-like expansion inHaldanodon, monotremes, and pos-
sibly some multituberculates. Further complicating this issue is
the fact that only a limited number of Mesozoic mammaliaforms
have been mCT scanned at a sufficient resolution to reliably indi-
cate the presence or absence of a separate nerve canal to the
lagena. It is further uncertain if a lagena was always associated
with an apical expansion of the cochlear canal. In particular, the
statement by Ruf et al. (2013) that a lagenar nerve is lacking in
some multituberculates that do show an apical expansion war-
rants caution about solely using inflation of the apex as an indica-
tor for the presence of a lagena. As such, it is uncertain whether
the purported absence of a lagena in several Mesozoic mamma-
liaforms is due to differences in observational technology. Until
further data are available, the distribution of the lagena within
non-cladotherian mammaliaforms remains uncertain.
Cochlear Curvature—Coiling of the cochlear canal is used to

distinguish between basal and derived cynodonts (e.g., Luo et al.,
2011). The cochlear canal is straight and short in basal cynodonts
and fully coiled (�360�) in extant therians (Luo et al., 1995;
Ekdale, 2013; Rodrigues et al., 2013). However, a range of
cochlear coiling is observed among Mesozoic mammaliamorphs.
For example, Sinoconodon, the sister taxon of Mammaliaformes,
exhibits a cochlear canal that is “straight along its basal part
(near the oval window), but the apical one-third of the canal
tapers anteriorly and is slightly curved laterally toward the apex”
(Luo et al., 1995:118). The cochlear canal is described as
“slightly curved,” “virtually straight,” and “relatively straight” in
Morganucodon (Graybeal et al., 1989:112, 113; Luo et al.,
1995:118), “straight” in the eutriconodont Juchilestes (Gao et al.,
2010:241), and “curved” (approximately 180�) in Haldanodon
(Ruf et al., 2013:395). The cochlear canal of multituberculates is
described as “rod-like and straight” (Luo and Ketten, 1991:225),
“relatively straight” (Luo et al., 1995:118), “straight” (Hurum,
1998a:83), and “slightly curved” (Simpson, 1937:751; Fox and
Meng, 1997:274; Ladev�eze et al., 2010:325). Vintana generally
seems to be similar to most Mesozoic mammaliaforms in possess-
ing a gently curved cochlear canal that is coiled less than 180�.
Problematic in comparing cochlear coiling among Mesozoic

mammaliaforms is the definition of terms such as ‘straight’ and
‘slightly curved.’ Both terms are not defined by any quantitative
measurement but are subjective descriptors. Generally, cochlear
canals that are coiled through less than 180� seem to variably be
described as ‘straight’ or ‘slightly curved.’
Even within extant monotremes, the degree of cochlear coiling

is not uniform and further differs between studies. For instance,
Meng and Fox (1995) reported a less curved cochlear canal in
the platypus than in the echidna, a finding that is supported by
our observation of mCT scans of Tachyglossus, Zaglossus, and
Ornithorhynchus. In contrast, Kermack et al. (1981) noted a
lesser curvature in Tachyglossus (180�) than in Ornithorhynchus
(270�) based on values obtained from Denker (1901). This view
had been accepted in the literature (Kermack and Mussett, 1983;
Allin and Hopson, 1992), and similar degrees of coiling were
recovered by Luo and Ketten (1991). The values reported by
Denker (1901), however, were based on different measurements
that are not directly comparable with one another. In Tachyglos-
sus, he described the total curvature of the long axis of the
cochlea, whereas in Ornithorhynchus he measured the angle
between the long axis of the medially inflected apex and the long
axis of the basal cochlea, resulting in an actual bend of the
cochlea of approximately 90�. A cochlear coiling through 180� in
Tachyglossus and a weaker coiling in Ornithorhynchus is
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consistent with Denker’s (1901:figs. 21.1, 22.10) figures and with
his description of the cochlea as being a slightly bent tube in the
platypus. Studies by Pritchard (1881) and Gray (1908a, 1908b)
support a slight degree of coiling in Ornithorhynchus. The exact
degree of coiling might be somewhat variable in monotremes;
however, based on the observations reported above, we accept
that it is less curved inOrnithorhynchus than in Tachyglossus.
Within cladotherians, cochlear curvature is consistently

greater than 270� (Rougier et al., 1992; Ruf et al., 2009; Luo
et al., 2011, 2012). Even though all extant therians exhibit a fully
coiled cochlear canal (i.e., �360�), they vary considerably in the
number of cochlear turns, ranging from 1.5 in the marsupial
mole, hedgehog, and sea cow to 3.25–4.25 turns in the guinea pig,
gerbil, kangaroo rat, and several subterranean rodents (Lewis
et al., 1985; West, 1985; Echteler et al., 1994; Ketten, 2000;
Begall et al., 2007; Vater and K€ossl, 2011; Ekdale, 2013). These
available comparative data suggest that cochlear coiling might
show some degree of interspecific variation in non-cladotherian
mammaliaforms, ranging from ‘nearly straight’ to moderately
curved through 180�. However, it is uncertain if these differences
reflect actual variation or subjective definitions of ‘straight’ and
‘slightly curved.’ A more objective and repeatable measurement
is needed to better evaluate the possible variation in degree of
cochlear curvature in basal taxa. Nevertheless, the degree of
cochlear curvature in Vintana is clearly less than in the extant
monotreme Tachyglossus (180�), fossil cladotherians (>270�), or
extant therians (�360�).
Cochlear Innervation—Perhaps the most striking features of

the inner ear of Vintana are the presence of both primary and
secondary osseous laminae and a distinct bony canal network for
the branches of the cochlear nerve (including the tractus foramin-
osus, Rosenthal’s canal, and habenulae perforatae). The earliest
known definite primary and secondary osseous laminae are found
in the Late Jurassic cladotherians Henkelotherium (Ruf et al.,
2009) and Dryolestes (Luo et al., 2011, 2012). Evidence for a sec-
ondary osseous lamina is also present in Vincelestes (Rougier,
1993). Kermack et al. (1981) described a small ridge just inside of
the perilymphatic foramen in Morganucodon, but Graybeal et al.
(1989) questioned its identification as an osseous lamina. Like-
wise, there is no indication of either a primary or secondary osse-
ous lamina in Haldanodon (Ruf et al., 2013), or in the
eutricondont Juchilestes (Gao et al., 2010). Whether or not a pri-
mary osseous lamina is present in multituberculates is equivocal.
Ladev�eze et al. (2010) reported a primary and possibly a second-
ary osseous lamina in cf. Tombaatar but, based on the published
CT images, we question this interpretation. Hurum (1998a) noted
traces of a possible primary osseous lamina in several sections of
Chulsanbaatar but could not find any evidence for either primary
or secondary laminae in Nemegtbaatar. Primary and secondary
osseous laminae are also absent in the unassigned multitubercu-
late petrosals described by Fox and Meng (1997).
Based on X-ray and scanning electron microscopy (SEM)

imaging, Fox and Meng (1997) did not find any evidence for a
primary or secondary osseous lamina in monotremes either.
The basilar membrane is instead supported by dense connec-
tive tissue in positions similar to the primary and secondary
osseous laminae of therians (Alexander, 1904; Luo et al.,
2011:fig. S3). The cochlear ganglion is likewise surrounded by
dense connective tissue, forming a soft tissue longitudinal
canal that is similar in position to Rosenthal’s canal. Cochlear
nerve fibers thus pass from the organ of Corti through this
dense connective tissue to reach the cochlear ganglion (Alex-
ander, 1904). A similar configuration might have been present
in Mesozoic mammaliaforms that clearly lack an ossified pri-
mary lamina.
Given the doubtful occurrence of primary and secondary osse-

ous laminae outside of Vintana and Cladotheria, a comparison of
more complete osseous laminae in non-therian mammaliaforms

is limited to Dryolestes and Henkelotherium. The preserved seg-
ment of the secondary osseous lamina is much longer in Vintana
than in both dryolestids, extending almost the complete length
of the cochlear canal. Even though it is slightly longer in Henke-
lotherium than in Dryolestes, the secondary lamina barely
extends farther than the fenestra cochleae in both taxa, which
could either be characteristic for dryolestids or an artifact of
preservation (Ruf et al., 2009; Luo et al., 2012). The relative
length of the secondary osseous lamina in Vintana even exceeds
the condition in Cretaceous eutherians, where it only extends to
between one-quarter and one-half of the length of the cochlear
canal (Ekdale, 2009; Ekdale and Rowe, 2011). In Vincelestes, the
secondary osseous lamina extends through the first curve of the
cochlear canal (Rougier, 1993; Meng and Fox, 1995). The well-
defined and lengthy secondary osseous lamina in Vintana thus
appears to be unique among Mesozoic mammals. However, the
evolutionary history of the secondary osseous lamina in general
remains uncertain and Vintana might represent one end of the
spectrum. The secondary lamina might have ossified indepen-
dently in multiple basal mammalian taxa such as Vintana, poten-
tially even in some multituberculates (cf. Tombaatar),
Dryolestidae, Vincelestes, and several members of Eutheria and
Metatheria; or it may have been present in the last common
ancestor of Vintana and Dryolestidae and subsequently lost in
several multituberculates and various extant placentals and mar-
supials (Fleischer, 1973; Pye, 1979; Ruf et al., 2009; Coleman and
Boyer, 2012). Both scenarios imply a substantial amount of con-
vergence. Given the variable development of secondary osseous
laminae within extant therians, possibly even within the same
species (Ruf et al., 2009), it would not be surprising if the sec-
ondary lamina independently ossified in multiple mammaliaform
lineages.
How far the primary osseous lamina extended along the

cochlear canal in Vintana is uncertain because the lamina is bro-
ken at both its basal and apical ends. Nevertheless, the primary
osseous lamina of Vintanamust have extended at least two-thirds
of the cochlear canal length. By comparison, in extant therians
the primary osseous lamina extends to the apex of the cochlear
canal, but in Dryolestes the primary osseous lamina extends only
about one half of the length of the cochlear canal (Fleischer,
1973; Luo et al., 2012). The primary lamina is too fragmentary in
Henkelotherium for an accurate length estimate (Ruf et al.,
2009). In Vintana, the portion of the primary osseous lamina that
would have anchored the neural margin of the basilar membrane
is preserved as a thin bony rim along the abneural margin of
Rosenthal’s canal. The abneural margin of the primary osseous
lamina is either damaged or did not project as far into the
cochlear canal as those of crown therians. A similar situation is
present in dryolestids. Only the base of the primary lamina, sepa-
rating the cochlear ganglion from the scala tympani, is preserved
in Dryolestes and Henkelotherium (Ruf et al., 2009; Luo et al.,
2012). Luo et al. (2012) concluded that the primary lamina in
Dryolestes was either too thin to be detected in mCT scans or did
not completely ossify. If the latter is true, then Dryolestes and
Vintana might both represent intermediate states between dense
connective tissue supporting the basilar membrane in monot-
remes and the fully ossified lamina in therians.
In Vintana, Rosenthal’s canal appears to bulge farther into the

scala tympani, similar to the condition we interpret for Dryo-
lestes. In most therians, Rosenthal’s canal is embedded in the
base of the primary lamina and does not bulge into the scala tym-
pani (Bast and Anson, 1949; Fleischer, 1976; Luo and Eastman,
1995). Similarly, in monotremes, the cochlear ganglion, sur-
rounded by dense connective tissue, does not bulge into the scala
tympani (Pritchard, 1881; Alexander, 1904; Luo et al., 2011:fig.
S3). Again, these differences could also be due to the fragmen-
tary nature of the primary osseous lamina in Vintana and Dryo-
lestes. In Vintana, several canaliculi of the tractus foraminosus
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may bypass Rosenthal’s canal and form a secondary canal in par-
allel to Rosenthal’s canal (Fig. 9). The anterior part of the sec-
ondary canal is, however, too fragmentary to unambiguously
conclude whether it was completely separated. A separate canal
could potentially have served as a pathway for blood vessels
rather than for cochlear nerve fibers. A secondary cochlear gan-
glion is unknown for extant mammals and therefore seems less
likely as a possible explanation.
A cribriform plate (lamina cribrosa) is present in the inner ear

of Vintana as well as in Dryolestes but could not be observed in
Henkelotherium (Ruf et al., 2009; Luo et al., 2011, 2012). The
plesiomorphic condition in Morganucodon, Haldanodon, and
multituberculates is a single foramen instead of a sieve-like ossi-
fied plate (Luo, 2001; Luo et al., 2011; Ruf et al., 2013). Monot-
remes possess a bony cribriform plate transmitting the cochlear
nerve fibers from the cochlear ganglion to the internal acoustic
meatus (Pritchard, 1881; Denker, 1901). Its homology with the
therian cribriform plate, even though similar in function, has
been questioned based on the absence of a cribriform plate in
phylogenetically intermediate groups (Luo et al., 2011).
The presence of bony structures supporting the basilar mem-

brane and branches of the cochlear nerve in Vintana raise impor-
tant questions of homology. As noted previously, the only taxa
currently known to unambiguously possess cochleae with (1) a
cribriform plate and tractus foraminosus, (2) Rosenthal’s canal,
and (3) both primary and secondary osseous laminae are Vin-
tana, the fossil cladotherians Dryolestes and Henkelotherium,
and therians. Furthermore, Vintana is the only non-therian fossil
taxon currently known to possess a bilaminar primary osseous
lamina in which the cochlear nerve bundles passing through the
habenulae perforatae were surrounded by bone on all sides. In
this respect, Vintana also resembles therians, although it is possi-
ble that the “incomplete” primary osseous lamina in Dryolestes
is the result of damage (Luo et al., 2012:fig. 14B). Nevertheless,
if analyses presented in Krause et al. (2014:fig. 3; see also Fig. 2)
are correct in placing the clade containing Gondwanatheria as
sister group to Multituberculata, then most of the bony cochlear
features shared by Vintana and cladotherians either evolved in
parallel or were present in the last common ancestor of these
two taxa and subsequently lost in multituberculates. Additional
mCT analyses of the inner ears of fossil mammaliaforms, espe-
cially spalacotheroids and multituberculates, may help to resolve
this uncertainty regarding the homology of osseous inner ear
structures in Vintana and Cladotheria.
Vestibule—As mentioned in the description, the vestibule is

severely damaged in Vintana and therefore is of limited use.
However, although its exact volume cannot be measured, it does
not seem to be inflated, as it is in at least some multituberculates.
The vestibule is extremely large in ?Meniscoessus and ?Catopsa-
lis (Luo and Ketten, 1991), and in Lambdopsalis (Miao, 1988;
Meng and Wyss, 1995), which led Luo and Ketten (1991) to pro-
pose that an inflated vestibule is common to all multitubercu-
lates. However, the vestibule in Jurassic paulchoffatiid
multituberculates does not appear inflated relative to that of
most other mammaliaforms (Lillegraven and Hahn, 1993), with
the same being the case for Nemegtbaatar, Chulsanbaatar, and
cf. Tombaatar (Hurum, 1998a; Ladev�eze et al., 2010). The vesti-
bule in Nemegtbaatar is larger than in monotremes but does not
show the same enlargement as in Lambdopsalis (Hurum, 1998a).
Thus, inflation of the vestibule seems to be restricted to an
assortment of derived multituberculates.
Semicircular Canals—Semicircular canal morphology is

increasingly used for interpreting locomotion (e.g., Spoor et al.,
1994, 2007; Malinzak et al., 2012); functional implications of
the semicircular canal morphology in Vintana will be dis-
cussed elsewhere (Kirk et al., this volume). Here we assess
the phylogenetic information that can be gleaned from the
semicircular canals.

Among the few phylogenetically informative characters at the
base of Mammaliaformes is the relative difference in size of the
three semicircular canals (Luo, 2001; Kielan-Jaworowska et al.,
2004; Ruf et al., 2013). The radius of curvature differs greatly
among the three canals in basal cynodonts (Luo, 2001; Kielan-
Jaworowska et al., 2004; Rodrigues et al., 2013; Ruf et al., 2013),
whereas the semicircular canals are more equal in size in extant
monotremes, multituberculates, and cladotherians (Meng and
Fox, 1995; Hurum, 1998a; Schmelzle et al., 2007; Spoor et al.,
2007; Ruf et al., 2009, 2013; Luo et al., 2011, 2012). Vintana like-
wise exhibits semicircular canals that are more equal in size. In
general, the radius of curvature is extremely large in Vintana
when compared with those of other Mesozoic mammaliaforms.
This is not surprising given the large body size of Vintana and
the demonstrated correlation between body size and semicircu-
lar canal size (e.g., Spoor et al., 2007). But even after taking
body size into account, the mean radius of curvature is large in
Vintana (Kirk et al., this volume). This extreme increase more
likely provides a stronger functional than a phylogenetic signal.
Independent of body mass, mean radius of curvature has been
linked to eye size in extant mammals (Kemp and Kirk, 2014). As
such, the large size of the semicircular canals could be linked
with large orbital size in Vintana (Kirk et al., this volume).
The phylogenetic significance of semicircular canal orthogo-

nality in Mesozoic mammaliaforms still needs to be tested. Olson
(1944) reported the angles between the anterior and posterior
semicircular canals in non-mammaliaform therapsids to range
from 102� to 157�, much larger than in the multituberculates
Chulsanbaatar and Nemegtbaatar (range D 65–80�; Hurum,
1998a), Cretaceous Eutheria (range D 79–105�; Ekdale, 2013),
and several groups of extant Theria (range D 69–122�; Malinzak
et al., 2012; Berlin et al., 2013; Ekdale, 2013). In Vintana, the
semicircular canals only show a slight deviation from orthogonal,
with angles between the canals ranging from 91� to 94�.
Although it should be noted that these values were calculated
using different methods among the studies and might therefore
not be absolutely comparable, there seems to be support for sig-
nificant differences between the anterior and posterior canal
angles between basal and more derived cynodonts.
The secondary crus commune, present in Vintana, represents a

variable feature among extinct and extant cynodonts. It is docu-
mented to also be present in the non-mammaliaform cynodont
Brasilitherium, the docodont Haldanodon, some multitubercu-
lates, the dryolestids Henkelotherium and Dryolestes, the mono-
treme Ornithorhynchus, and several basal Eutheria and
Marsupialia (i.e., Kulbeckia kulbecke, Ukhaatherium gobiensis,
Zalambdalestes lechi, Mimoperadectes houdei), but absent in
most crown therians (Denker, 1901; Cox, 1962; Meng and Fox,
1995; Schmelzle et al., 2007; Horovitz et al., 2009; Ruf et al.,
2009, 2013; Ladev�eze et al., 2010; Ekdale and Rowe, 2011; Luo
et al., 2011, 2012; Ekdale, 2013; Rodrigues et al., 2013).

CONCLUSIONS

Vintana sertichi demonstrates a unique suite of endocranial
and inner ear features that distinguishes it from all other mam-
maliaforms. It has an endocranium that is relatively small for its
size, with an EQ of 0.4 for the corrected endocranial volume of
18.3 cm3, and mean body mass estimate of 8.95 kg. This is com-
parable in range to basal mammaliaforms (0.32–0.49), but
slightly lower than in sampled multituberculates (0.53–0.62) and
much lower than in monotremes (0.75–1.0). The general endo-
cranial organization is also similar to that of basal mammalia-
forms; the olfactory bulbs are greatly enlarged, accounting for
more than 14% of total endocranial volume, and the cerebral
hemispheres are smooth and only slightly expanded, more sim-
ilar to those of Morganucodon than to those of multitubercu-
lates and monotremes. Enlargement of the olfactory bulbs
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and, potentially, the olfactory cortex in the gondwanatherian
brain is in accordance with the first stages of increasing brain
size in basal mammaliaforms hypothesized by Rowe et al.
(2011). Vintana retains a more primitive organization of the
brain than its phylogenetic position within Mammalia would
suggest. Multituberculata, the sister group to the clade con-
taining Gondwanatheria (Krause et al., 2014), exhibit rela-
tively larger brains and smaller olfactory bulbs. However,
given the overall plasticity in brain size among mammals
recovered here and in other studies, this finding is perhaps not
surprising (e.g., Eisenberg and Wilson, 1978; Marino et al.,
2004; Finarelli and Flynn, 2007; Macrini et al., 2007a; Weis-
becker and Goswami, 2010). We are unable to further con-
strain anatomical/functional specializations (e.g., enlargement
of the brain driven by expansion of the neocortex) in the Mal-
agasy taxon. However, overprinted on this generally primitive
organization, Vintana differs from all Mesozoic mammalia-
forms in its extreme flexure of the endocranium at the circular
fissure (32�) and its brain being strongly angled within the cra-
nium. This peculiar orientation might be associated with the
overall height (approximately 68 mm) of the cranium itself,
because it is the tallest so far known for any Mesozoic mam-
maliaform (Krause, Wible et al., this volume).
The osseous labyrinth of Vintana similarly displays a strongly

disparate array of derived and primitive features. The cochlear
canal is extremely short for the size of the cranium, more similar
to that of non-mammaliaform cynodonts than that of any Meso-
zoic mammaliaform. Moreover, the cochlear canal is not coiled,
as is the case in Morganucodon and several multituberculates.
The apical region of the cochlear canal is not expanded, suggest-
ing the absence of a lagena, an inference that is further supported
by the absence of a separate canal for the lagenar nerve.
Although a lagena is present among a diverse assemblage of ver-
tebrates (e.g., fishes, amphibians, reptiles, birds), the plesiomor-
phic condition for Mammaliaformes remains unclear.
Morganucodon and several multituberculates do not show an
apical expansion of the cochlear canal, which has been used to
identify the presence of a lagena, nor do extant and stem ther-
ians. Most strikingly, Vintana possesses a therian-like innerva-
tion of the cochlea, with both primary and secondary osseous
laminae, tractus foraminosus, and Rosenthal’s canal being pres-
ent. In these features, Vintana most closely resembles Dryolestes
and Henkelotherium. Vintana’s affinities with multituberculates
(Fig. 2; Krause et al., 2014) suggest substantial convergence in
bony cochlear anatomy in gondwanatherians and cladotherians,
or loss of some bony features of the cochlear canal in multituber-
culates. However, inner ear morphology should be used with
caution in considering phylogenetic affinities of Mesozoic
Mammaliaformes. The osseous labyrinth is only known for a
handful of extinct species and high-resolution mCT scans,
advantageous in documenting the internal anatomy of the
cochlear canal, have only been utilized in Haldanodon, cf.
Tombaatar, Henkelotherium, and Dryolestes (Ruf et al., 2009,
2013; Ladev�eze et al., 2010; Luo et al., 2011, 2012). The lack
of data is particularly problematic because plesiomorphic
states within Mammaliaformes remain ambiguous for several
characters (e.g., innervation of the cochlea, presence/absence
of a lagena, degree of coiling and length of the cochlear
canal). Further study of inner ear characters among non-
cladotherian mammaliaforms is necessary to more rigorously
establish the polarity of certain key attributes that have his-
torically been used to distinguish extant mammals from their
Mesozoic relatives.
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