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ABSTRACT

Over the past two decades, increased accessibility to computed tomography (CT) scanners has greatly facilitated documentation
of the endocranium in numerous extinct theropod taxa. However, most of these studies have focused on the morphology of
mature individuals, thus changes or variation through ontogeny of the endocranium in theropods remains largely unknown. The
current study sheds light on the endocranial anatomy of the eutyrannosaurian tyrannosauroid, Gorgosaurus libratus, in both an
ontogenetic and evolutionary context. Based on CT scans of six Gorgosaurus braincases, including those of two recently discovered
juvenile individuals, we virtually reconstruct and describe the endocranial morphology for a growth series of G. libratus. Despite
considerable changes in skull architecture, relatively few ontogenetic changes occurred in the endocranium of Gorgosaurus.
These changes include a subtle increase in the length of the hindbrain region of the endocast and increased inflation of the
tympanic sinus diverticula in adults relative to juveniles. Among the most significant ontogenetic changes is a decrease in the
distinctiveness of the brain morphology in endocasts as Gorgosaurus mature. The endocasts of juvenile Gorgosaurus exhibit better
defined cerebral hemispheres, optic lobes, and cerebella than those of larger and more mature individuals. This suggests a closer
correspondence between the endocast and the brain in juvenile tyrannosaurids, indicating the endocast of juvenile individuals
provides a more accurate representation of the structure of the brain and its regions relative to the endocast of more mature
individuals. The brain of Gorgosaurus displays a mix of basal archosaurian traits and more derived coelurosaurian traits. More
primitive archosaurian features of the Gorgosaurus brain include large olfactory bulbs and tracts, a posteroventrally oriented long
axis of the cerebrum, and posteriorly positioned optic lobes, whereas derived features include prominent hindbrain flexure, a
somewhat enlarged cerebrum, and a cerebellum that at least partially separates the left and right optic lobes. An understanding
of the evolutionary acquisition of such derived features leading to the avian brain may be further elucidated via the study of
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the endocasts of juvenile individuals (more reflective of the structure/organization of various brain regions) of earlier-diverging

theropods (e.g., Allosauroidea, Megalosauroidea, and Coelophysoidea).

1 | Introduction

The field of paleoneurology (i.e., the study of brain shape and
size in extinct animals) has long relied on the study of natural or
artificial endocasts (e.g., Osborn 1912; Edinger 1929; Hopson 1979)
but the increasing ease of access to computed tomography (CT
scanning) over the past 25 years has led to a dramatic explosion
of studies covering a myriad of extinct vertebrates. Dinosaurs are
perhaps the one group that has benefitted the most from the
application of CT technology to study paleoneurology, permitting
the reconstruction of virtual brain endocasts (e.g., Rogers 1998,
1999, 2005; Brochu 2000, 2003; Alonso et al. 2004; Franzosa and
Rowe 2005; Witmer et al. 2008; Paulina-Carabajal et al. 2023),
cranial sinuses (e.g., Witmer and Ridgely 2008), and various
sensory organs (e.g., pertaining to balance, hearing, olfaction:
Witmer and Ridgely 2009; Zelenitsky et al. 2009, 2011) for
countless species without the risk of damaging rare (sometimes
unique) fossils. In a phylogenetic context, the evolution of the
endocrania of theropod dinosaurs in particular has received
considerable attention in recent years, with numerous studies
focusing on the morphological and sensory changes that occurred
during the transition from non-avian theropods to birds (e.g.,
Franzosa 2004; Zelenitsky et al. 2011; Balanoff et al. 2013; Ksepka
et al. 2020). Several morphological trends have been identified in
the theropod ancestry of birds, including a progressive increase in
brain encephalization and enlargement of the forebrain (Larsson
et al. 2000; Balanoff et al. 2013, Balanoff et al. 2014), the lateral
displacement of the optic lobes (Balanoff et al. 2009, Balanoff
et al. 2014; Witmer and Ridgely 2009; Paulina-Carabajal et al.
2023; Osvath et al. 2024), progressive flexure of the brain bringing
the forebrain to rest above the midbrain (Franzosa 2004; Hu
et al. 2021; King et al. 2024), and the progenetic retention of the
embryonic sauropsid brain configuration (Beyrand et al. 2019).
Many of these trends appear to have originated near the base of
Coelurosauria (Larsson et al. 2000; Bever et al. 2011, Bever et al.
2013; Balanoff et al. 2013, Balanoff et al. 2014; Paulina-Carabajal
and Currie 2017; Paulina-Carabajal et al. 2023), a clade of derived
theropods that includes all species more closely related to birds
than to Allosaurus, indicating that study of the endocast of early-
diverging coelurosaurians may improve our understanding of the
evolutionary origins of the avian brain.

Given their early-diverging position within Coelurosauria, Tyran-
nosauroidea (“tyrannosaurs” sensu lato) offers one of the
best opportunities for documenting the transition from the
ancestral theropod endocranium exemplified by early-diverging
neotheropods (Xing et al. 2014; Paulina-Carabajal et al. 2019),
ceratosaurians (Sampson and Witmer 2007; Paulina-Carabajal
and Succar 2013; Paulina-Carabajal and Filippi 2018; Cerroni and
Paulina-Carabajal 2019; Gianechini et al. 2020), and allosauroids
(Franzosa and Rowe 2005; Brusatte and Sereno 2007; Paulina-
Carabajal and Currie 2012; Paulina-Carabajal and Nieto 2019)
to the more derived features of later-diverging coelurosaurs,
including birds (Alonso et al. 2004; Kundrat 2007; Balanoff

et al. 2009, Balanoff et al. 2013, Balanoff et al. 2014, Balanoff
et al. 2018; Witmer and Ridgely 2009; Lautenschlager et al.
2012). However, despite an abundance of literature describing
the endocranial morphology of tyrannosauroids (Osborn 1912;
Hopson 1979; Brochu 2000, 2003; Saveliev and Alifanov 2007;
Witmer and Ridgely 2009, 2010; Bever et al. 2011, Bever et al.
2013; Hurlburt et al. 2013; Kundrat et al. 2020; Paulina-Carabajal
et al. 2021), as well as the recent focus on Tyrannosaurus
rex in high-profile debates about the cognitive abilities of T.
rex and other dinosaurs (Herculano-Houzel 2023; Caspar et al.
2024), most of these studies have focused on the endocranial
morphology of mature individuals of derived large-bodied taxa,
primarily tyrannosaurids. Endocasts of tyrannosaurids are noted
for preserving little detail of the underlying brain structure due
to the fact that, unlike in birds and mammals, the brain was
much smaller than the brain cavity and, consequently, was
generally not in close contact with the brain cavity walls (Hopson
1979; Witmer and Ridgely 2009; Hurlburt et al. 2013). However,
recent studies of the endocasts of extant archosaurs have noted
an ontogenetic reduction in correspondence between brain and
endocast volume such that the endocasts of immature individuals
more closely reflect the morphology of the brain (Jirak and
Janacek 2017; Watanabe et al. 2019; Hu et al. 2021). Application
of this observation to the fossil record suggests that more details
of the brain anatomy of tyrannosaurids could be gleaned from the
examination of immature tyrannosauroid specimens.

Recently, nearly complete skeletons of two juvenile individuals
of the tyrannosaurid Gorgosaurus libratus were discovered, both
preserving exceptionally complete skulls (Voris et al. 2022).
Study of the endocranium of these immature specimens and
comparison with those of Gorgosaurus individuals from later
growth stages and of other tyrannosauroid species allows us to
assess the anatomy and ontogeny of the Gorgosaurus endocra-
nium, document ontogenetic trends within the tyrannosauroid
endocranium, and potentially improve our understanding of the
acquisition of avian brain traits over the course of theropod
evolution.

2 | Materials and Methods

Six well-preserved braincases of G. libratus, representing four
different ontogenetic stages (juvenile: TMP 2009.012.0014, TMP
2016.014.0001; subadult: TMP 1991.036.0500, TMP 1994.143.0001;
young adult: ROM 1247: adult: TMP 1994.012.0602; taxonomic
identification and ontogenetic stages based on Voris et al. 2022),
were studied via X-ray CT. The specimens were CT scanned
following the protocol of Ridgely and Witmer (2006: 120 kV, at
between 200 and 300 mA, slice thickness of 0.625 mm, except
for TMP 2009.012.0014 with a slice thickness of 0.5 mm) at the
University of Calgary (Calgary, Alberta), OhioHealth O’Bleness
Memorial Hospital (Athens, OH), Calgary Diagnostics Centre
(Calgary, Alberta), and Mayfair Diagnostics (Calgary, Alberta).
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DICOM files were imported into the three-dimensional data
visualization software Amira v. 5.3.3. Three-dimensional digi-
tal models of the brain and inner ear cavities were digitally
segmented from the skull using the label field function for
the Gorgosaurus specimens examined. Paratympanic (braincase)
sinuses were segmented only for TMP 2009.012.0014, TMP
1994.143.0001, ROM 1247, and TMP 1994.012.0602 as the sinuses of
the other specimens were too poorly preserved. Volume, surface
area, and linear dimensions of endocranial features were recorded
using Amira’s onboard measuring tools. Virtual brain endocasts
were also compared to latex peels of the cerebral and olfactory
bulb fossae from isolated Gorgosaurus frontals, including TMP
1986.036.0269 and TMP 2010.012.0061, which represent the small-
est (and probably youngest) Gorgosaurus specimens examined in
this study. All virtual endocast reconstructions were oriented so
the lateral semicircular canal is oriented horizontally to allow for
comparison of endocranial angulation and orientation with previ-
ously published theropod taxa (Witmer and Ridgely 2009, 2010).
Due to the large amount of void space in Gorgosaurus braincases,
postburial deformation can affect the apparent morphology of
endocranial structures. To avoid misinterpreting taphonomically
modified features as true anatomical structures, most of the
features described herein were observed on both the left and right
sides of the endocasts or were visible in multiple specimens.

The Gorgosaurus endocasts were compared with the endocra-
nial virtual renderings of previously described tyrannosauroids,
including Albertosaurus sarcophagus, Alioramus altai, Bistahiev-
ersor sealyi, Daspletosaurus spp., Timurlengia euotica, and T. rex
based on re-segmentation of published CT scans by one of us
(JTV) (see Supporting Information).

CT scan data of the Gorgosaurus braincases are accessible online
via https://doi.org/10.5061/dryad.fxpnvx12j.

2.1 | Taxonomic Definitions

Tyrannosauroidea—Branch-based clade containing all taxa more
closely related to Tyrannosaurus rex than to Gallus domesticus.

Eutyrannosauria—Node-based clade containing the most recent
common ancestor of T. rex and Dryptosaurus aquilunguis and all
its descendants (sensu Delcourt and Grillo 2018).

Tyrannosauridae—Node-based clade containing the most recent
common ancestor of T. rex and Albertosaurus sarcophagus and all
its descendants (sensu Sereno et al. 2005).

2.2 | Institutional Abbreviations

AMNH, American Museum of Natural History, New York;
CMNH, Cleveland Museum of Natural History, Cleveland, Ohio;
FMNH, Field Museum of Natural History, Chicago, Illinois;
NMMNH, New Mexico Museum of Natural History, Albu-
querque, New Mexico; RAM, Royal Alberta Museum, Edmonton,
Alberta; ROM, Royal Ontario Museum, Toronto, Ontario; TLG,
Todd L. Green Research Collection, Denver, Colorado; TMP,
Royal Tyrrell Museum of Palaeontology, Drumheller, Alberta.
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FIGURE 1 | Digital endocasts of juvenile Gorgosaurus TMP
2009.012.0014 (top) and adult Gorgosaurus TMP 1994.012.0602 (bottom)
in lateral view with structures described in this manuscript labeled.
Abbreviations: Cbm, cerebrum/cerebral hemispheres; Cblm, cerebellum;
cer, cerebral region of endocast; dp, dural (cerebellar) peak; fl, floccular
lobe of cerebellum; lab, endosseous labyrinth; OIfB, olfactory bulb; olt,
olfactory tract; OpL, optic lobe; pfo, pituitary fossa; ts, transverse sinus;
IV, trochlear nerve canal; V;, ophthalmic nerve canal of the trigeminal
ganglion; V,3,VII, common external canal for maxillomandibular and
facial nerves; VI, abducens nerve canal; IX, glossopharyngeal nerve
canal; X, vagus nerve canal; XII, hypoglossal nerve canal. Scale bar equals
5cm.

3 | Results
3.1 | Endocranial Morphology

The endocast of Gorgosaurus is S-shaped in lateral view and
exhibits prominent cephalic and pontine flexures in specimens
of all growth stages. The dorsal margin of the endocast is
raised in two locations corresponding to the cerebral and dural
(cerebellar) peaks (Figure 1). This “dual-peaked” morphology is
typical of coelurosaurs and of the megaraptoran Murusraptor
(Paulina-Carabajal and Currie 2017) but contrasts with non-
coelurosaurian neotheropods in which a singular pineal peak
overlies the posterodorsal margin of the cerebrum (Witmer and
Ridgely 2009).

The hindbrain region of the Gorgosaurus endocast is antero-
posteriorly short relative to the combined fore- and midbrain
regions and is slightly shorter in juvenile individuals than in
larger adults (Figure 2). Despite the slight difference in hindbrain
length between growth stages, the pontine flexure remains at
an angle of ~120° in all Gorgosaurus specimens. Comparison
with the endocasts of other tyrannosauroids reveals taxonomic
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https://doi.org/10.5061/dryad.fxpnvx12j

FIGURE 2 | Growth series of Gorgosaurus endocasts in left lateral view (a, d, g, j, m), right lateral view (b, e, h, k, n), and dorsal view (c, f, i, 1, 0).
Specimens as follows: juvenile TMP 2009.012.0014 (a—c); juvenile TMP 2016.014.0001 (d—f); subadult TMP 1991.036.0500 (g-i); young adult ROM 1247

(j-1); adult TMP 1994.012.0602 (m-o0). All scale bars equal 5 cm.

variation in comparable dimensions of the hindbrain. Dimen-
sions of the hindbrain region are similar between Gorgosaurus
and Bistahieversor in that they are both anteroposteriorly short
and have a pontine flexure angle of 120°. In Daspletosaurus,
the hindbrain region is anteroposteriorly longer and exhibits a
shallower pontine flexure of ~130° (TMP 2001.36.1; see Paulina-
Carabajal et al. 2021). In Tyrannosaurus, the hindbrain of juvenile
individuals (CMNH 7541) is anteroposteriorly short with a steep
pontine flexure angle of ~120°, whereas adults have a relatively
long hindbrain with a shallow pontine flexure angle of ~140°
(e.g., AMNH 5117, see Witmer and Ridgely (2009). Early-diverging
tyrannosauroids, such as Dilong paradoxus and early-diverging
maniraptorans possess a very short hindbrain region and a steep

pontine flexure angle of ~90° (Balanoff et al. 2009; Kundrat et al.
2020).

3.1.1 Forebrain

The olfactory tract and bulbs are large in Gorgosaurus, together
forming roughly half the length of the entire forebrain. The
combined width of the two olfactory bulbs is nearly equal to
the width of the cerebral region of the endocast. The original
shape and size of the olfactory bulbs are most apparent in
the two smallest juvenile Gorgosaurus specimens studied (TMP
1986.036.0269 and TMP 2010.012.0061) due to the presence of
a small bony crest on the ventral surface of the frontals that
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marks the anterolateral edge of the olfactory bulb fossa; this
crest is absent in larger specimens. Otherwise, the morphology
and proportions of the olfactory bulbs and tracts are similar
in all ontogenetic stages of Gorgosaurus and consistent with
those observed in all eutyrannosaurians studied (Ali et al. 2008;
Zelenitsky et al. 2009, 2011).

The details of the cerebral region of the endocast differ between
juvenile and adult Gorgosaurus individuals. In juveniles, a closer
correspondence between the braincase and the brain itself likely
resulted in an endocast reflecting more closely the original brain
shape (Figures 2 and 3). Features of the cerebrum are well-defined
in juvenile Gorgosaurus specimens (TMP 2009.012.0014 and TMP
2016.014.0001), with individual cerebral hemispheres observable
as distinctly lobate structures separated by an interhemispheric
sulcus, whereas the individual cerebral hemispheres are indistin-
guishable in large adult Gorgosaurus specimens similar to other
mature tyrannosaurid individuals (Figures 2a-f and 3a,b; Witmer
and Ridgely 2009; McKeown et al. 2020; Paulina-Carabajal et al.
2021). In subadult and more mature Gorgosaurus individuals, the
dorsolateral surface of the cerebral hemispheres is flat between
the ridge-like eminences that mark the location of the frontopari-
etal and frontolaterosphenoid sutures; the posterior end of this
flat region is raised into a pair of tall diploic peaks (Figures 2g—o
and 3c-e).

The distinctiveness of the cerebral hemispheres in juvenile
Gorgosaurus specimens provides novel information as to the
morphology of the cerebrum in eutyrannosaurians. The size
of the cerebrum in these specimens corresponds to more than
40% of the total volume of the endocast, making their relative
size more consistent with derived coelurosaurs than with that
reported for earlier-diverging theropods (see Larsson et al. 2000).
The anterior margin of the cerebral hemispheres are clearly
distinguishable from the olfactory tract in dorsal view by an
abrupt medial curve, as seen in ornithomimids and oviraptorids
(Balanoff et al. 2009), but unlike those of derived maniraptorans
(e.g., troodontids and dromaeosaurids), in which the cerebral
hemispheres are pyriform and gradually taper into the olfactory
tract (Balanoff et al. 2014). The long axis of the cerebrum is
oriented posteroventrally, which is consistent with other early-
diverging theropods, such as abelisaurids (Sampson and Witmer
2007), but differs from the more horizontal long-axis orientation
of maniraptorans. The posteroventral margin of the cerebrum is
more clearly visible in TMP 2009.012.0014 than in other known
eutyrannosaurians, being situated ventral to the saddle formed
between the cerebral and dural peaks and corresponding to the
widest portion of the endocast (Figures 1a and 2a-c).

3.1.2 Midbrain

The junction of the fore- and midbrain is generally concealed
in the endocasts of large theropods, including Eutyrannosauria
(Franzosa and Rowe 2005; Sampson and Witmer 2007; Paulina-
Carabajal and Currie 2017; Paulina-Carabajal and Filippi 2018;
Paulina-Carabajal et al. 2019; Gianechini et al. 2020; McKeown
et al. 2020). As a result, the morphology of the optic lobes is
poorly known in these taxa. While it is similarly not possible to
distinguish between the cerebrum and the optic lobe in the larger
Gorgosaurus specimens examined in this study, one juvenile
specimen, TMP 2009.012.0014, clearly demonstrates the location

FIGURE 3 | Growth series of Gorgosaurus endocasts in anterodor-
solateral view. Specimens as follows: juvenile TMP 2009.012.0014 (a);
juvenile TMP 2016.014.0001 (b); subadult TMP 1991.036.0500 (c); young
adult ROM 1247 (d); adult TMP 1994.012.0602 (e). All scale bars equal 5 cm.
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FIGURE 4 | Transverse CTslice through the posterior end of the endocranial cavity of juvenile Gorgosaurus libratus TMP 2016.014.0001(a), juvenile
ornithomimid Ornithomimus edmontonicus TMP 2009.110.0001 (b), troodontid Stenonychosaurus inequalis TMP 1982.019.0023 (c), and ostrich Struthio
camelus TLG SCO080 (d; image data from Plateau et al. 2024) demonstrating a comparable cerebellar position in eutyrannosaurians (Gorgosaurus) and

more derived coelurosaurs. Abbreviations: cb, cerebellar bulge; Is, longitudinal (occipital) sinus groove.

and form of these structures in this taxon. The optic lobes of
TMP 2009.012.0014 are represented by smaller bulges located
posteroventral to the cerebrum on both sides of the endocast
(Figures 1a:OpL and 2a-c:OpL). These bulges are located imme-
diately anterior to the transverse sinus and transversotrigeminal
vein (anterior middle cerebral vein of Witmer and Ridgely 2009)
and dorsal to the ophthalmic branch of the trigeminal nerve
(CN V,), supporting the identification of these bulges as the
optic lobes (Witmer and Ridgely 2009). The locations of these
bulges are broadly separated from the anteroventral margin of
the endocast and, consequently, far from the location of the optic
nerve. The form and position of the optic lobes in Gorgosaurus
(and presumably other eutyrannosaurians) would, therefore, be
intermediate between that of earlier-diverging sauropsids (i.e.,
directly posterior to the cerebrum, contacting each other in the
midline, and broadly separated from the optic nerve root) and
that of more derived coelurosaurs, including birds (i.e., displaced
ventral to the cerebrum by midline contact of the cerebrum and
cerebellum and adjacent to the optic nerve root).

3.1.3 Hindbrain

The endocasts of juvenile Gorgosaurus specimens (TMP
2009.012.0014 and TMP 2016.014.0001) preserve details of the
cerebellum not visible in the endocasts of the larger Gorgosaurus
specimens examined. In both juvenile specimens, the lateral
surface of the hindbrain region exhibits a faint semicircular
bulge located ventral to the dural peak (Figure 2:Cblm). This
bulge extends dorsally from the base of the cerebellar floccular
lobe then arcs anterodorsally to intersect the transverse sinus
and continues anteriorly before fading near the posterodorsal
edge of the cerebrum (Figure 2). The margin of this bulge
extends anterior to the posterior margin of the optic lobe bulges.
Endocasts of later-diverging coelurosaurs (e.g., oviraptorosaur;
Balanoff et al. 2014; ornithomimids [TMP 2009.110.0001],
and troodontids [TMP 1982.019.0023]) also have a similar
bulge along the lateral surface of the hindbrain region, which
corresponds to the dorsolateral margin of a more clearly defined
cerebellum (Figure 4). Accordingly, the bulge observed in
juvenile Gorgosaurus endocasts is interpreted as similarly
demarcating the dorsolateral margin of the cerebellum, which

is bounded dorsally and posterodorsally by a narrower region
that likely corresponds to the longitudinal dural venous
sinus (Figure 4). Relative to earlier-diverging sauropsids (e.g.,
crocodilians), this would indicate Gorgosaurus had a moderately
enlarged cerebellum. Among larger Gorgosaurus specimens and
mature individuals of other eutyrannosaurians (Witmer and
Ridgely 2009; Paulina-Carabajal et al. 2021), this bulge is not
visible and the margin of the cerebellum is almost completely
indistinguishable.

The floccular lobe (flocculus) is the only structure of the cerebel-
lum that can be readily identified in the Gorgosaurus endocast at
all ontogenetic stages. In juvenile Gorgosaurus, the flocculus is
bulbous and long, extending posterior to the level of the common
crus of the endosseous labyrinth (nearly reaching the posterior
semicircular canal in TMP 2009.012.0014), a condition identical
to that of the early-diverging tyrannosauroid Dilong and the
immature holotype specimen of the tyrannosaurine Alioramus
altai (Bever et al. 2013; Kundrat et al. 2020). In larger Gorgosaurus
and mature individuals of other eutyrannosaurians, the flocculus
is tabular in shape and short, terminating anterior to the level of
the common crus (Witmer and Ridgely 2009; Bever et al. 2013).

The pons is located anteroventral to the cerebellum and is easily
identified by the roots of cranial nerves V-VIIL. In all Gorgosaurus
individuals examined, the pons extends posteroventrally from the
cephalic flexure between the mid- and hindbrain to the pontine
flexure, which marks the transition from the pons to the medulla
oblongata.

Reconstruction of the individual cranial nerves emerging from
the pons was met with varied levels of success in the Gorgosaurus
specimens studied but they generally appear consistent in posi-
tion and form between the different ontogenetic stages. The
ophthalmic (CN V,) and maxillomandibular branches (CN V, ;)
of the trigeminal ganglion (CN V) emerge from the pons portion
of the endocast as separate roots, in both mature and immature
individuals. This condition is also observed in other eutyran-
nosaurians and in the early-diverging tyrannosauroid Dilong
(Kundrat et al. 2020) but not in Timurlengia or other theropods,
in which all trigeminal nerve branches emerge together from
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the endocast and diverge distally (Brusatte et al. 2016). Even
though the ophthalmic and maxillomandibular nerve branches
are separated in juvenile Gorgosaurus specimens, the region of
the endocast between their respective bases is slightly raised. This
swelling could indicate that the separation of the ophthalmic
and maxillomandibular nerves from the trigeminal ganglion
occurred outside of the brain but within the endocranial cavity in
Gorgosaurus, i.e., the trigeminal ganglion was intracranial as in
birds (and most other tetanuran clades) rather than extracranial
as in earlier-diverging theropods and other dinosaurs (Sampson
and Witmer 2007; Witmer et al. 2008; Witmer and Ridgely 2009).
An ontogenetic increase in the volume of the encasing dural
venous sinus could obscure the point of separation between these
nerve branches in larger, more mature individuals, such that they
appear as distinct nerve roots. The canal for the abducens nerve
(CN VI) is extremely narrow and could only be identified in the
largest specimen, TMP 1994.012.0602. It is the only pons-derived
cranial nerve that does not emerge from the lateral surface of
the pons, instead emerging from its anteroventral surface. The
facial nerve (CN VII) emerges from the endocast immediately
posteroventral to the maxillomandibular branch of the trigeminal
nerve. The facial nerve canal is nearly of the same diameter
as the maxillomandibular branch of the trigeminal nerve in
all Gorgosaurus endocasts examined regardless of ontogenetic
stage. This condition, shared with other eutyrannosaurians (see
Witmer and Ridgely 2009; Bever et al. 2013; McKeown et al. 2020;
Paulina-Carabajal et al. 2021), is unlike that of other non-avian
theropods, in which the facial nerve canal is much narrower
than the canal of the trigeminal nerve (e.g., abelisaurids—
Sampson and Witmer 2007, fig. 18; Paulina-Carabajal and Filippi
2018, fig. 4; allosaurids—Paulina-Carabajal and Nieto 2019; and
Stenonychosaurus—Currie and Zhao 1993). The maxillomandibu-
lar and facial nerve foramina become distally united within a
tube-like prootic fossa in all eutyrannosaurians (Witmer and
Ridgely 2009; Bever et al. 2013; McKeown et al. 2020). How-
ever, the orientation of this fossa changes through ontogeny in
Gorgosaurus, where it is directed laterally in juvenile individuals
and oriented posteroventrolaterally in more mature individuals
(Voris et al. 2022). The change in orientation is likely the result of
the ontogenetic inflation of the anteriorly and dorsally bounding
tympanic recesses within the prootic (Voris et al. 2022). The canal
for the vestibulocochlear nerve (CN VIII) is narrow and located
immediately posterior to and at the same dorsoventral level as the
facial nerve canal. The vestibulocochlear nerve canal extends for
only a short distance from the endocast before intersecting the
endosseous labyrinth at the anterior junction of the vestibule and
cochlear duct.

Despite the volume of the dural venous sinus around the
hindbrain, the dorsal and lateral margins of the medulla are well-
defined relative to the rest of the hindbrain in all Gorgosaurus
specimens examined. This reveals that the medulla was narrow
and shallow anteriorly and thickened posteriorly closer to the
foramen magnum. The long axis of the medulla is inclined
slightly anteroventrally at ~20° from horizontal. The medulla
gives rise to cranial nerves CN IX-XII, which are morphologically
consistent in all ontogenetic stages of Gorgosaurus studied.
The glossopharyngeal (CN IX) and vagus (CN X) nerves are
united upon emergence from the endocast and extend laterally
toward the posterior margin of the endosseous labyrinth. The
glossopharyngeal nerve subsequently separates from the vagus

nerve and extends laterally, running parallel to the columella
bone through the otic recess. In contrast, the vagus nerve arcs
posteroventrally and exits the posterior surface of the braincase
through the neck of the occipital condyle. The hypoglossal nerve
(CN XII) emerges from the endocast and runs through its own
canal parallel to the vagus nerve, extending posteroventrally and
exiting the posterior surface of the braincase through the neck of
the occipital condyle dorsomedial to the vagus nerve foramen.

3.2 | Inner Ear

The semicircular canals show little difference in size and shape
among all Gorgosaurus specimens examined, regardless of onto-
genetic stage (Figure 5). The anterior and posterior semicircular
canals are dorsoventrally taller than anteroposteriorly long, and
the lateral semicircular canal is anteroposteriorly longer than
mediolaterally wide (Figure 5). Although the anterior semicircu-
lar canal is taller than the posterior semicircular canal, they are
of nearly equal length. The common crus intersects the vestibule
nearly perpendicular to the axis of the lateral semicircular canal.
This configuration of the endosseous labyrinth is consistent
with that of most eutyrannosaurians, including: Albertosaurus
(TMP 1981.010.0001), Bistahieversor (JTV pers. obs. of NMMNH
P-27469) (McKeown et al. 2020), Alioramus (Bever et al. 2013),
and Daspletosaurus (Paulina-Carabajal et al. 2021), as well as
the non-eutyrannosaurian tyrannosauroid Timurlengia (Brusatte
et al. 2016). However, it differs from the configuration of T.
rex, in which the anterior and posterior semicircular canals are
nearly as long as they are tall, the anterior semicircular canal is
longer than the posterior semicircular canal, and the common
crus intersects the vestibule anteroventrally (Witmer and Ridgely
2009).

The cochlear duct (lagena) is a long, straight, and narrow canal
in all Gorgosaurus specimens studied (Figure 5), as is the case in
other eutyrannosaurians. Interestingly, the juvenile Gorgosaurus
specimen TMP 2009.012.0014 has a second canal that is much
narrower than the cochlear duct itself (Figure 5:sc). This canal
extends anteroventrally from the ventral end of the cochlear
duct for 9 mm before splitting into two branches that open into
a sinus cavity that communicates with the anterior tympanic
and basisphenoid recesses. A similar canal is potentially present
in the adult Gorgosaurus specimen TMP 1994.012.0602 but is
difficult to ascertain due to CT scan resolution. While we are
unsure of the exact function of this canal, possibilities include the
perilymphatic duct or connections with pharyngeal sinuses. The
cochlear duct of larger, more mature Gorgosaurus specimens is
slightly longer than those of smaller juvenile specimens.

3.3 | Paratympanic Sinuses

As in other coelurosaurs, the braincase of Gorgosaurus is highly
pneumatized, possessing several paratympanic sinuses (Figure 6;
see also Witmer and Ridgely 2009). These sinuses can be
divided into three systems: the tympanic, median pharyngeal,
and pulmonary sinus systems. The tympanic sinus system,
which includes the anterior and posterior tympanic recesses in
eutyrannosaurians, develops as evaginations of the middle ear
sac (Witmer 1997a). The median pharyngeal sinus system, which
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FIGURE 5 | Growth series of Gorgosaurus endosseous labyrinths in lateral view (a-d, i-1, q) and dorsal view (e-h, m-p, r). Specimens as follows:
juvenile TMP 2009.012.0014 (a, b, e, f); juvenile TMP 2016.014.0001 (c, d, g, h); subadult TMP 1991.036.0500 (i, j, m, n); young adult ROM 1247 (k, 1, o,
p); adult TMP 1994.012.0602 (g, r). Note: both left and right endosseous labyrinths are presented for all specimens except TMP 1994.012.0602 (q, r) for
which only the left could be reconstructed due to poor preservation of the right side. Abbreviations: asc, anterior semicircular canal; c, cochlear duct;
cc, common crus; Isc, lateral semicircular canal; psc, posterior semicircular canal; sc, unidentified secondary canal; ve, vestibule. Scale bar equals 5 cm.

includes the basisphenoidal and subsellar recesses, probably
develops as diverticula of the pharynx (Witmer 1997b; Witmer and
Ridgely 2009; Dufeau 2011). Finally, the pulmonary sinus system
could manifest in the skull as the medial subcondylar recess,
which may develop as an evagination from the air sacs of the
cervical vertebrae in eutyrannosaurians (Witmer 1997a; but also
see Rauhut 2004).

3.3.1 Anterior Tympanic Recess

Compared to non-eutyrannosaurian theropods, the anterior tym-
panic recess of Gorgosaurus is large, extending dorsally from
its foramen behind the ala basisphenoidalis as the retrohy-
pophyseal diverticulum, before arcing posteriorly toward the
posterior process of the prootic as the prootic diverticulum
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sod

prd

bpr

FIGURE 6 | Paratympanic (braincase) sinuses of juvenile TMP 2009.012.0014 (a—c) and adult TMP 1994.012.0602 (d-f) Gorgosaurus in lateral (a,d),
dorsal (b,e), and posterior views (c-f). Abbreviations: atr, anterior tympanic recess (yellow); bpr, basipterygoid/basisphenoid recess (cyan); en, endocast

(dull blue); Iscr, lateral subcondylar recess (red); mscr, medial subcondylar recess (purple); prd, prootic diverticulum of the anterior tympanic recess; ptr,

posterior tympanic recess (green); sod, supraoccipital diverticulum of posterior tympanic recess; ssr, subsellar recess (brighter blue). Scale bar equals

10 cm.

(Figure 6:atr). These two diverticula change in size during
ontogeny: the retrohypophyseal diverticulum is relatively large
and the prootic diverticulum is small in juvenile individuals (TMP
2009.012.0014), while the opposite is true in adult individuals
(TMP 1994.012.0602). In addition to its overall increased size,
the prootic diverticulum of larger Gorgosaurus individuals is
inflated to the extent that the lateral surface of the prootic
bulges outward (Voris et al. 2022). Contralateral retrohypophyseal
diverticula appear to be separated in the juvenile Gorgosaurus
TMP 2009.012.0014 but connected in TMP 1994.012.0602. This
could suggest some contralateral communication of sinuses
occurs through ontogeny.

In all Gorgosaurus specimens examined, the prootic diverticulum
clearly communicates with the retrohypophyseal diverticulum of
the anterior tympanic recess through a narrow, tubular channel
that likely corresponds to the ascending diverticulum of Witmer
and Ridgely (2009). In contrast, little, if any, communication
occurs between the prootic diverticulum and the posterior
tympanic recess, a condition that also occurs in Albertosaurus

(TMP 1981.010.0001) and Alioramus (Bever et al. 2013). Although
the prootic diverticulum was previously considered to be part
of the posterior tympanic recess in Daspletosaurus (Paulina-
Carabajal et al. 2021), Bistahieversor (McKeown et al. 2020),
and Tyrannosaurus (Witmer and Ridgely 2009, 2010), our re-
examination of their CT data confirms that it is actually part
of the anterior tympanic recess in Bistahieversor and in one
Daspletosaurus specimen (TMP 2001.036.0001), as we observed
in Gorgosaurus. However, the prootic diverticulum is clearly part
of the posterior tympanic recess in all examined Tyrannosaurus
specimens (CMNH 7541, AMNH 5117, FMNH PR 2081) and is
illustrated as such in the holotype of Daspletosaurus torosus
(CMN 8506; see Paulina-Carabajal et al. 2021), with a large
non-pneumatized region (presumably of the prootic) occurring
between the anterior and posterior tympanic sinuses.

3.3.2 Posterior Tympanic Recess

The posterior tympanic recess is the most voluminous of the three
paratympanic sinus systems in Gorgosaurus. It expands through
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nearly the entire otoccipital and supraoccipital bones regardless
of ontogenetic stage (Figure 6), although it is more inflated and
voluminous in adult Gorgosaurus (e.g., TMP 1994.012.0602) than
in immature individuals, to the extent that the outer surface of
the paroccipital processes and supraoccipital is bulging (Voris
et al. 2022). The extent of the posterior tympanic recess within
the otoccipital in Gorgosaurus is similar to that of most other
eutyrannosaurians (including Bistahieversor, Albertosaurus, Alio-
ramus, and Daspletosaurus) but differs from the condition seen
in Tyrannosaurus, where the posterior tympanic recess is more
restricted, occupying proportionally less of the bone’s total vol-
ume (Witmer and Ridgely 2009). The latter condition is likely
associated with the unique supraoccipital morphology seen in
Tyrannosaurus and, if so, would also be expected in Tarbosaurus
(see Brusatte and Carr 2016).

Eutyrannosaurians are unique among coelurosaurs in having
contralaterally confluent posterior tympanic recesses within the
supraoccipital, called the supraoccipital diverticulum (Brochu
2003; Witmer and Ridgely 2009; Bever et al. 2013; Brusatte et al.
2016). In Gorgosaurus, the supraoccipital diverticulum is tall,
extending well above the dorsal-most point of the brain endocast
(Figure 6:sod), as also seen in Albertosaurus and Alioramus
(Bever et al. 2013). This condition exceeds that seen in other
eutyrannosaurians, where the supraoccipital diverticulum is
slightly taller than in Bistahieversor and much taller than in
Daspletosaurus and Tyrannosaurus.

Previous studies of tyrannosaurid braincases have often included
the lateral subcondylar recess as part of the median pharyngeal
sinus system along with the medial subcondylar recess. However,
our observations in Gorgosaurus support the identification of the
lateral subcondylar recess as a diverticulum of the posterior tym-
panic recess, as previously suggested by Paulina-Carabajal et al.
(2021), given that only minimal (if any) communication occurs
between the lateral and medial subcondylar recesses across the
otoccipital-basioccipital suture (Figure 6:1scr). Furthermore, our
re-examination of CT data for other eutyrannosaurians (includ-
ing Alioramus MPC-D 100/1844, Bistahieversor NMMNH P-27469,
Daspletosaurus TMP 2001.036.0001, Tyrannosaurus FMNH PR
2081) supports our interpretation and suggests this condition
occurs throughout the Eutyrannosauria clade.

3.3.3 Basisphenoid-Basipterygoid Recess

The ventral surface of the braincase in Gorgosaurus is excavated
by a deep, funnel-like basisphenoid recess located within a rectan-
gular area defined by the basipterygoid processes and basal tubera
as in most nonavialan theropods except for troodontids (Norell
et al. 2009; Rauhut 2014; Yin et al. 2018). This recess extends
anteriorly into the parabasisphenoid via a pair of oval pneumato-
pores located on the posterior surface of the interbasipterygoid
lamina to form the basipterygoid recess. This condition is shared
with most eutyrannosaurians (except for Daspletosaurus and Ter-
atophoneus) and with the non-eutyrannosaurian tyrannosauroid
Xiongguanlong (Li et al. 2010; Bever et al. 2013; Paulina-
Carabajal et al. 2021) but not with the non-eutyrannosaurian
tyrannosauroids Dilong and Timurlengia. In Daspletosaurus,
the paired pneumatopores are located further posterolaterally
within the basisphenoid recess, along the medial surface of the
basipterygoid-basituberal lamina (Paulina-Carabajal et al. 2021).

In Teratophoneus, the pneumatopores are present in immature
individuals but are absent in larger individuals (Carr et al. 2011).
Finally, in Dilong and Timurlengia, the interbasipterygoid lamina
is pierced by a single, large foramen on the anterior midline rather
than smaller, paired pneumatopores (see Li et al. 2010).

In Gorgosaurus and other eutyrannosaurians, the basipterygoid
recess is vast, extending throughout most of the parabasisphe-
noid bone anterior to the basisphenoid recess. The morphol-
ogy of the basipterygoid recess is similar in immature and
mature Gorgosaurus specimens. Immature individuals (e.g.,
TMP 2009.012.0014, TMP 1994.143.0001, TMP 1991.036.0500) and
young adults (ROM 1247) possess a second dorsoventrally elon-
gate pneumatopore located ventral to the ala basisphenoidalis
and dorsal to the basipterygoid process, whereas such a feature
is absent in adults. A similarly positioned pneumatopore is also
observed in the immature holotype of Alioramus altai (fenestra
A: Bever et al. 2013]) and in juvenile T. rex (CMNH 7541) (Witmer
and Ridgely 2010) but not in adult specimens. The absence of this
second pneumatopore in mature eutyrannosaurians (including
adult Gorgosaurus) suggests it closed through ontogeny.

3.3.4 Subsellar Recess

The subsellar recess, with its pneumatopore located on the pos-
teroventral surface of the cultriform process of the basisphenoid,
extends throughout the entire length of the cultriform process
in all Gorgosaurus specimens examined (Witmer and Ridgely
2009; Dufeau 2011). This condition is also seen in Albertosaurus,
Bistahieversor, and Alioramus but contrasts with the condition
in Tyrannosaurus, in which the recess is anteroposteriorly short
and seems to be restricted to the base of the cultriform process
(Witmer and Ridgely 2009; Bever et al. 2013; McKeown et al.
2020). Separation of the subsellar and basisphenoid recesses
is maintained by the interbasipterygoid lamina in Gorgosaurus
as in other tyrannosauroids and most theropods (Witmer and
Ridgely 2009). The extent of the subsellar recess is unknown in
other tyrannosaurids as the delicate cultriform process is rarely
preserved.

3.4 | Pulmonary Sinus System
3.4.1 Medial Subcondylar Recess

The medial subcondylar recess of Gorgosaurus and other eutyran-
nosaurians is morphologically distinct from other braincase
sinuses, as it is characterized by narrow, tubular canals that
are widely separated from each other rather than being large,
vacuous chambers separated by thin bony laminae as for the
other paratympanic sinuses (Figure 6:bpr). In Gorgosaurus, the
medial subcondylar recess is an anteroposteriorly short sinus
that is largely restricted to the basioccipital bone, although
small diverticula extend a short distance into the posteroventral
corner of the parabasiphenoid in the largest specimen (TMP
1994.012.0602). Unlike Alioramus (Bever et al. 2013), there is no
extension of the medial subcondylar recess into the otoccipital.
The medial subcondylar recess is ventrally extensive within the
basioccipital in all Gorgosaurus specimens examined, such that
it nearly reaches the basal tubera. This condition is shared with
Bistahieversor (McKeown et al. 2020), Alioramus (Bever et al.
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2013), and Daspletosaurus (Paulina-Carabajal et al. 2021) but dif-
fers from that of both juvenile and adult Tyrannosaurus, in which
the medial subcondylar recess is restricted to the dorsal half of the
bone, not extending much farther than the level of the ventral
margin of the occipital condyle (Witmer and Ridgely 2009).
The presence of a medial subcondylar recess is variable within
Tyrannosauroidea, being present in proceratosaurids (Rauhut
et al. 2010; Bever et al. 2013), early-diverging tyrannosauroids (i.e.,
Dilong and a braincase tentatively identified as Stokesosaurus;
Chure and Madsen 1998; Xu et al. 2004), and eutyrannosaurians
but absent in “mid-grade” tyrannosauroids (i.e., Xiongguanlong
and Timurlengia; Li et al. 2010; Brusatte et al. 2016).

4 | Discussion

4.1 | Ontogeny of the Eutyrannosaurian
Endocranium

Ontogenetic changes in endocast morphology in eutyrannosauri-
ans are poorly understood due to the scarcity of well-preserved
braincases for juvenile individuals. Fortunately, skulls represent-
ing different growth stages of the tyrannosaurid Gorgosaurus
libratus, including two recently discovered skulls from small
juvenile individuals, offer a unique opportunity to investigate
how brain endocasts change over the course of the lifespan
in this theropod. Our study reveals that endocasts of juvenile
Gorgosaurus individuals exhibit better definition of neural struc-
tures than those of more mature individuals, indicating a closer
correspondence between endocast and brain morphology in
younger individuals. This close brain-endocast correspondence in
juvenile Gorgosaurus is most apparent in the fore- and midbrain
regions, where the cerebral hemispheres appear as separate, ovoid
lobes, and where the optic lobes are represented by distinct
bulges located posteroventral to the cerebral hemispheres. The
endocast of a juvenile T. rex (CMNH 7541) also reveals a closer
correspondence between endocast and brain morphology, as
the cerebral hemispheres are better defined than in mature
individuals (see Witmer and Ridgely 2009, fig. 3) and bulges
that likely represent the optic lobes are visible in the juvenile
but not in adults. These observations indicate that an overall
reduction of neural details visible in endocasts occurs during
ontogeny in eutyrannosaurians. Thus, we suggest the endocast
of juvenile or immature individuals is more representative of the
true brain morphology than that of adults in eutyrannosauri-
ans (and perhaps also in other earlier-diverging theropods),
potentially due to a higher growth rate in the volume of the
endocranial cavity relative to the brain itself, as also occurs in
extant crocodylians (Witmer and Ridgely 2009; Hurlburt et al.
2013; Jirak and Janacek 2017; Hu et al. 2021). However, the timing
of this ontogenetic change is not well constrained. The endocasts
of young adult and adult eutyrannosaurians show little detail
of the underlying brain structures, but it is unclear how much
brain detail can be discerned in the endocasts of smaller subadult
individuals due to CT scan artifacts. It is also possible that
the endocasts of eutyrannosaurian specimens smaller/younger
than those examined here (i.e., TMP 2009.012.0014 and TMP
2016.014.0001) will display more details of the brain morphology.

Although the adult eutyrannosaurian endocast tends to lack
neuroanatomical detail (Hopson 1979; Witmer and Ridgely 2009),

it still approximates the overall shape of the brain (Romer 1956;
Jerison 1973; Hopson 1979; Balanoff et al. 2010) and thus allows
an ontogenetic assessment of overall brain shape. In Gorgosaurus,
both juvenile and adult individuals have a moderately elongate
endocast with an anteroposteriorly short hindbrain and steeply
angled pontine flexure. Although there appears to be a slight
increase in hindbrain length relative to the combined lengths
of the fore- and midbrain through ontogeny, overall endocast
shape changes little between the juvenile to adult Gorgosaurus
growth stages. In contrast, overall endocast morphology changes
significantly during ontogeny in T. rex (Witmer and Ridgely
2009) in that juvenile individuals (CMNH 7541) had a much
shorter and more steeply angled hindbrain, superficially similar
to the Gorgosaurus endocast at any growth stage, whereas mature
individuals had an elongate and relatively shallowly angled hind-
brain, resulting in a more “tubular” endocast (see Brochu 2000).
This difference suggests that Tyrannosaurus (and potentially
other derived tyrannosaurines) experienced greater hindbrain
elongation through ontogeny than did Gorgosaurus and possi-
bly other early-diverging eutyrannosaurians (given the similar
endocast morphology of adult Gorgosaurus and Bistahieversor).

Our study also provides some information related to ontoge-
netic changes in the endosseous labyrinth of eutyrannosaurians.
Notably, there is little difference in either size or shape of
the semicircular canals between juvenile and adult individuals
of Gorgosaurus despite a 1.75-fold increase in skull length.
In contrast, a slight ontogenetic size increase occurs in the
endosseous labyrinth of Tyrannosaurus (see Witmer and Ridgely
2009). It is possible that the change in endosseous labyrinth
size through ontogeny in Tyrannosaurus relates to an extended
period of development of the endocranium, as occurs in other
parts of the skull (Voris et al. 2022). It is also possible that the
change in endosseous labyrinth size could simply be related
to a greater increase in body size/age between juvenile and
adult Tyrannosaurus specimens than in Gorgosaurus (> 2-fold
difference in linear skull length in Tyrannosaurus vs. 1.75-fold
increase in Gorgosaurus). Indeed, while the juvenile Tyran-
nosaurus CMNH 7541 is more immature but comparable in size to
the two juvenile Gorgosaurus studied (TMP 2009.012.0014 or TMP
2016.014.0001), the adult Tyrannosaurus individuals (Witmer and
Ridgely 2009) are nearly as mature as but much larger than
the largest Gorgosaurus individuals studied (TMP 1994.012.0602;
Carr 2020; Voris et al. 2022). Since growth of sensory organs
is typified by strong negative allometry in other archosaurs
(Lautenschlager and Hiibner 2013; Neenan et al. 2019; Schwab
et al. 2022), it is perhaps unsurprising that less disparately sized
juvenile and adult Gorgosaurus individuals have more similarly
sized endosseous labyrinths than do the more disparately sized
juvenile and adult Tyrannosaurus individuals. If Gorgosaurus
follows a similar pattern of endosseous labyrinth size change
through ontogeny as Tyrannosaurus, then we would expect to
find smaller endosseous labyrinths in Gorgosaurus individuals
smaller and younger than those of TMP 2009.012.0014 and TMP
2016.014.0001.

The small difference in the overall length of the cochlear duct
between the juvenile and adult Gorgosaurus may suggest a subtle
change in the overall hearing capabilities through ontogeny.
Using the regressions of Gleich et al. (2005), we find the hearing
estimates of juvenile Gorgosaurus (TMP 2009.012.0014: mean
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best hearing = 218 Hz) are slightly higher than those for the
largest adult specimen (TMP 1994.012.0602: mean best hearing =
15 Hz). The regressions of Walsh et al. (2009), however, produce
similar hearing ranges regardless of ontogenetic stage (TMP
2009.012.0014: mean best hearing = 1808 Hz; TMP 1994.012.0602:
mean best hearing = 1745 Hz). Regardless, both regressions
show that both juvenile and adult Gorgosaurus were susceptible
to sound frequencies at the lower threshold among terrestrial
sauropsids. In fact, the estimates are considerably lower than
those estimated for the southern cassowary, Casuarius casuar-
ius, based on the same regressions (based on virtual model
derived from CT scans of RAM 279.114.754: mean best hearing
= 2117 Hz—Walsh et al. 2009; 1353 Hz—Gleich et al. 2005:
see measurements in Supporting Information), a bird species
known to communicate via sound frequencies as low as 23 Hz
(Mack and Jones 2003). This could mean that Gorgosaurus, and
probably Eutyrannosauria generally, were capable of perceiving
infrasonic (< 20 Hz) or near-infrasonic frequencies. The largely
consistent measurements of hearing capabilities among growth
stages indicate minimal change in hearing capabilities through
ontogeny in Gorgosaurus, suggesting that both juvenile and adult
animals were capable of detecting the same frequencies, as has
also been suggested for other dinosaurs (Lautenschlager and
Hiibner 2013).

The morphology of the various diverticula of the paratympanic
sinuses shows little change through ontogeny in Gorgosaurus.
However, there is an ontogenetic volume increase in some diver-
ticula so that parts of the braincase appear inflated (Voris et al.
2022). This ontogenetic inflation affected mostly the diverticula
of the tympanic sinus system and occurred late in ontogeny, as it
is only apparent in adult specimens (Voris et al. 2022). A similar
pattern is observed in T. rex, where juvenile and adult individuals
possess morphologically similar paratympanic diverticula (see
also Witmer and Ridgely 2009, 2010) but sinuses are more
inflated in adults. These findings are not surprising given that
paratympanic sinuses generally develop during embryonic stages
among extant archosaurs whereas inflation, and in some cases
reduction, of sinus volume occurs in later ontogenetic stages
(Dufeau 2011).

4.2 | Trends in Tyrannosauroid Endocranial
Evolution

Based on comparisons of the endocranial morphology of other
tyrannosauroids, several in-group character transformations
appear to have occurred within Tyrannosauroidea independently
of those that occurred along the theropod lineage leading to
birds. Identifying these transformations is crucial to disentangle
Tyrannosauroidea-specific trends from those that characterize
Theropoda evolution as a whole. Interspecific differences in
endocast morphology within Tyrannosauroidea seem to reflect
a sequence of character transformations from early-diverging
tyrannosauroids to eutyrannosaurians, largely relating to
variations in hindbrain length and depth. The endocast form
of the early-diverging tyrannosauroid, Dilong paradoxus, is
most similar to that of other coelurosaurs (e.g., ornithomimids,
some oviraptorids, troodontids) in that the hindbrain is very
short and the pontine flexure is very steep (~90°; Balanoff et al.
2018; Kundrat et al. 2020). The endocast of more derived non-

eutyrannosaurian tyrannosauroids, exemplified by Timurlengia,
exhibits a slightly more elongate and tubular hindbrain but
a much shallower pontine flexure (~135°). Early-diverging
eutyrannosaurians, such as Gorgosaurus and Bistahieversor,
exhibit a moderately elongate hindbrain morphology similar
to Timurlengia but are dorsoventrally deeper, resulting in
a slightly steeper pontine flexure (~120°). Late diverging
tyrannosaurines possess an endocast that is overall similar to
those of early-diverging eutyrannosaurians but have an even
more elongate hindbrain with a shallower pontine flexure
(~140°).

The morphology of the semicircular canals of the endosseous
labyrinth was largely consistent through tyrannosauroid evolu-
tion (also see Witmer and Ridgely 2009; Brusatte et al. 2016).
With the exception of some differences previously noted among
the labyrinths of non-eutyrannosaurian tyrannosauroids (e.g.,
Timurlengia) and eutyrannosaurians (Brusatte et al. 2016), the
greatest divergence from the typical tyrannosauroid labyrinth
morphology occurs in Tyrannosaurus, in which the common
crus is anteroventrally inclined rather than vertical and the
anterior semicircular canal is proportionally larger (relative to
the size of the posterior semicircular canal) than in other
tyrannosauroids. Given the known connections between gaze
stabilization and semicircular canal morphology (Cohen and
Raphan 2004; Schwarz and Tomlinson 2005; Graf and Klam
2006; Witmer and Ridgely 2009), one possible explanation for
this divergence may relate to the autapomorphically wide mor-
phology of the post-orbital region of the skull of Tyrannosaurus,
which provided a wider binocular field of vision and greater
stereopsis than in other eutyrannosaurians (Stevens 2006; Carr
2020).

The evolution of the paratympanic sinuses in tyrannosauroids
generally reflects a sequence of increasing braincase pneu-
maticity from earlier-diverging taxa, like Dilong and “mid-
grade” tyrannosauroids (e.g., Xiongguanlong and Timurlengia), to
later diverging eutyrannosaurians, like Gorgosaurus and Tyran-
nosaurus. Early-diverging tyrannosauroids had a rudimentary
paratympanic sinus system with small tympanic sinuses that
were locally restricted within the otoccipital and prootic bones
(Brusatte et al. 2016). Although they retained the rudimentary
paratympanic system of early-diverging tyrannosauroids, “mid-
grade” tyrannosauroids seemingly lack the subcondylar recess
of the basioccipital present in early-diverging tyrannosauroids
and proceratosaurids (Xu et al. 2004; Rauhut et al. 2010; Bever
et al. 2013) and in various other theropods (Sampson and
Witmer 2007). One of the more notable evolutionary shifts in
the paratympanic sinus system occurred prior to the most recent
common ancestor of the Bistahieversor+Tyrannosauridae clade.
These eutyrannosaurians possessed an almost entirely pneuma-
tized braincase with greatly inflated and expansive tympanic
recesses (including a large prootic diverticulum of the anterior
tympanic recess and confluence of the contralateral posterior
tympanic recesses within the supraoccipital) and a potentially
secondarily re-evolved medial subcondylar recess that pneuma-
tizes the basioccipital. A potential reversal in paratympanic sinus
expansion occurs in the most derived tyrannosaurines, such as
Tyrannosaurus and one specimen of Daspletosaurus (D. torosus
holotype, CMN 8506; see Paulina-Carabajal et al. 2021), in which
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the tympanic sinuses are more restricted within the braincase
than in other eutyrannosaurians.

4.3 | Insights Into the Evolution of the
Coelurosaurian Brain

The juvenile Gorgosaurus endocasts described herein reveal
better defined neural structures than the endocasts of larger Gor-
gosaurus specimens and thus provide the most accurate picture
of the morphology of the eutyrannosaurian brain (Figure 7).
Consequently, we are able to more accurately estimate the size
and shape of the cerebrum in eutyrannosaurians. The cerebrum
represents roughly 44.7% of the total endocast volume in TMP
2009.012.0014 and 41.6% in TMP 2016.014.0001 (excluding the
olfactory bulbs and tract), both of which are higher than reported
for other tyrannosaurids but well within the range expected for
other non-avian coelurosaurs (Larsson et al. 2000; Balanoff et al.
2014). This suggests that the characteristic forebrain expansion
that occurred over the course of theropod evolution began prior
to the origin of Tyrannosauroidea, as had been hypothesized
previously (see Larsson et al. 2000). Although a large cerebrum
is observed among more derived coelurosaurians, the steep
posteroventral inclination of the cerebrum in Gorgosaurus is
plesiomorphic among theropods (Sampson and Witmer 2007),
where more derived theropods (e.g., birds) are characterized by
a horizontal cerebrum. This suggests that forebrain expansion
would have preceded the evolution of other more derived features
of the cerebrum and other parts of the brain (e.g., horizontal long
axis of the cerebrum) in theropod evolution.

The fact that the bulges for the optic lobes are located pos-
teroventral to the cerebrum indicates that Gorgosaurus possessed
a relatively large cerebrum and relatively small optic lobes. The
position of the cerebellar bulge dorsal to the optic lobe bulges
suggests that the cerebellum at least partly separated the two optic
lobes in Gorgosaurus, and probably in other tyrannosauroids, as
discussed by Witmer and Ridgely (2009), Bever et al. (2011), and
Kundrat et al. (2020). This reflects a more derived condition than
the plesiomorphic sauropsid condition wherein contralateral
optic lobes are adjacent to one another. At the same time, the posi-
tion of the optic lobe posterior to the cerebrum and well separated
from the optic nerve root are characteristics shared with early-
diverging sauropsids (e.g., crocodylians and squamates). As such,
the brain morphology of Gorgosaurus and other eutyrannosauri-
ans was intermediate between that of derived coelurosaurs and
earlier-diverging sauropsids. This combination of derived and
plesiomorphic traits would suggest a multiphasic evolution of
the coelurosaurian brain (Figure 8), with lateral displacement of
the optic lobes preceding the migration of the optic lobes to the
more anteroventral position seen in derived coelurosaurs (e.g.,
oviraptorosaurs; Balanoff et al. 2014). Unfortunately, the combi-
nation of an expanded forebrain and separation of the optic lobes
by the cerebellum in Gorgosaurus precludes clear identification
of a single driver for the displacement of the optic lobes among
coelurosaurs. This architecture could have been the result of:
(1) cerebral expansion forcing the posterior displacement of the
optic lobes to either side of the cerebellum, (2) expansion of the
cerebellum causing separation of the contralateral optic lobes,
(3) the interplay between both cerebral and cerebellar expansion
causing the lateral displacement of the optic lobes, or (4) the

migration of the optic lobes themselves may have facilitated
cerebral and/or cerebellar expansion.

Our understanding of the evolution of brain morphology in
theropods has largely been consigned to studies of later-diverging
maniraptoran theropods. Endocasts of these taxa exhibit greater
detail of brain structures, even in more mature specimens.
This study illustrates the usefulness of ontogenetically immature
specimens of earlier-diverging theropods lineages, like tyran-
nosauroids, for establishing brain morphology. Future studies
utilizing this method in earlier-diverging theropod groups than
tyrannosauroids will likely uncover more data about the evo-
lution of the theropod brain and the sequence of character
transformations that culminated in the unique brain morphology
of birds.

4.4 | Conclusion

Several ontogenetic trends are noted within the endocranium
of the eutyrannosaurian tyrannosauroid Gorgosaurus libratus.
The endocasts of juvenile Gorgosaurus individuals show greater
details of various neuroanatomical structures, specifically the
cerebrum, optic lobe, and cerebellum, than those of adult indi-
viduals. Reduced detail of these structures in adult Gorgosaurus
and other eutyrannosaurian endocasts suggests a reduction in
the brain-endocast correspondence through ontogeny, perhaps
due to faster growth of the brain cavity than of the brain itself,
as seen in most archosaurs. Similarly, poor resolution of neu-
roanatomical structures in the endocasts of more early-diverging
theropods (e.g., allosauroids, abelisaurids, and early-diverging
neotheropods) could indicate they followed similar ontogenetic
patterns. We propose, therefore, that the study of endocasts
of small and/or immature theropod individuals may be more
informative about true brain anatomy than endocasts of adult
individuals.

Ontogeny of the braincase sinuses in Gorgosaurus is largely asso-
ciated with inflation of existing sinus chambers rather than the
invasion of new space within the braincase. Similar ontogenetic
consistency in paratympanic sinus morphology is also observed
in other eutyrannosaurian taxa (e.g., T. rex) and supports the use-
fulness of such features as taxonomic or phylogenetic characters
among eutyrannosaurians and perhaps Tyrannosauroidea as a
whole.

Details of brain anatomy in Gorgosaurus, particularly from juve-
nile individuals, also provide new information on the evolution
of the coelurosaurian brain. We find that juvenile Gorgosaurus
display a mixture of derived theropod and ancestral saurop-
sid characteristics in brain morphology. Derived characteristics
include a flexed brain, somewhat enlarged cerebrum, and a
cerebellum that at least partially separates the left and right optic
lobes, whereas ancestral characteristics include large olfactory
bulbs and tracts, a posteroventrally inclined cerebrum, pos-
teroventral position of the optic lobes, and a long hindbrain. The
identification of more derived theropod traits in a tyrannosauroid
suggests that many of the characteristics thought to be unique to
maniraptorans may have deeper origins within Theropoda.
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FIGURE 7 | Reconstructed brain morphology of Gorgosaurus based on observable structures in the endocasts of juvenile specimens TMP
2009.012.0014 and TMP 2016.014.0001. Abbreviations: Bstm, brainstem; Cbm, cerebrum/ cerebral hemisphere; Cblm, cerebellum; OIfB, olfactory bulb;
OpL, optic lobe.
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Crocodilia
Alligator

Tyrannosauroidea
Gorgosaurus (this study)
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« Olfactory
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« Wulst
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FIGURE 8 | Simplified cladogram with indicated hypothesized character transformations among theropods on the line toward birds relative to

earlier-diverging archosaurs (e.g., Crocodilia) following the new information provided by Gorgosaurus.

Future studies should seek to reconstruct endocasts of juve-
nile individuals, particularly tyrannosauroids and early-diverging
theropods, as they may provide valuable information about the
ancestral theropod brain condition. From these, it will be possible
to clarify the nature and timing of changes in brain morphology
that occurred in the among theropods and that led to the
evolution of the avian brain.
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