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The rostral neurovascular system of Tyrannosaurus rex
Florian Bouabdellah, Emily Lessner, and Julien Benoit
ABSTRACT
The study of the rostral neurovascular system using CT scanning has shed new
light on phylogenetic and palaeobiological reconstructions of many extinct tetrapods.
This research shows a detailed description of the rostral neurovascular canals of
Tyrannosaurus rex including the nasal, maxillary (dorsal alveolar), and mandibular
(ventral alveolar) canals. Extensive comparisons with published descriptions show that
the pattern of these canals in Tyrannosaurus is not unusual for a non-avian theropod.
As in the non-avian theropod Neovenator, the maxillary canal shows several anastomoses of its branches. Differences from the plesiomorphic sauropsid condition are
concentrated within the canal for the maxillary neurovasculature, which is primitively
horizontal, tubular, and connected to a single row of supralabial foramina, whereas in
Tyrannosaurus the main trunk of the canal is oriented more obliquely and dorsally displaced to give room to the deep tooth alveolae. As a result, the lateral branches that
provide innervation and blood supply to the skin are dorsoventrally elongated compared to non-theropod taxa, and multiple rows of supralabial foramina are present. An
overview of the literature suggests that the evolution of the trigeminal canals among
sauropsids only weakly supports previous hypotheses of crocodile-like facial sensitivity
in non-avian theropods (except, maybe, in semiaquatic taxa). More systematic studies
of the rostral neurovascular canals in non-avian theropods may help answer the question of whether lips were present or not.
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INTRODUCTION
Tyrannosaurus rex is probably the most popular and incidentally best-known theropod dinosaur
thanks to a century of uninterrupted research
efforts. New technologies and cutting-edge techniques have been used to investigate an
unmatched number of aspects of T. rex palaeobiology, phylogeny, ontogeny, body mass, intraspecific
variability, behaviour, paleoproteomics, paleopathology, neurovasculature, and sensory organs
(Erickson et al., 1996; Organ et al., 2008; Schweitzer et al., 2009, 2016; Witmer and Ridgely,
2009; Longrich et al., 2010; DePalma et al., 2013;
Parrish et al., 2013; Brusatte and Carr, 2016; Carr,
2020; Woodward et al., 2020; Brown et al., 2021).
In 2000, X-ray imaging was applied to the specimen FMNH PR 2081 (also known as “Sue”) of
Tyrannosaurus rex for the first time by Christopher
A. Brochu and colleagues from the Field Museum
of Natural History (Brochu, 2000, 2003). The specimen’s skull was scanned using computed tomography (CT scanning) to study its internal and external
structures in silico. Many subsequent studies
applied CT scanning to dinosaur cranial material,
focusing mainly on both the braincase and bony
labyrinth (Knoll et al., 2006, 2012; Sereno et al.,
2007; Witmer and Ridgely, 2009; Neenan et al.,
2019; King et al., 2020; Sakagami and Kawabe,
2020). Recently, an increasing number of studies
have focused on the rostral neurovascular anatomy of extant (e.g., Witmer et al., 2008; Leitch and
Catania, 2012; Porter and Witmer, 2015, 2016;
Jones et al., 2019; Lessner et al., 2019; Lessner
and Holliday, 2020) and extinct amniote taxa,
including therapsids (Benoit et al., 2016a, 2016b,
2017b, 2019; Pusch et al., 2019; Wallace et al.,
2019; Pusch et al., 2020; Benoit et al., 2021b;
Ekdale and Deméré, 2021), plesiosaurs (Foffa et
al., 2014), and archosauromorphs (Lessner et al.,
2016; Lessner and Stocker, 2017; SerranoMartínez et al., 2020; Benoit et al., 2021a), including theropod dinosaurs (Ibrahim et al., 2014, 2014;
Barker et al., 2017; Cau, 2020; Cerroni et al., 2020;
Porter and Witmer, 2020; Kawabe and Hattori,
2021).
The rostral neurovascular system consists of
bony canals that housed the trigeminal nerve and
some blood vessels (Benoit et al., 2016a; Porter
and Witmer, 2020). The trigeminal nerve is the primary somatosensory nerve of the vertebrate head
(Watkinson, 1906; Bellairs, 1949; Witmer, 1995;
Dubbeldam, 1998; Abdel-Kader et al., 2011; Dakrory, 2011; Leitch and Catania, 2012; Rodella et al.,
2012; Schneider et al., 2016; Jones et al., 2019). It
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stems from the hindbrain, passes through the
trigeminal ganglion laterally, and then divides into
three main rostral divisions: the ophthalmic division
(V1), the maxillary division (V2), and the mandibular division (V3). The ophthalmic and maxillary divisions transmit sensory inputs from the upper jaw
and snout, whereas the mandibular division transmits both motor and sensory signals to and from
the lower jaw (Watkinson, 1906; Bellairs, 1949;
Dubbeldam, 1998; Abdel-Kader et al., 2011; Dakrory, 2011; Leitch and Catania, 2012; Rodella et al.,
2012; Jones et al., 2019). The maxillary division is
accompanied by the dorsal alveolar (maxillary)
artery and vein and the mandibular division by the
ventral alveolar (mandibular) artery and vein (Witmer, 1995; Porter and Witmer, 2015, 2016). These
nerves and vessels supply and innervate rostral
structures such as the integument, gingiva, and
cephalic glands in addition to some specialised
sensory structures (Watkinson, 1906; Bellairs,
1949; Witmer, 1995, 1995; Dubbeldam, 1998;
Soares, 2002; Sedlmayr, 2002; Abdel-Kader et al.,
2011; Dakrory, 2011; Leitch and Catania, 2012;
Rodella et al., 2012; Porter et al., 2016; Jones et
al., 2019).
Recent research has suggested that access
to the rostral neurovascular canals enables the
reconstruction of many trigeminal-related soft tissue structures, functions, behaviours, and ecology
in extant and extinct archosaurs (Witmer, 1995;
Leitch and Catania, 2012; Ibrahim et al., 2014;
Barker et al., 2017; Lessner and Stocker, 2017;
Porter and Witmer, 2020; Kawabe and Hattori,
2021). In the present study, we use CT scanning to
describe the neurovascular canals in rostral cranial
elements of Tyrannosaurus rex. We then discuss
the evolution of these canals among Sauropsida,
as well as previously proposed palaeobiological
hypotheses regarding the presence of lips and
specialised (i.e., crocodile-like) sensory organs
among non-avian theropods.
MATERIAL AND METHODS
Tyrannosaurus rex specimen FMNH PR 2081
was CT scanned at the Rocketdyne Division of
Boeing North America Inc. imaging facility of Chatsworth, CA (see Brochu 2000, 2003 for details).
The scanning process generated 1568 coronal
slices, each 2 mm thick. The original CT data is
available at Morphosource.org: https://doi.org/
10.17602/M2/M366912 (Courtesy of: Boeing/Rocketdyne CT-Lab. (c) Field Museum of Natural History. CC BY-NC 4.0. ark:/87602/m4/369673, https:/
/mm.fieldmuseum.org/c1fc8eb7-afa9-4988-b6cf-
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9e258d08f16e). The rostral neurovascular canals
and associated structures were segmented and
reconstructed digitally in 3D using Avizo 9.0 (FEI
VSG, Hillsboro OR, USA) at the Virtual Palaeontology Lab of the Evolutionary Studies Institute (ESI)
of the University of the Witwatersrand (Johannesburg, South Africa). Only the right neurovascular
canals were segmented, the left side of the skull
being damaged and crushed. As this study focuses
on the bony canals that transmitted soft tissues

actively playing a role in the innervation and nutrition of the surface of facial bones, only the parts of
the branches that directly communicate with the
external surface of the skull were segmented (Figure 1, Appendix 1, see Benoit et al., 2016a, 2019).
DESCRIPTION
The three main divisions of the rostral neurovascular system are well preserved in FMNH PR
2081 (Figures 2-5). Like in other reptiles, the rostral

FIGURE 1. The rostral neurovascular canals of Tyrannosaurus rex (FMNH PR 2081) in lateral view (top) and two
cross-sections (CT slices, bottom). Scale bar equals 30cm.
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FIGURE 2. Nasal canals of Tyrannosaurus rex (FMNH PR 2081) in dorsal view (left) and lateral view (right). Scale bar
equals 30 cm.

neurovascular system is divided into three main
branches in Tyrannosaurus: one in the nasal bone
containing medial and lateral canals (mostly for the
medial and lateral nasal vessels, Figure 2), one in
the maxillary bone containing the maxillary division
of the trigeminal nerve (V2, Figure 3), and the last
one in the dentary bone containing the mandibular
division of the trigeminal nerve (V3, Figure 4), the
last two of which are accompanied by the dorsal
alveolar and mandibular vessels, respectively,
(Watkinson, 1906; Bellairs, 1949; Jollie, 1962;
Dubbeldam, 1998; Sedlmayr, 2002; Abdel-Kader et
al., 2011; Porter et al., 2016; Dakrory, 2011; Leitch
and Catania, 2012; Jones et al., 2019).
Contrary to the arrangement in crocodilians
(Sedlmayr, 2002; Leitch and Catania, 2012;
George and Holliday, 2013; Porter et al., 2016;
Lessner and Holliday, 2020), the nasal canal is
long and branches into a dense network of canals
in Tyrannosaurus (Figure 2). The nasal canal system is divided into a cluster of branches oriented
caudally (frontal ramus; Figure 2) and a cluster oriented rostrally (nasal ramus; Figure 2). The frontal
ramus is relatively unbranched, directed caudally
along the midline of the skull, and likely carried
some nasal vessels (Sedlmayr, 2002; Porter et al.,
2016; Porter and Witmer, 2020). Rostrally, the
nasal ramus runs parallel to the sagittal plane on
the nasal bone. The canal splits into many
4

branches rostrally that are grouped into two distinct
bundles, a short lateral one and a long medial one.
As in modern crocodilians, these bundles likely
housed the lateral and medial nasal artery in life
(Witmer, 1995; Sedlmayr, 2002; Porter and Witmer,
2015; Porter et al., 2016) and perhaps some
branches of the ophthalmic nerve, as has been
hypothesised for some therapsids (Benoit et al.,
2016, 2017b). Some isolated canals run dorsoventrally through the bone and likely housed branches
of the nasal vessels and ophthalmic nerve as well
(Witmer, 1995; Porter and Witmer, 2015; Cerroni et
al., 2020). Unlike in some non-mammalian therapsids (Benoit et al., 2019), the lacrimal canal is wellseparated from the rest of the neurovascular
canals.
The maxillary canal (Figure 3) runs laterally
through the maxilla, dorsal to the tooth row. In
modern taxa, the maxillary canal (also known as
the superior or dorsal alveolar canal) carries the
maxillary division of the trigeminal nerve (V2), part
of the facial nerve (CN VII; Watkinson, 1906; Bellairs, 1949; Abdel-Kader et al., 2011) and the maxillary (or dorsal alveolar) artery and veins (Porter
and Witmer, 2015; Porter et al., 2016). In Tyrannosaurus, the main trunk starts caudomedially, ventral to the orbit, and runs rostrally in a diagonal,
rostrodorsal direction. About a dozen smaller
canals branch ventrally from the main trunk of the
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FIGURE 3. Premaxillary canal and canals for the dorsal alveolar (maxillary) vessels and maxillary division of the trigeminal nerve of Tyrannosaurus rex (FMNH PR 2081) in lateral view. Scale bar equals 30cm.

maxillary canal at regular intervals (Figure 3).
These rami are oriented toward the ventral margin
of the maxilla and become increasingly elongated
and ramified as the maxillary canal progresses rostrally. Their contents likely supplied and innervated
the skin through a large number of lateral foramina
organised in rostrocaudal rows, as in the majority
of non-avian theropods (Brochu, 2003; Dal Sasso
et al., 2005; Barker et al., 2017; Kawabe and Hattori, 2021). Some branches are anastomosed,
forming a network, as in Neovenator (Barker et al.,

2017). The ventral branches of the maxillary canal
in Tyrannosaurus rex are comparatively longer
than in most other reptiles (Ibrahim et al., 2014;
Porter and Witmer, 2015, 2020; Lessner et al.,
2016; Barker et al., 2017; Lessner and Stocker,
2017; Lomax et al., 2019; Lessner and Holliday,
2020). Some medial branches (not figured) innervated and supplied the teeth in their alveoli. The
rostral half of the maxillary canal has the longest
lateral branches, which are themselves ramified
into smaller branches, with many anastomotic con5
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FIGURE 4. Premaxillary canals of Tyrannosaurus rex (FMNH PR 2081) in anterior view. Scale bar equals 30cm.

nections between them, creating a complex network of canals as in extant crocodilians (Leitch and
Catania, 2012; George and Holliday, 2013; Lessner and Holliday, 2020). The dorsalmost branch
passes dorsal to the replacement teeth rostrally
and then bends ventrally. It may have carried the
maxillary (or dorsal alveolar) nerve and vessels as
in modern sauropsids (Figure 3; Witmer 1995; Porter and Witmer 2015; Porter et al., 2016). Finally,
the maxillary canal thickens at two points above
the position of maxillary teeth n°5 and n°10 that
may represent spaces to accommodate agglomerated ganglions, as in modern squamates (Figure 3;
Abdel-Kader et al., 2011).
The premaxilla is pierced by a small number
of isolated canals connecting the oral cavity to the
external surface (Figure 4). The canals appear
clustered into two branches here referred to as the
inferior and superior premaxillary canals (Figure 4;
Watkinson, 1906; Bellairs, 1949; Abdel-Kader et
al., 2011; Dakrory, 2011). They could have been
shared by rami of the ophthalmic and nasopalatine
branches of the trigeminal nerve (see discussion).
In modern squamates, these nerves are accompanied by subnasal blood vessels (Porter and Witmer, 2015).
The mandibular canal originates in the caudoventral portion of the dentary, and its main trunk
runs along the ventral margin of the dentary (Figure 5). In life, it would have carried the ventral-alve6

olar nerve (V3) and the mandibular (or ventral
alveolar) artery (Witmer, 1995; Porter and Witmer,
2015; Kawabe and Hattori, 2021). In Tyrannosaurus, the main trunk of the mandibular canal sends
off nine vertical branches toward the upper margin
of the dentary (Figure 5). Noticeably, the caudalmost of these dorsal branches travels backwards
along the upper margin of the dentary and terminates into a number of foramina on the coronoid
process. A similar “backwards running” dorsal
branch has also been figured in an ichthyosaur
(Lomax et al., 2019). It may have been for a ramus
of the mandibular nerve, or the dorsal bifurcation of
the mandibular canal for the mandibular artery
coming from the skull (Porter and Witmer, 2015;
Lessner and Holliday, 2020). The pattern described
here in FMNH PR 2081 almost perfectly matches
that described by Kawabe and Hattori (2021) for
Tyrannosaurus specimen FPDM-V-9767.
DISCUSSION
Evolution of the Rostral Neurovascular Canals
in Sauropsida
In the absence of an extensive fossil record of
soft tissue, studying the rostral neurovascular
canals of the trigeminal system, which are responsible for carrying the soft tissues innervating and
supplying facial structures and teeth in modern
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FIGURE 5. Canals for the mandibular vessels and mandibular division of the trigeminal nerve of Tyrannosaurus rex
(FMNH PR 2081) in lateral view. Scale bar equals 30cm.

species, is of paramount importance for palaeobiological reconstructions. Specimen FMNH PR 2081
provides the most complete picture of the rostral
neurovascular canals in a theropod dinosaur so far
and along with previous studies (e.g., Butler et al.,
2012; Ibrahim et al., 2014; Paulina-Carabajal et al.,
2016; Barker et al., 2017; Wang et al., 2018; Herne
et al., 2019; Cau, 2020; Porter and Witmer, 2020;
Kawabe and Hattori 2021), fills an important evolutionary gap that enables discussion and reconstruction of the evolution of the neurovascular
system among Sauropsida. To better assess the
relevance of the observations made above on T.

rex, we here provide an overview of the published
literature about the rostral neurovascular system of
extinct sauropsids. This will help explain where
non-avian theropods fit into the big picture of rostral neurovascular evolution and facilitate meaningful comparisons.
The primitive diapsid condition. Benoit et al.
(2021a) hypothesised that the maxillary canal (or
superior, or dorsal alveolar canal) in Diapsida is
primitively long and tubular, runs parallel to the
tooth row, and sends off lateral branches at regular
intervals towards the supralabial foramina, which
are aligned on the dental margin of the maxilla.
7
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FIGURE 6. Simplified evolution of the rostral neurovascular systems in Sauropsida in lateral view. A, F, and I figure the
course of some branches of the trigeminal nerve, whereas B, C, D, E, G, and H figure the canals of the rostral neurovascular system (see text for descriptions and references). Abbreviation: Cc, conical cavity. Color code: Black, teeth;
Blue, maxillary canal (or nerve when applicable); Green, mandibular canal (or nerve when applicable); Red, ophthalmic nerve; Yellow, premaxillary canal. Dotted lines represent non-nervous structures (e.g., orbits, nostrils, cranial
fenestrae, and conical cavity). Drawings not to scale.

This condition is also present in all modern squamates that have been described so far (Watkinson,
1906; Willard, 1915; Bellairs, 1949; Abdel-Kader et
al., 2011; Dakrory, 2011; Porter and Witmer, 2020;
Scanferla and Smith, 2020), as well as in the
Mosasauria (Bastiaans et al., 2020; Álvarez-Herrera et al., 2020), and Ichthyosauria (Lomax et al.,
2019) (Figure 6). The condition is essentially the
same for the mandibular canal (or inferior, or ventral alveolar canal), which runs parallel to the tooth
row in the dentary bone (Porter and Witmer, 2015;
Kawabe and Hattori, 2021; Lessner, 2021). The
mandibular canal appears to be very conservative
as it shows only minor variations between squamates, crocodylomorphs, non-avian dinosaurs,
and birds (Goris, 2011; Porter and Witmer, 2015;
Scanferla and Smith, 2020; Kawabe and Hattori,
2021; Lessner, 2021). The maxillary and mandibular canals remain unaltered in snakes and lizards
with a venomous bite as venom is carried to the
mouth in a system independent of the trigeminal
canals (Fry et al., 2009; Goris, 2011; Benoit et al.,
2017a). Benoit et al. (2021a) described the presence of a blind, conical cavity dorsal to the main
8

trunk of the maxillary canal in Orovenator and Prolacerta (Figure 6E), but such a cavity appears to be
absent in Tyrannosaurus and other derived sauropsids (Porter and Witmer, 2015; Porter et al., 2016;
Benoit et al., 2016a, 2018; Lessner et al., 2016;
Lomax et al., 2019; Lessner and Holliday, 2020). In
Chelonia (Figure 6D), the edentulous condition of
the maxilla and premaxilla, and the evolution of a
rhamphotheca have modified the structure of the
snout, but the plesiomorphic condition of the maxillary canal remains mostly unaltered (Owen, 1866;
Albrecht, 1967; Benoit et al., 2018).
Which nerve(s) occupied the premaxillary
canals? The canals of the premaxilla show noticeable variations among sauropsids. Unlike the condition in Tyrannosaurus, a distinctly long and
ramified premaxillary canal is present in Chelonia
that carries vessels and nerves supplying the premaxillary portion of the rhamphotheca and innervating the rostral pores (Winokur and Legler, 1974;
Benoit et al., 2018). Although the premaxillary
canal is classically interpreted as housing the ophthalmic branch of the trigeminal nerve in extinct
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FIGURE 7. Reconstruction of the trigeminal branches pathway in the snout of Tyrannosaurus rex (FMNH PR 2081) in
lateral view. Left, dominant ophthalmic branch hypothesis (“bird-like” condition). Right, dominant maxillary branch
hypothesis (“reptile-like” condition). Abbreviations: V1, Ophthalmic branch; V2, Maxillary branch; V3, Mandibular
branch; Psnf, position of the palatal sub-narial foramen. Scale bar equals 30 cm. Color code same as Figure 6.

sauropsids (e.g., Sedlmayr, 2002; Foffa et al.,
2014; Cau, 2020; Porter and Witmer, 2020), the
caudal opening of the premaxillary canal in chelonians is located on the palate and is consequently
interpreted as carrying the nasopalatine nerve (a
branch of V2) and vessels (Owen, 1866; Benoit et
al., 2018). The nasopalatine nerve is also responsible for innervating most of the premaxilla in squamates and crocodilians, in which the ophthalmic
branch of the trigeminal nerve and corresponding
canals are comparatively shorter (Sedlmayr, 2002;
Leitch and Catania, 2012; George and Holliday,
2013; Lessner and Holliday, 2020). The ophthalmic
nerve nevertheless does reach the premaxilla in
these taxa (Bellairs, 1949; Witmer, 1995; Dubbeldam, 1998; Sedlmayr, 2002; Hieronymus, 2019;
Lessner and Holliday 2020) and even innervates
the medial half of the tentacle in Erpeton tentaculatum (Catania, 2011).
In modern birds (Neornithes), the beak is perforated by a dense network of canals connected to
numerous foramina, as is usually the case in
beaked tetrapods (Webb, 1957; Berkhoudt, 1979;
Baumel et al., 1993; Benoit et al., 2018; Wang et
al., 2018); however, the innervation pattern is
markedly different from that in chelonians. In most
modern birds, the maxillary bone is reduced and as
a result, the maxillary canal and supralabial foramina are absent‒likely as a result of the evolution of
edentulous jaws (Mayr, 2018)‒and it appears that
the maxillary nerve no longer penetrates the maxilla (Figure 6I), except in Laridae and Anseriformes,

which have an enlarged maxilla and in which a few
foramina are present (Baumel et al., 1993; Dubbledam et al., 1995; Orosz and Bradshaw, 2007;
Mayr, 2018). The ophthalmic nerve, which runs
through the enlarged premaxilla in birds, thus
becomes the dominant source of nervous flux to
the upper beak (Webb, 1957; Gheție et al., 1976;
Baumel et al., 1993; Witmer, 1995; Dubbeldam,
1998; Orosz and Bradshaw, 2007; Crole and
Soley, 2014; Hieronymus, 2019; Jones et al.,
2019). This condition is likely plesiomorphic for
Neornithes as the Palaeognathae, Galliformes,
and the sister taxon to Galloanserae, Asteriornis,
all possess a small maxillary bone with no foramen
for the infraorbital branch of the maxillary nerve
(Baumel et al., 1993; Mayr, 2018; Field et al.,
2020). In contrast, toothed non-neornith birds display a row of supralabial foramina and a maxillary
canal (Mayr, 2018).
Given the differences between the Neornithes
and non-Neornithes conditions, it is unclear which
of the nasopalatine (V2) or ophthalmic (V1) nerves
dominated the premaxillary canals in T. rex (Figure
7). A palatal subnarial foramen for possible passage of the nasopalatine nerve has been inconsistently reported in Tyrannosaurus (Carr, 1999;
Brochu, 2003; Porter, 2015), and its ventral location would be inconvenient given the more dorsal
location of the posterior opening of the premaxillary
canals (Figure 7). So, regardless of whether a subnarial foramen is present or not, it appears more
likely that the ophthalmic nerve occupied most of
9
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the premaxillary canals in Tyrannosaurus, as in
modern birds.
The maxillary and mandibular canals. The maxillary canal comprises a linear tube running horizontally a distance from the dental margin of the
maxilla. The maxillary canal condition in basal
Archosauromorpha is the same as in early diapsids
and squamates, as exemplified by Prolacerta (Figure 6D; Benoit et al., 2021a). That the maxillary
canal condition described by Benoit et al. (2021a)
in early diapsids appears mostly unaltered among
most Sauropsida supports that a long, tubular, and
simple canal branching at regular intervals is the
plesiomorphic condition for the clade. In chelonians
it sends off a large number of long lateral
branches, consistent with the very high number of
supralabial foramina that supply the rhamphotheca
(Albrecht, 1967; Morhardt, 2009; Benoit et al.,
2018). No data is presently available on the maxillary canal of pterosaurs, but given the variation in
number and position of their rostral neurovascular
foramina (Martill et al., 2021), some departure is
expected from the primitive condition described
above.
Compared to Prolacerta, the main trunk of the
maxillary canal runs a long distance from the ventral margin of the maxilla in crocodiles, Vivaron,
Wannia, and most non-avian theropods (Soares,
2002; Leitch and Catania, 2012; Butler et al., 2012;
Ibrahim et al., 2014; Lessner et al., 2016; Barker et
al., 2017; Lessner and Stocker, 2017; Lessner and
Holliday, 2020; Porter and Witmer, 2020; Figure 6).
This distance between the main trunk of the maxillary canal and the ventral margin of the maxilla is
particularly striking in Tyrannosaurus in which the
lateral branches of the maxillary canal occupy the
lower third of the surface of the maxilla (Brochu,
2003; Figure 3). This is most likely due to the
development of deep dental alveolae (thecodont
tooth implantation), as in many archosauriforms
(Pinheiro et al., 2016). As the maxillary nerve and
vessels have to supply and innervate the dental
pulp (in addition to the surface of the maxilla), the
position of the main trunk of the maxillary canal has
to shift dorsally to follow the base of the tooth sockets. Accordingly, a ventral shift of the mandibular
canal can also be inferred on the lower jaw of many
archosaurs based on the condition in FMNH PR
2081 (Figure 5), other non-avian dinosaurs
(Kawabe and Hattori, 2021), and crocodilians
(Lessner, 2021). Some variability in the position of
the main trunk of the maxillary and mandibular
canals relative to the dental margin of the jaws is
thus expected among archosaurs depending on
10

the depth of the alveolae (see e.g., Paulina-Carabajal et al., 2016; Herne et al., 2019; Porter and
Witmer, 2020; Kawabe and Hattori, 2021) and the
presence of an edentulous beak (Wang et al.,
2018).
The maxillary canal has been described and
illustrated in only a handful of non-avian dinosaurs
(Dal Sasso et al., 2005; Butler et al., 2012; Ibrahim
et al., 2014; Lautenschlager et al., 2014; PaulinaCarabajal et al., 2016; Barker et al., 2017; Wang et
al., 2018; Porter and Witmer, 2020). The Ornithischia Psittacosaurus, Stegoceras; Fruitadens, and
basal Sauropodomorpha Plateosaurus all display a
primitively tubular maxillary canal that gives off lateral branches at regular intervals, and the supralabial foramina are organised in a single line parallel
to the tooth row, consistent with the primitive sauropsid condition (Figure 6G; Porter, 2015; Porter
and Witmer, 2020). The canal of Lesothosaurus
displays a similar condition, except that the supralabial foramina are greatly enlarged, perhaps to
innervate and supply cheek muscles (Knoll, 2008).
Among derived Ornithischia, some Ankylosauria
depart from this primitive condition by displaying an
enlarged maxillary canal, perhaps acting in conjunction with their nasal passage to act as a heat
exchanging mechanism (Porter and Witmer, 2020).
In contrast, the ankylosaur Pawpawsaurus displays the primitive condition (Paulina-Carabajal et
al., 2016). The maxillary canal of the ornithopod
Galleonosaurus matches the primitive condition
too, except for the presence of two dorsally
directed branches that open anteriorly to the antorbital fenestra (Hernet et al., 2019). A generally simple and plesiomorphically tubular maxillary canal
condition in Ornithischia would be consistent with
the relatively simple morphology of the mandibular
canal figured for Fuikuisaurus, Edmontosaurus,
and Triceratops (Kawabe and Hattori, 2021).
Strangely enough, Diplodocus shows no evidence
of a maxillary canal (Porter and Witmer, 2020),
whereas a neonate titanosaur from Argentina displays evidence of some rostral neurovasculature
(Kundrát et al., 2020). Data on other sauropodomorphs will be necessary to determine whatthe
plesiomorphic condition is for the clade. Dimensions of the foramen for the trigeminal nerve and
other palaeoneurological evidence were used to
argue against the presence of a trunk in sauropods
(Knoll et al., 2006).
The non-avian theropods Spinosaurus,
Neovenator, Majungasaurus, and Tyrannosaurus
depart from the primitive condition by the large
number of supralabial foramina organised in many
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rows instead of one, and the intense branching of
their maxillary canal, in which the lateral branches
emitted by the main trunk form a dense network of
long and interconnected canals directed toward the
dental margin of the maxilla (Figure 3; Dal Sasso et
al., 2005; Ibrahim et al., 2014; Barker et al., 2017;
Porter and Witmer, 2020). Noticeably, the therizinosaurid Erlikosaurus is an exception as it displays
the seemingly primitive single row of foramina on
the maxilla with a simple, tubular maxillary canal as
in Plateosaurus (Lautenschlager et al., 2014). This
may be a secondary simplification of the maxillary
canal morphology due to the development of an
edentulous beak, although the edentulous condition in Limusaurus, Caenagnathasia, and Sapeornis is, in contrast, accompanied by a multiplication
of neurovascular canals on the lower jaw (Wang et
al., 2018).
The Question of Rostral Sensory Systems in
Non-Avian Theropods
In crocodilians, the high number of branches
of the rostral neurovascular system (maxillary,
nasal and mandibular canals) and densely
foraminiferous snout and lower jaws are associated with the presence of highly sensitive integumentary sensory organs, which sense minute
changes in water pressure (Soares, 2002; Leitch
and Catania, 2012). Studies of early Crocodyliformes, the phytosaur Wannia, and the rauisuchid
Vivaron, however, demonstrate that basal archosauriforms had only few supralabial foramina
organised in a single line parallel to the tooth row
as in early diapsids and squamates, and that the
maxillary canal was simple, tubular, and did not
send off as many branches as in modern crocodiles (Soares, 2002; Lessner et al., 2016; Lessner
and Stocker, 2017). Additionally, highly sensitive
rostral integumentary systems are limited to a few
distinct clades of modern birds, such as waterfowl,
kiwi, ibises, parrots, and shorebirds, which display
specialised tactile-foraging behaviours (e.g., probing, dabbling) in conjunction with a highly ramified
trigeminal system and richly foraminiferous beak
(Gottschaldt and Lausmann 1974; Berkhoudt,
1979; Gottschaldt, 1985; Cunningham et al., 2010,
2013; Demery et al., 2011; Crole and Soley, 2017;
du Toit et al., 2020). Although much work is still
required to highlight the numerous specialisations
of facial sensitivity in modern archosaurs
(Wakimizu and Tsuihiji, 2021), it is safe to state at
this stage that the conditions in modern crocodilians and birds is derived for Crocodylomorpha and

Theropoda respectively, and were likely absent at
the root of the Archosauriformes clade.
The premaxillary canals of Spinosaurus and
Halszkaraptor have also been noted for their
intense branching pattern, this time leading to
hypotheses of sensing and hunting in an aquatic
environment (Cau, 2020). In the mosasaur Taniwhasaurus and plesiosaur Plesiosaurus, the premaxillary canals are enlarged and branched, which
suggests improved neurovascular supply at the top
of the rostrum (Foffa et al., 2014; Álvarez-Herrera
et al., 2020). A similar premaxillary canal pattern
has also been found in the supposedly semiaquatic
dinosaurs Spinosaurus and Halszkaraptor (Ibrahim
et al., 2014; Cau, 2020; see below) but not in ichthyosaurs (Lomax et al., 2019).
It has been repeatedly suggested that the
similarities between the rostral neurovascular
canal morphology (and snout foramina distribution)
between some non-avian theropods and extant
crocodilians support that at least some of the former had a crocodile-like facial sensitivity, including
Tyrannosaurus (Brazaitis and Watanabe, 2011;
Ibrahim et al., 2014; Barker et al., 2017; Carr et al.,
2017; Carr, 2020; Kawabe and Hattori, 2021).
However, the data reviewed above suggest that a
much denser network of neurovascular canals in
the snout and lower jaw is more commonly
encountered in aquatic or semiaquatic taxa (e.g.,
Spinosaurus, Halszkaraptor, Plesiosaurus), and
taxa that developed a rhamphotheca (e.g., Caenagnathasia) (Foffa et al., 2014; Ibrahim et al.,
2014; Wang et al., 2018; Benoit et al., 2018; Cau,
2020; Álvarez-Herrera et al., 2020).
The network of canals in Tyrannosaurus
appears simpler (Figures 4, 5) though still more
derived than in most ornithischians (Kawabe and
Hattori, 2021). Overall, it is reasonable to hypothesise that terrestrial taxa such as Tyrannosaurus,
Neovenator, and Erlikosaurus may have had average facial sensitivity for non-edentulous terrestrial
theropods, although a quantitative approach on a
larger sample of modern and extinct taxa will be
necessary to test this hypothesis (Lessner and Holliday, 2021). Noticeably, the above inferences of
sensory behaviour in non-avian dinosaurs are
made exclusive of trigeminal ganglion data. Osteological correlates of trigeminal ganglion size may
be indicative of sensory ability (George and Holliday, 2013) but have not been investigated in conjunction with neurovascular canal branching
patterns. Therefore, we also suggest caution in
sensory interpretations based just on neurovascular canal and foramina patterns. Finally, the exist11
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ence of a sensory organ of unknown nature is not
excluded (Rothschild and Naples, 2017).
Working under the hypothesis that Tyrannosaurus rostral neurovascular canals may not have
been for improved sensory function, the high concentration of canals in the snout and lower jaw
could have been for some soft tissue structures
(e.g., keratinous pads) perhaps involved in thermoregulation or social signaling, as was hypothesised for the Abelisauridae Skorpiovenator
(Cerroni et al., 2020) and the therapsid Choerosaurus (Benoit et al., 2016b). For Tyrannosaurus, the
social signaling hypothesis would be consistent
with the abundant healed bite marks found on the
maxilla and dentary (Brown et al., 2021) and the
fact that the nasal canal is located within the fused
and raised nasal bones, which have been interpreted as a socio-sexual display structure (Gates
et al., 2016). Porter (2015) figured the digitally
reconstructed maxillary canal of a juvenile specimen of Tyrannosaurus (BMRP 2002.4.1) about 13
years old at age of death (stage 5 in Carr, 2020).
This specimen’s maxillary canal is not dorsally
curved, but runs almost horizontally instead, is a lot
less branched, and the vascular network covers a
smaller surface as the canal is positioned much
more ventrally than in the adult (Porter, 2015). This
suggests that the neurovascular network of canals
in Tyrannosaurus was subject to profound anatomical changes during ontogeny, unlike that in crocodilians (Leitch and Catania, 2012; Lessner et al.,
2019), which is also consistent with a socio-sexual
function in adults.
The Question of Lips in Non-Avian Theropods
Extant squamates all exhibit extensive gingiva, lips, and labial scales that cover the teeth,
whereas crocodilians have some gingiva, but their
tooth crowns remain exposed (Bellairs, 1949; Witmer, 1995; Soares, 2002; Reisz and Larson, 2016;
Paul, 2018). Crocodiles also lack the lubricating
labial glands present in squamates (Kochva,
1978). Crocodilian enamel becomes brittle when
desiccated (Creech, 2004), so it has been hypothesised that their semiaquatic lifestyle compensates
for the absence of physical protection (lips) and a
moisturising mechanism (lubricating glands) (Reisz
and Larson, 2016; Paul, 2018). A terrestrial lifestyle is expected to increase the rate of dental desiccation and accounts for the presence of lips and
glands to protect the enamel in squamates.
Accordingly, it is reasonably hypothesised that terrestrial non-avian dinosaurs would have had lips to
protect their teeth, at least primitively (Paul, 2018).
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Although a fossilised, mummified lip fragment has
been reported in one sauropod specimen, the
almost ubiquitous presence of a cornified beak in
ornithischians and intermeshing teeth in many
basal pterosaurs casts some doubt on whether the
presence of squamate-like lips was the primitive
condition for Dinosauria (Morris, 1970; Hieronymus
et al., 2009; Paul, 2018). In non-avian theropods,
high dental replacement rates (D’Emic et al., 2019)
and the size of the foramen for the glossopharyngeal nerve (IX) in Tarbosaurus and Tyrannosaurus,
which is linked to salivary secretion (Saveliev and
Alifanov, 2007), both suggest that teeth were
quickly replaced and saliva was produced abundantly enough so that the enamel of the teeth could
have withstood a dry environment.
Recent phylogenetic analyses based on
molecular characters suggest that non-avian dinosaurs are deeply phylogenetically nested between
the Chelonia, Crocodilia, and Aves (Schweitzer et
al., 2009; Chiari et al., 2012; Crawford et al., 2015)
so extant phylogenetic bracketing would support
the absence of lips as the most likely condition at
the root of the dinosaurian clade (Carr et al., 2017).
Taking extinct taxa into account, the repeated evolution of a cornified beak among Archelosauria
(e.g., in Chelonia, Pterosauria, Ornithischia, many
non-avian Theropoda, and Aves) (Norell et al.,
2001; Lautenschlager et al., 2013; Wynd et al.,
2020) makes the presence of functionally important, non-redundant facial soft tissue an unlikely
plesiomorphic state for this clade. All living reptilian
species with lips belong to the Lepidosauria
(Soares, 2002; Paul, 2018), thus suggesting that
phylogenetic effects have to be taken into account
while discussing the evolution of lips amongst Sauropsida. Other, more preliminary studies, suggested various links between the presence of lips
and tooth size (Reisz and Larson, 2016), rostral
bone texture, and jaw occlusion (Ford, 1997, 2015)
with opposing conclusions regarding facial soft tissue reconstructions. Another recent study (Morhardt, 2009) suggested that a lower count of snout
foramina in modern reptiles is indicative of extensive facial soft tissue. As the number of snout
foramina in non-avian theropods matches that in
squamates, the author hypothesised that the latter
had lips (Morhardt, 2009); however, the same analysis failed to reconstruct the presence of a beak in
the Ornithischia that evidently had one. As such,
the question of whether non-avian dinosaurs, and
particularly theropods, primitively had lips remains
currently unanswered.
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It would be tempting to interpret rostral neurovasculature to infer the presence or absence of lips
and gums in extinct taxa; however, this would be
premature as data on non-avian theropods are still
scarce, and it is currently not possible to demonstrate that the neurovascular canals pattern is a
reasonable osteological correlate to facial soft tissue. For instance, we proposed above that accommodating the thecodont dentition within the maxilla
and dentary might account for many of the variations observed between squamates and archosauriforms. The proposed hypotheses will have to be
addressed in the future as discoveries unfold and
more data become available.

rostral neurovascular canals have been described
in just a few non-avian dinosaurs, but yet already
provide great insight into some crucial aspects of
their palaeobiology. Most results are still preliminary and somewhat contradictory, which illustrates
how dynamic is the current research incentive for
new osteological correlates and innovative ways to
reconstruct facial sensitivity and soft tissues in
non-avian dinosaurs. A more systematic study of
dinosaurian rostral neurovascular canals will most
certainly highlight some important clues to their
evolutionary success, diversity, behaviour, and the
origin of birds.
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APPENDIX 1.
Three-dimensional models of the skull and neurovascular canals (available for download at
http://palaeo-electronica.org/content/2022/3518-t-rex-trigeminal-canals).
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