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Discussions of brain morphology and relative brain size in nonavian dinosaurs have been complicated by uncertainty in the
extent to which the brain filled the endocranial cavity. Recently reported vascular imprints (valleculae) on the endocranial sur−
faces of the braincase suggest that nonavian maniraptoriform theropods had brains that tightly fit the endocranium. Similar
impressions of the intracranial vascular system are reported here in two ornithischian clades, Hadrosauridae and Pachy−
cephalosauridae. These structures are more widespread in dinosaurs than previously thought, and suggest that the brain
closely fit the endocranium in some regions of the forebrain through hindbrain in several distantly related dinosaur groups.
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Introduction
Traditionally nonavian dinosaurs have been regarded as “rep−
tilian” in that their brains were thought to have filled a rela−
tively small portion of the endocranial cavity in contrast with
the conditions in mammals and birds (Jerison 1969, 1973;
Hopson 1977, 1979; Rogers 1999; Larsson et al. 2000; Lars−
son 2001). The brains of dinosaurs are generally thought to
have been separated from the endocranial walls by the inter−
cession of cerebrospinal fluid between the meninges and/or
venous sinuses within the dura. Many blood vessels occur be−
tween the brain and endocranium in vertebrates. The presence
of complex vascular impressions (valleculae) on the endo−
cranial surfaces of braincase bones is generally thought to in−
dicate regions where the dural envelope was thin and that the
endocranium closely reflects brain morphology in the regions
where they occur (Hopson 1979; Hurlburt 1996; Jerison et al.
2001; Osmólska 2004). The density and location of vascular
valleculae, together with information on endocast shape, can
provide potential evidence as to the relative proportion of the
endocranial cavity occupied by the brain in dinosaurs and
other extinct vertebrates (Osmólska 2004).
The published record of endocranial vascular impressions
in nonavian dinosaurs is scant (Osmólska 2004). The few pre−
viously reported examples of these structures occur in small,
relatively large−brained theropods including dromaeosaurids
(Currie 1995; Norell et al. 2004), ornithomimids (Russell
1972), oviraptorosaurs (Osmólska 2004) and troodontids
(Currie 1985). The location and density of valleculae together
with their phylogenetic distribution led Osmólska (2004) to
suggest that enlargement of the brain relative to the endo−
cranial cavity was a probable synapomorphy of maniraptori−
form theropods, including birds. This paper presents evidence
Acta Palaeontol. Pol. 50 (3): 617–622, 2005

that complex endocranial vascular impressions also occur in
hadrosaurid and pachycephalosaurid ornithischians, and that
the brain may have been closely associated with the endo−
cranium in some regions of the forebrain and post−cerebrum in
these groups.
Institutional abbreviations (all in Canada).—CMN, Cana−
dian Museum of Nature, Ottawa; ROM, Royal Ontario Mu−
seum, Toronto; TMP, Royal Tyrrell Museum, Drumheller.

Descriptions
Hadrosauridae.—Ramiform endocranial vascular valleculae
have not been described previously in hadrosaurids, although
a recent abstract by Jerison et al. (2001) mentioned evidence
of meningeal blood vessels and its implications for brain size
estimation in an endocast of the hadrosaurine Edmontosaurus.
Several incomplete braincases and numerous isolated brain−
case bones attributable to lambeosaurine hadrosaurids from
the Dinosaur Park Formation (Campanian, Alberta, Canada)
show vascular structures particularly clearly (see Appendix 1).
Valleculae are particularly deep and dense on the cerebral
fossa of the frontal (Fig. 1A). Numerous lambeosaurine
frontals show similar but variable patterns of vessel imprint
distribution. Relatively large ramiform grooves radiate from
the medial aperture of a canal along the frontal−orbitosphe−
noid suture that passes from the orbital cavity to the endo−
cranial cavity. These grooves extend anterodorsally and
posterodorsally across the cerebral fossa, and give rise to a
series of rami that subdivide into smaller branches. Posteri−
orly, some frontal valleculae traverse onto the parietal and
laterosphenoid (Fig 1A). Vessel impressions occur on fron−
http://app.pan.pl/acta50/app50−617.pdf
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Fig. 1. Endocranial vascular valleculae in Hadrosauridae, Dinosaur Park Formation, Alberta, Campanian, Cretaceous. A. Incomplete braincase of an inde−
terminate lambeosaurine (TMP 67.09.11) in medial view. B. Hadrosaurid laterosphenoid (TMP 1979.11.09) in medial view.

tals that span a large size range, and thus ontogenetic range,
but the largest individuals are not represented in the studied
sample. Parietals attributable to both hadrosaurid subfamilies
(Hadrosaurinae, TMP 2000.12.179; cf. Lambeosaurinae,
TMP 92.36.335) have ramiform valleculae adjacent to the
frontal−parietal suture, but these structures are absent posteri−
orly. Dermal skull roof bones of lambeosaurines have deeper
and more numerous valleculae than those of hadrosaurines.
Two endochondral braincase bones, the laterosphenoid
and presphenoid, also have endocranial vascular impressions.
An isolated lambeosaurine presphenoid (TMP 92.36.219) has
small, transversely oriented grooves on the olfactory bulb
fossa that are likely vascular in origin. Hadrosaurid latero−
sphenoids (e.g., TMP 1979.11.09, TMP 86.77.97, TMP
2002.12.75) of uncertain subfamily affinity have similar pat−
terns of vallecular distribution (Fig. 1B). Valleculae are partic−
ularly dense adjacent to the orbitosphenoid and frontal. Bran−
ched grooves also extend dorsally in the region of the oculo−
motor foramen. More posteriorly, ramiform grooves extend
anterodorsally and anteroventrally from several small foram−
ina that surround the trigeminal foramen (Fig. 1B). Hadro−
saurid prootics and exoccipitals lack vascular valleculae.
On a hadrosaurid endocast, vascular impressions extend
from the forebrain through the anterior hindbrain (Fig. 2).
Presphenoid valleculae correspond to the lateroventral olfac−
tory region of the telencephalon. The extensive vessel im−
pressions on the frontal cover almost the entire lateral surface
of the cerebrum. Vessel impressions on the laterosphenoid
correspond to regions of the midbrain, adjacent to the infun−
dibulum, and the anterior medulla oblongata (hindbrain) at
the base of the trigeminal nerve.
Pachycephalosauridae.—Endocranial vascular valleculae
have not been reported previously in pachycephalosaurids,
possibly because most cranial domes are water−worn or
weathered and do not preserve sufficient detail. Ramiform

valleculae are often preserved on the endocranial surface of
unmodified frontoparietals (e.g., Stegoceras brevis Lambe,
1918, TMP 85.36.292; Sphaerotholus buchholtzae William−
son and Carr, 2002, TMP 87.113.03; Stegoceras validum
Lambe, 1902, TMP 2000.26.01). However, their presence is
variable because some well−preserved specimens lack these
structures (e.g., Stegoceras brevis, TMP 2000.12.02; Stego−
ceras validum, 99.62.01).
Valleculae, when present, can occur throughout the endo−
cranial surface of the frontoparietal (Fig. 3). Ramiform
grooves occur in the olfactory bulb fossa of the frontal in a
specimen of Stegoceras brevis (TMP 85.36.292). The holo−
type cranial dome of Sphaerotholus buchholtzae (TMP
87.113.03) has ramiform grooves oriented posteromedially
and parasagittally in the cerebral fossa of the frontal (Fig. 3).
Several potential vascular imprints also occur in the parietal
fossa immediately posterior to the cerebral fossa (Fig. 3).
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Fig. 2. Schematic diagram of a hadrosaurid endocast in lateral view show−
ing the approximate distribution of vascular valleculae on a lambeosaurine
braincase. Valleculae are dense in the lateral regions of the cerebrum, mid−
brain and rostral hindbrain. Roman numerals represent cranial nerves.
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Fig. 3. Endocranial vascular valleculae in Pachycephalosauridae. Sphaero−
tholus buchholtzae, incomplete frontoparietal (TMP 87.113.03, Hell Creek
Formation, Montana, Maastrichtian, Cretaceous) in ventral view. Vascular
valleculae are present on the cerebral and post−cerebral fossae.

Hopson (1979) identified this as the cerebellar fossa (but see
Giffin 1989). These impressions are considerably shallower
and smaller than those on the frontal.
In addition to vascular impressions, the endocranial surface
of the frontoparietal is often irregularly corrugated, or wrinkled
(Fig. 3; TMP 85.36.292, TMP 87.113.03, TMP 99.62.01).
Numerous small foramina penetrate the endocranial surface of
the frontoparietal, and some foramina occur within valleculae
(Fig. 3; TMP 99.62.01,TMP 2000.26.01). Superficially similar
endocranial “punctures”, some of which also occur within vas−
cular grooves, have been described in oviraptorosaurs (Osmól−
ska 2004). Whereas the “punctures” may be related to the
pneumatic system in oviraptorosaurs (Osmólska 2004), the
small foramina in pachycephalosaurids are likely associated
with vessel development in their transiently highly vascu−
larized cranial domes (Goodwin and Horner 2004).

Discussion
Discussions of the relative size of the brain in nonavian dino−
saurs have been complicated by uncertainty in the extent to
which the brain filled the endocranial cavity (Hopson 1979;
Larsson 2000; Larsson et al. 2001). Dendy (1911) reported
the large disparity between the size of the brain and endo−
cranial cavity in Sphenodon. Jerison (1973) found a similar
relationship in Iguana, in which the brain fills approximately
50% of the endocranial cavity. Ostrom (1961) and Starck
(1979) also note a similar disparity between the brain and the
endocranial cavity in extant non−dinosaurian reptiles. Most
nonavian dinosaurs have been regarded as “reptilian”, and
their brains are typically estimated to have filled approxi−
mately 50% of the endocranial cavity (Jerison 1969, 1973;
Hopson 1977, 1979; Hurlburt 1996).
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Birds and crocodilians form the extant phylogenetic
bracket of nonavian dinosaurs (Witmer 1995). In crocodilians,
the proportion of the endocranial cavity occupied by the brain
varies with body size (Hopson 1979; Rogers 1999; Hulburt
and Waldorf 2002). Endocasts of juvenile crocodilians repro−
duce brain topography relatively accurately (Hopson 1979;
Rogers 1999). The endocranial volume increases more rapidly
than brain volume with increasing body size through ontog−
eny. Relative brain volume decreases from approximately
two−thirds (66%) of the endocavity volume in small sexually
mature Alligator mississippiensis, to approximately one third
(33%) in the largest adults (Hurlburt and Waldorf 2002). The
relatively large dorsal longitudinal venous sinus and its divi−
sions account for a large part of the disparity between brain
and endocranial volumes in adult crocodilians (Hopson 1979).
The longitudinal sinus is largest over the cerebellum and me−
dulla, and thinner over the forebrain. The lateral poles of the
cerebral hemispheres maintain a close relationship to the
endocranium throughout ontogeny (Grant Hurlburt, personal
communication 2004). Not surprisingly, indications of com−
plex vascular valleculae on the inside of the braincase are gen−
erally absent (Hopson 1979; Hurlburt 1996).
Extant birds have relatively large brains that approximately
fill the endocranial cavity, as in mammals (Iwaniuk and Nelson
2002). The relationship between brain and endocranial vol−
umes presumably remains essentially constant with increased
size. Clear impressions of the intracranial vessels on the brain−
case are also present in avians (Zusi 1993; Sedlmayr 2002;
Osmólska 2004). The meningeal branches of the profundus ar−
tery in birds, particularly ratites, leave deep vascular channels
on the cerebral fossa of the braincase (Sedlmayr 2002).
Hopson (1977, 1979) suspected that the brains of some
dinosaurs, including sauropods and small theropods, filled
the endocranial cavity to a greater degree than in extant rep−
tiles based on the “brain−like” shapes of their endocasts. The
entire endocranial volume is typically used as an estimate of
brain size in ornithomimid and troodontid theropods because
of their “brain−like” endocasts (Hopson 1977; Hurlburt
1996). Branching endocranial vascular impressions are an
additional line of evidence that have been used to support a
close brain−endocranium relationship in these groups (Hop−
son 1979; Osmólska 2004).
Complex vascular impressions, such as those described
here, are generally thought to indicate that the brain was
pressed closely against the endocranial surface (through the
enclosing meninges) in the regions where they occur (Hopson
1979; Hurlburt 1996; Jerison et al. 2001; Osmólska 2004).
Valleculae that result from vessels that supplied the meninges
themselves may prove to be an exception. In birds and some
mammals, the arteries that supply the meninges leave deep
vallecule on the endocranial surface of the braincase (e.g.,
Hominoidea, Falk 1993, Abrahams et al. 1998; Canis, Moodie
1922, Hurlburt 1982; Aves, Sedlmayr 2002). Vessels that sup−
ply the dura often occur between the dura and the endo−
cranium, and can apparently be separated from contact with
the brain by thin venous sinuses and/or thin layers of cerebro−
http://app.pan.pl/acta50/app50−617.pdf
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spinal fluid (e.g., Hominoidea, Abrahams et al. 1998; Canis,
Hurlburt 1982). The morphology of the valleculae on the fron−
tal in hadrosaurids and their association with a foramen link−
ing the orbital and endocranial cavities suggests that the corre−
sponding vessels may have supplied the meninges. The depth
of the frontal valleculae in the pachycephalosaurid specimen
(TMP 87.113.01) is also suggestive of epidural vessels. Pre−
cise identification of the vessels that are correlated with the
impressions described here is complex, and is beyond the
scope of this short report. Patterns of intracranial circulation
have been described in detail in crocodilians and birds (Rathke
1866; Hochstetter 1906; Gillian 1967; West et al. 1981; Midt−
gard 1984; Sedlmayr 2002). Recent comparative study by
Sedlmayr (2002) has laid the groundwork for the precise iden−
tification of these vessels in dinosaurs.
Until further research on intracranial blood vessels, their
osteological correlates (valleculae), and their significance to
brain−endocranium relationships is carried out in extant taxa,
the conclusions below are somewhat tentative. Dense vascu−
lar valleculae are most distinct in taxa where the brain occu−
pies almost the entire endocranial cavity, and they appear to
be generally absent in taxa in which the brain does not.
I therefore follow other authors (Hopson 1979; Hurlburt
1996; Jerison et al. 2001; Osmólska 2004) in the assumption
that valleculae suggest a close brain−endocranial cavity rela−
tionship in some regions of the forebrain, midbrain and
hindbrain in these ornithischian clades.
In hadrosaurids, the endocast is not particularly more
“brain−like” than that of extant crocodilians (Ostrom 1961;
Hurlburt 1996). The largely undefined dorsal region of the
endocast posterior to the cerebrum suggests the presence of a
large longitudinal venous sinus, as in crocodilians (Hopson
1979). A major lateroventral division of the longitudinal si−
nus, the middle cerebral vein, is clearly present on hadrosaur
endocasts (e.g., ROM 1793; Hopson 1979). The lack of dis−
tinct valleculae in the dorsal post−cerebral region and on the
prootic and exoccipital suggest that much of the hindbrain
was not in close relationship to the endocranial wall in
hadrosaurids. Therefore, the brains of hadrosaurids likely did
not fill the endocranial cavity to the extent in Maniraptori−
formes. However, at least in lambeosaurines, valleculae are
dense and essentially continuous across the lateral regions of
the brain anterior to CN VII (Fig. 2). This suggests that much
of the anterior and ventral regions of the brain were closely
associated with the endocranial wall in these regions.
The dense valleculate condition in hadrosaurids may affect
estimates of relative brain size in the group. Relative brain size
is typically measured with an encephalization quotient (EQ),
although this method is problematic for fossil taxa (Larsson
2001). The EQ is an individuals actual brain size (in volume or
mass) divided by the expected brain size for its particular body
size, which is calculated using an allometric relationship de−
rived from a large reference group sample (Jerison 1973; Hop−
son 1977; Hurlburt 1996). In extinct taxa, the brain and body
sizes of an individual must be estimated. Previous EQ calcula−
tions for hadrosaurids estimate the volume of the brain under
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the assumption that the brain occupied 50% of the endocranial
volume (Jerison 1973; Hopson 1977; Hurlburt 1996). If the
extensive valleculae in hadrosaurids imply that the brain occu−
pied a relatively larger proportion of the endocranial cavity
than in other ornithischians, estimates of brain size should be
adjusted. Re−calculation of the EQ for Edmontosaurus based
on a brain size estimate of 60% endocast volume, a slight in−
crease relative to the standard 50% used for other ornith−
ischians that apparently lack these structures, increases its esti−
mated EQ from 2.37 to 2.84 (using the nonavian reptile dataset
of Hurlburt1996). This value is marginally higher than EQs of
Iguanodon, Tyrannosaurus rex and extant nonavian reptiles
(Hurlburt 1996).
EQ has not been calculated for any pachycephalosaurid
because taxa for which whole endocasts are available lack
sufficiently complete skeletons for reliable body size esti−
mates (Giffin 1989). Pachycephalosaurid endocasts are rela−
tively “brain−like” in appearance, and show a defined cere−
bellum and optic lobes in some specimens (Giffin 1989).
Vascular imprints and the relatively “brain−like” endocasts
of pachycephalosaurids suggest that the brain may have
filled a relatively larger proportion of the endocranial cavity
than in most other ornithischian dinosaurs. However, the cor−
rugated surface texture of the endocranial surface may relate
to the presence of dense connective tissue between the brain
and endocranium, as in some extant reptiles (Starck 1979).
The factors stated above should be considered in future cal−
culations of relative brain size in the group.

Fig. 4. Phylogenetic distribution of vascular valleculae in the forebrain re−
gion (bold lines) and Encephalization Quotients in Dinosauria. Valleculae
occur in the clades with the relatively largest brains (i.e., the highest EQs).
EQs are from Hurlburt (1996) and were calculated using the equation EQ =
Mbr/(0.0155 * Mbd0.553). EQ for Hadrosaurinae (Edmontosaurus) was re−
calculated using an estimate that the brain occupied 60% of the endocranial
cavity. Lambeosaurine EQ is approximate and assumed to be similar to
hadrosaurines. Allosaurus and Tyrannosaurus EQs were recalculated using
endocast volume data from Larsson et al. (2000). When information was
available for more than one taxon in a clade, an average EQ is figured.
Cladogram topology after Sereno (1999), Pisani et al. (2002); theropod to−
pology from Holtz and Osmólska (2004).
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In Archosauria, the phylogenetic distribution of morpho−
logically similar vascular impressions is uncertain at present.
The known phylogenetic distribution of valleculae in dino−
saurs suggests that their presence, at least in derived ornitho−
pods and theropods, may be associated with overall enlarge−
ment of the brain relative to body size (Fig. 4). Crocodilians,
along with Sphenodon and lepidosaurs, exhibit the presumed
plesiomorphic condition for dinosaurs. The brain occupies a
relatively small portion of the endocranial cavity compared
to birds and mammals, and dense vascular valleculae are
generally absent (Jerison 1973; Hopson 1977, 1979; Hurl−
burt 1996). EQs of extant crocodilians cluster around 1.0, in−
dicating the group has an average brain size for extant non−
avian reptiles (Hurlburt 1996).
Maniraptoriform theropods and hadrosauriform ornitho−
pods have high EQs compared to crocodilians and their dino−
saur outgroups, and trends toward forebrain enlargement
have been noted in theropods and ornithopods (Fig. 4; Hop−
son 1977, 1979; Larsson et al. 2000). In theropods, endo−
cranial vascular valleculae are known to occur in Mani−
raptoriformes (Osmólska 2004), and there is some evidence
to suggest that they are not developed to the same degree in
more basal theropods (Rogers 1998, 1999). There is an in−
crease in the relative size of the brain, and the cerebrum in
particular, in Hadrosauriformes compared to their outgroups
(Hopson 1977, 1979). Presence or absence of vascular im−
pressions in hadrosaurid outgroups is uncertain, but morpho−
logically similar structures have not been described in the
forebrain or midbrain regions of hypsilophodontid and dryo−
saurid ornithopods despite detailed work on their braincases
and endocasts (Galton 1989; Rich and Rich 1989).
As noted above, pachycephalosaurid EQs are difficult to
quantify and direct comparisons to other groups within a
phylogenetic framework have not yet been made. It is nota−
ble that ceratopsians, the sister group of pachycephalosaurs,
have generally small brains and correspondingly low to aver−
age EQs (Hopson 1977; Hurlburt 1996). The large−bodied
ceratopsids have considerably lower EQs (EQ = 0.7 for
Triceratops) than the smaller basal ceratopsian Protocera−
tops (EQ = 2.1) (Hurlburt 1996). Endocasts of Protoceratops
and Triceratops do not show clear distinctions between the
regions of the brain, and the brain likely did not closely fit the
endocranial cavity in any region (Hopson 1979). Examina−
tion of 13 well−preserved ceratopsid braincases in the TMP
collections suggests that vascular valleculae, if present, are
not comparable in density or depth to those of the pachy−
cephalosaurid specimens. Of the specimens examined, only
one ceratopsid braincase (TMP 94.12.929) preserved three
shallow, unbranched grooves on the lateral wall of the fore−
brain region that may represent vascular structures. In this
context, brain enlargement in pachycephalosaurids relative
to outgroups is a possibility that remains untested. An alter−
native, perhaps preferable, hypothesis is that the potential
close relationship of the brain to the dorsal endocranial sur−
face in pachycephalosaurids is related to the development of
their thickened cranial domes.
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Conclusions
In addition to derived theropods, ramiform endocranial vascu−
lar valleculae occur in at least two distantly related ornith−
ischian clades: in the lateral regions of the forebrain, midbrain,
and anterior hindbrain in Hadrosauridae, and in the dorsal
telencephalon and anterodorsal region of the post−cerebrum in
Pachycephalosauridae. Paucity of published examples of mor−
phologically similar structures in other taxa should not neces−
sarily imply that they are absent. Hadrosaurid braincases and
endocasts have undergone detailed study (Ostrom 1961; Hop−
son 1979), but their presence has only recently been noted
(Jerison et al. 2001). Pachycephalosaurids have also been sim−
ilarly well studied (Hopson 1979; Giffin 1989). The fact that
these structures are rarely described in dinosaurs may be re−
lated to a dearth of well preserved, appropriately disarticulated
or partial braincase material (e.g., sauropods), or they may
have been overlooked.
The presence and location of vascular valleculae on the
braincase are important in the interpretation of endocasts. They
provide information on the location and pathways of promi−
nent intracranial vesssels, as well as potential evidence of a
close brain−endocranium relationship in the areas they occur.
Future research in this area has potential to lead to new insights
into the evolution of the brain and intracranial vasculature in
dinosaurs. The phylogenetic context of available data suggests
that the valleculate conditions in hadrosaurids, pachycephalo−
saurids, and maniraptoriformes evolved independently, and
that endocranial valleculae may be associated with relative
brain enlargement in derived theropods and hadrosaurids.
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Appendix 1
Hadrosaurid specimens studied that preserve endocranial
vascular valleculae.
Frontal: CMN 8502, ROM 694, TMP 67.09.11, TMP 79.06.01,
TMP 79.08.127, TMP 79.08.772, TMP 80.16.310, TMP 80.16.541,
TMP 80.16.1616, TMP 80.18.280, TMP 81.16.224 (?), TMP
81.23.115, TMP 1984.163.43, TMP 86.36.73, TMP 86.77.65(?),

TMP 88.36.37, TMP 1991.36.27, TMP 91.36.67, TMP 93.36.276,
TMP 94.12.339, TMP 94.12.953, TMP 94.12.507, TMP 94.89.03,
TMP 96.12.80, TMP 96.12.227(?).
Parietal: TMP 92.36.335, TMP 2000.12.79.
Laterosphenoid: TMP 86.779,97, TMP 2002.12.75, TMP 79.11.09,
TMP 80.16.1211.

