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The roles of joint tissues and jaw muscles in palatal biomechanics
of the savannah monitor (Varanus exanthematicus) and their

significance for cranial kinesis

Alec T. Wilken*, Kevin M. Middleton, Kaleb C. Sellers, lan N. Cost and Casey M. Holliday

ABSTRACT

Numerous vertebrates exhibit cranial kinesis, or movement between
bones of the skull and mandible other than at the jaw joint. Many kinetic
species possess a particular suite of features to accomplish this
movement, including flexible cranial joints and protractor musculature.
Whereas the musculoskeletal anatomy of these kinetic systems is well
understood, how these joints are biomechanically loaded, how different
soft tissues affect joint loading and kinetic capacity, and how the
protractor musculature loads the skull remain poorly understood. Here,
we present a finite element model of the savannah monitor, Varanus
exanthematicus, a modestly kinetic lizard, to better elucidate the roles
of soft tissue in mobile joints and protractor musculature in cranial
loading. We describe the 3D resultants of jaw muscles and the
histology of palatobasal, otic and jaw joints. We tested the effects of
joint tissue type, bite point and muscle load to evaluate the
biomechanical role of muscles on the palate and braincase. We
found that the jaw muscles have significant mediolateral components
that can impart stability across palatocranial joints. Articular tissues
affect the magnitude of strains experienced around the palatobasal
and otic joints. Without protractor muscle loading, the palate, quadrate
and braincase experience higher strains, suggesting this muscle
helps insulate the braincase and palatoquadrate from high loads.
We found that the cross-sectional properties of the bones of
V. exanthematicus are well suited for performing under torsional
loads. These findings suggest that torsional loading regimes may have
played a more important role in the evolution of cranial kinesis in
lepidosaurs than previously appreciated.
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INTRODUCTION

The vertebrate skull is a complicated organ that must protect the
brain and sensory capsules while also transmitting feeding-
generated forces away from these sensory organs. Although
several vertebrate lineages have sutured their skulls into one rigid
unit, such as mammals and crocodyliforms, many others instead
retain flexible skulls in the form of cranial kinesis. Lepidosauria
(tuataras, lizards and snakes) is an ideal superorder for testing form
and function relationships in the context of cranial kinesis because
of the diverse feeding behaviors, skull shapes and kinetic
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competency (Metzger, 2002). The skull of lepidosaurs has a
complex mix of functional trade-offs and constraints (Schwenk,
2000) and it has been argued that cranial kinesis is a result of these
constraints and trade-offs (Herrel et al., 2000; Evans, 2003).

Cranial kinesis is accomplished through a suite of features including
flexible palatocranial and craniofacial joints, flexure zones within
bones, and protractor and jaw musculature (Bout and Zweers, 2001;
Metzger, 2002; Holliday and Witmer, 2008). Squamates and birds, the
two tetrapod groups whose extant members exhibit kinesis,
demonstrate several different types of cranial kinesis based on
which joints are mobile and their orientations of excursion (Bout and
Zweers, 2001; Metzger, 2002; Montuelle and Williams, 2015). These
movements are presumably mediated by activities of the protractor
musculature, which link the palate to the braincase; however, little is
known about how these muscles function and load the skull during
feeding. Protractor muscles help propel the palate in studied examples
of avian prokinesis (pigeons; Bermejo et al., 1992), but their activity
and functional significance remain unclear in most lizard species.
Although Herrel et al. (2007) found that large protractor muscles in
geckos aid in bite speed via actively propelling kinetic linkages, the
majority of lizard species do not show significant kinesis yet still
possess protractor muscles. This suggests the muscles may not
promote movements of the palatal and facial units of the skull in
akinetic animals but instead may serve as postural muscles that
actively resist movements within the skull and may insulate the
braincase and cranial joints from feeding-generated forces (Holliday
and Witmer, 2008; Moazen et al., 2009). To investigate how protractor
muscles might load the palate and braincase of lizards during feeding,
we used finite element modeling to explore the biomechanical
performance of the cranium of a purportedly modestly kinetic lizard
species, the savannah monitor (Varanus exanthematicus; Smith and
Hylander, 1985).

Species of the lizard genus Varanus have been central to
understanding the mechanical underpinnings of cranial kinesis.
Frazzetta (1962) and Rieppel (1978) proposed that varanids and
many other lizard groups display a quadric-crank mechanism in
which movements about the otic joint of the quadrate (streptostyly),
palatobasal joint and craniofacial hinge (mesokinesis) resulted in the
elevation of the facial skeleton relative to the braincase. Smith and
Hylander (1985) found that dorsoventral movement occurs about the
mesokinetic frontoparietal joint of V. exanthematicus, although
Metzger (2002) warned that the reported magnitude of this movement
may have fallen within the range of error of the strain transducers.

The Varanus cranium is a broad, mediolateral and highly
fenestrated braced frame (McCurry et al., 2015) and supports its
braincase with various skeletal elements such as the epipterygoids
(Metzger, 2002), muscular elements such as the protractor
musculature (Holliday and Witmer, 2008; Moazen et al., 2009),
and a complex network of cranial joints (Holliday and Witmer, 2008).
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Other important cranial features of the Varanus cranium include its
robust pterygoid and quadrate bones (Fig. 1), which ossify relatively
early in development, indicating load-bearing capacity (Werneburg
et al., 2015). Although the skeletal anatomy of kinetically competent
lepidosaurs like Varanus is relatively well known, we understand
little about the roles of different joint articular tissues, loading by the
protractor musculature and the loading environments of the palate and
how these factors affect the feeding system.

Species of lizards use a mixture of joint types to facilitate movement
including sutures (mesokinetic joint), diarthroses (palatobasal and
jaw joints), synchondroses (otic joints) and, in the lower jaws,
syndesmoses (mandibular symphyses; Holliday et al., 2010). These
joints likely result from developmental processes at the interfaces of
endochondral and membranous elements of the skull (Payne et al.,
2011) while mediating biomechanical functions (Mezzasalma et al.,
2014). Previous studies have shown the capacity for streptostylic
movement reduces joint reaction forces between the quadrate and
pterygoid (Moazen et al., 2009). Other biomechanical studies of non-
mobile articular tissue in the lepidosaur skull have shown that sutures
redistribute strain throughout the skull (Curtis et al., 2013). Similarly, a
synovial articulation between the epipterygoid and pterygoid likely
decreases the joint reaction forces between them (Moazen et al., 2009).

Linking the medial surface of the palate to the lateral surface
of the braincase, the protractor musculature (m. protractor
pterygoideus, mPPt; m. levator pterygoideus, mLPt) is thought to
either power cranial kinesis or protect the braincase and growth
zones from the forces of feeding (Holliday and Witmer, 2008).
Electromyographic studies of geckoes show mPPt is active during
elevation of the rostrum about the mesokinetic joint during the
opening phase of the gape cycle and in display (Herrel et al., 1999),
although muscle activation is not necessary for snout protraction
and elevation to occur (Herrel et al., 2000). Similarly, m. protractor
quadratus et pterygoideus is active during beak elevation about the
prokinetic, craniofacial hinge of some birds (Bout and Zweers,
2001; Bermejo et al., 1992). However, comparable EMG data are
still lacking for most other species of lizards, including those that
possess protractor muscles yet are considered akinetic (Metzger,
2002; Evans, 2003; Herrel et al., 2007). Additionally, because
tensile and shear stresses may have adverse effects on the epiphyses
that form parts of the palatobasal and otic joints (Carter and
Beaupré, 2001), muscle contractions may be an effective means of
reorienting and dampening these forces and thus reducing the
likelihood of bone failure (Curry, 2002). Thus, besides actuating
snout elevation or other movements, protractor muscles may also
stiffen the palatocranial junction using eccentric contractions and
thus mediate forces transmitted through the cranium.

We employed computational modeling approaches including finite
element modeling (FEA) to explore the how intracranial joints in
V. exanthematicus are biomechanically loaded. Biological applications
of FEA, an engineering approach used to evaluate how structures
perform under different loads and constraints, have grown in recent
years (e.g. Rayfield, 2007; Parr et al., 2012; Sellers et al., 2017; Cost
etal., 2019). FEA has been used to explore hypotheses of cranial form
and function (e.g. Soons et al., 2010; Santana and Dumont, 2011,
McCurry et al., 2015), and the effects of soft tissue on non-mobile
cranial joints (e.g. Curtis et al., 2013; Jones et al., 2017), and to create
artificial morphologies (e.g. Moazen et al., 2009) and joint tissues to
test different loading conditions. Although FEA is not a substitute for
in vivo experimentation, it is a powerful tool to learn how a
morphological structure is loaded under a given set of assumptions.
Here, we utilized FEA to explore the effects of different soft tissue
materials in flexible intracranial joints and the role of the mPPt

musculature in palatal biomechanics in V. evanthematicus by
modulating soft tissue material properties in flexible joints and
selectively activating jaw muscles. We addressed the following
questions. Do different articular tissues in flexible joints generate
different loading patterns? How do mPPt, mLPt and m. pterygoideus
(mPt) work to load the palate and intracranial joints? Do the loading
patterns generated by the protractor musculature show evidence of
insulating chondral (i.e. cartilage-capped) joints that have sensitive
epiphyses? If inactivation of protractor muscles shows greater strain,
especially tensile strain, on chondral joints than when all muscles are
maximally active, this would support the hypothesis of protractor
muscles functioning as strain insulators in akinetic lizards. New
findings such as these will inform later experimental and evolutionary
studies of cranial function not only in lizards but also in other
vertebrates.

MATERIALS AND METHODS

Specimen information and model construction

Two individuals of Varanus exanthematicus (Bosc 1792) [Ohio
University Vertebrate Collections (OUVC) 10414 and 10417] were
acquired following euthanasia and immersed in 70% ethanol because
of previous injections of bone-labeling dyes so as leach out the dyes
from the specimen (McElroy et al., 2008; Holliday et al., 2010;
Williams and Holliday, Ohio University: OH TACUC U06-09).
Individual OUVC 10414 was micro-computed tomography
(microCT) scanned (GE eXplore locus, 45 um; Ohio University),
used to model the skull (Figs 1 and 2A), dissected for jaw muscle
architecture (Tables S1 and S2) and processed for histology (Holliday
etal., 2010; Payne et al., 2011) (Fig. 3H-J). Individual OUVC 10417
was immersed in 3—7% LKI for diffusible iodine-based contrast-
enhanced computed tomography (diceCT) (Holliday et al., 2013;
Gignac et al., 2016) for 6 weeks and CT scanned (Zeiss Xradia Versa
410, 44 um slice thickness; University of Missouri) (Fig. 3B-G).

Histology

Histological sections of symphyseal, otic, palatobasal, jaw and
frontoparietal joints were collected from OUVC 10414 after
microCT scanning. Methods and findings from the mandibular
symphysis were presented in Holliday et al. (2010). Briefly, the
specimen was embedded in methyl methacrylate (MMA) and dibutyl
phthalate (DBP) and sectioned using a motorized rotary microtome
(Leica Microsystems) at 5 pm thickness and alternatingly stained for
connective tissues. The remaining joints were processed following
methods outlined in Payne et al. (2011) for thick sections. Briefly,
specimens were embedded in MMA and DBP, cut and polished using
the EXAKT cutting and Grinding System (EXAKT Technologists,
Oklahoma City, OK, USA), ground and polished to a final thickness of
25-35 um and left unstained or stained with Sanderson’s Rapid Bone
Stain and Van Gieson’s Picrofuschsin. Slides were scanned using an
Epson V800 Scanner or Aperio CS2 slide scanner (Fig. 3H-J).

Model construction

CT data were viewed and segmented in Avizo v5.2 and v9 (Thermo
Fisher Scientific, Waltham, MA, USA) to produce a 3D model of
V. exanthematicus cranial skeletal anatomy (Figs 1 and 2A). This
model was then imported into Geomagic Studio v7 and v13 (3D
Systems, Rock Hill, SC, USA) where the model was cleaned and
aligned to proper axes, with z being rostral-caudal, y being dorsal—
ventral, x being medial-lateral, and the point (0,0,0) being in line with
the jaw joint ventral to the occipital process. The model was then
imported into Strand7 (Beaufort Analysis, Sydney, NSW, Australia)
where it was meshed for modeling as four-noded tetrahedra (Fig. 2D).
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Fig. 1. General cranial anatomy and jaw muscle anatomy of Varanus exanthematicus showing maps of muscle attachments, joints and bones
associated with palatocranial biomechanics. (A) Detailed image of skull and jaw muscle attachments of V. exanthematicus, in left lateral and left oblique dorsal
views of the cranium and mandible (modified from Holliday, 2009). (B—D) Muscle maps and scout images depicting muscle attachments employed in the
biomechanical model. Left lateral (B), rostral (C) and ventral (D) views. (E) Close-up of the palatocranial region and bones of interest. Bpt, basispterygoid process;
Bs, basisphenoid; Ept, epipterygoid; EptPrJ, epipterygoid—prootic joint; EptPtJ, epipterygoid—pterygoid joint; JJ, jaw joint; mMAMEM, m. adductor mandibulae
externus medialis; mMAMEP, m. adductor mandibulae externus profundus; mAMES, m. adductor mandibulae externus superficialis; mAMP, m. adductor
mandibulae posterior; mDM, m. depressor mandibulae; mLPt, m. levator pterygoideus; mPPt, m. protractor pterygoideus; mPSTp, m. pseudotemporalis
profundus; mPSTs, m. pseudotemporalis superficialis; mPt, m. pterygoideus; OJ, otic joint; PBJ, palatobasal joint; Pr, prootic; Pt, pterygoid; Qu, quadrate.
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Fig. 2. Finite element analysis (FEA) workflow. (A,B) Computed tomography
(CT; A) and diceCT (B) data of the specimen. (C) Histological slide of the
palatobasal joint. (D) Muscle mapping in Strand7. (E) Muscle force vectors
created via Boneload. (F) Locations of constraints placed on the model (arrows)
and joints that were modeled (red circles). Dashed arrows represent places where
constraints were placed in certain loading scenarios, while solid arrows represent
constraints placed in all loading scenarios. (G) Points of interest collected on the
ipsilateral side. Similar points were chosen on the contralateral side.

Unfused, flexible, kinetic joints, including the otic
(quadratosquamosal) joint, frontal-parietal suture, palatobasal joint
and the articulations of the epipterygoid with the pterygoid and
prootic, were built using flexible linkages acting as beams (Fig. 2F)
with soft tissue material properties. Four different joint linkage
scenarios were created: joint-loading (JL) scenario 1: all-bone
linkages; JL scenario 2: all-cartilage linkages; JL scenario 3: all-
sutural ligament linkages; and JL scenario 4: mixed linkage properties
based on histological results. Material properties of these linkages
included bone (alligator cranial bone; Zapata et al., 2010), cartilage
(Beaupré et al., 2000) and suture (McLaughlin et al., 2000).
Histological data informed the construction of JL4 joint-loading
model, though material properties were not derived from these data.

Muscle modeling

Jaw muscles were dissected and fascicle lengths and angular
orientation data were collected to calculate physiological cross-
sectional area (PCSA) of individual muscles (Fig. 2; Tables S1 and
S2). Attachment sites of muscles (Fig. 1) were determined from
dissection, diceCT and literature review (Fig. 3; Table S1). Muscle
attachments were then mapped onto the model to determine PCSA
and thus muscle loads acting upon the model (Figs 1 and 2;
Tables S1 and S2). PCSA is a function of muscle volume, fiber
length and muscle pennation (Gans, 1982) and can be defined by
Eqn 1 (Sacks and Roy, 1982):

PCSA — % - cos(6), (1)

f
where V,, is muscle volume, /¢ is fiber length and 6 is the angle of
pennation (Sacks and Roy, 1982). As per Sellers et al. (2017),

muscle volume was treated as a frustum, or a cone with its apex cut
off parallel to its base (Sellers et al., 2017). This volume can be

defined by Eqn 2:

Vo= (et A+ (Vi Am)), @)

where /, is muscle length, A, is the surface area of the muscle origin
and 4, is the surface area of the muscle insertion (Sellers et al., 2017).
Origin and insertion areas were obtained from muscle attachment
maps created in Strand7. Using the Boneload workflow (Grosse et al.,
2007; Davis et al., 2010; Sellers et al., 2017), muscle forces were
calculated from PCSAs (Table S1) using Eqn 3 (Gans, 1982):

Fm = PCSA - Tspeciﬁcv (3)
where £, is muscle force and Typeific 1s the specific tension of muscle
(Gans, 1982). We chose a value of 0.3 (Heironymus, 2006) for
specific tension. The computational Matlab toolkit Boneload (Davis
etal., 2010) was used to apply these forces over the area of attachment
sites (Fig. 2E). Muscle resultants were then plotted as ternary diagrams
to better visualize orientation and magnitude of forces (Fig. 4).

We created seven different muscle-loading scenarios where
muscles were modeled as maximally active: muscle loading (ML)
scenario 1: all muscles active (to establish a baseline loading); ML
scenario 2: only mPPt active (to evaluate the role of mPPt); ML
scenario 3: all muscles except mPPt active (to check the results of
ML2); ML scenario 4: only mPt and mPPt active (to evaluate the
roles of mPt and mPPt in concert); ML scenario 5: every muscle
except mPt and mPPt active (to check the results of ML4); ML
scenario 6: only mPPt and mLPt active (to evaluate the roles of
mPPt and mLPt in concert); and ML scenario 7: no mPPt or mLPt
active (to check the results of ML6). The all-muscle activation load
(ML1) was applied to every linkage group (JL1-4), whereas the
other six loads (ML2-7) were only applied to the histologically
informed, mixed group (JL4) and the left, unilateral caudal bite
group [bite point (BP) scenario 6; see below].

FEA

Constraints were placed on the model at the jaw joint, paraoccipital
and supraoccipital regions to mimic constraints of cervical muscles
and various bite points (Fig. 2F). Six different bite-point scenarios
were tested: BP scenario 1: bilateral, rostral bite; BP scenario 2:
bilateral, midpoint bite; BP scenario 3: bilateral, caudal bite; BP
scenario 4: left unilateral, rostral bite; BP scenario 5: left unilateral,
midpoint bite; and BP scenario 6: left unilateral, caudal bite.

To investigate stress and strain distributions within the skull, 68
points were chosen on bones of interest (Fig. 2G; Table S3), and
strain components were simplified to equivalent strain (g.q) with
Eqn 4:

2 2 2 2 2
2 \/3(exx +e,+e) . 3(vy TV Y2 @

€eq — g . 2 4 ’
where e, is strain in the xx direction, e, is strain in the yy direction,
e.. is strain in the zz direction, v, is strain in the xy direction, v,. is
strain in the yz direction and ., is strain in the zx direction. Thirty-
four of these points were on the biting side of the skull, while the
other 34 were symmetrical points on the balancing side. Mean
stress, Von Mises strain data and principal strain were collected from
the points and compared with each other. Data visualization was
performed in R and Strand7 (Figs 5-9).
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Fig. 3. See next page for legend.

RESULTS protractor musculature as described by Haas (1973), Holliday and
Jaw muscles Witmer (2008) and Holliday (2009). Briefly, m. adductor mandibulae
Table S1 presents the attachments of jaw muscles used in the model.  externus superficialis (MAMES), m. adductor mandibulae externus
Table S2 presents the PCSA for muscles and estimated forces. Fig. 4  medialis (MAMEM), m. adductor mandibulae externus profundus
shows muscle resultants in ternary and 3D projection space. DiceCT (mAMEP) and m. pseudotemporalis superficialis (mPSTs) provide
(Fig. 3) and dissection revealed an arrangement of adductor and  the bulk of temporal muscles connecting the dorsal portions of the
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Fig. 3. DiceCT and histology of key cranial joints in the skull of

V. exanthematicus used to inform muscle and joint models. (A) Scout
images of the head showing the location of sections B—J. (B) Rostral view of an
axial slice through the palatobasal joint and adductor chamber, highlighting
adductor and protractor musculature. (C) Ventral view of a horizontal section
through the ventral trigeminal foramen. (D) Lateral view of a parasagittal
section through the otic joint. (E) Rostral view via diceCT of an axial section
through the left palatobasal joint showing articular tissues. (F) Rostral view via
diceCT of an axial section through the left jaw joint showing articular tissues.
(G) Caudal view via diceCT of an axial section through the left otic joint showing
articular tissues. (H) Rostral view of an axial section through the left
palatobasal joint showing histologically stained articular tissues. () Rostral
view of an axial section through the left jaw joint showing histologically stained
articular tissues. (J) Caudal view of an axial section through the left otic joint
showing histologically stained articular tissues. Scale bars: 1 mm. Stains used
for histological slides were Sanderson’s Rapid Bone Stain and Van Gieson’s
Picrofuschsin. Art, articular; Bpt, basispterygoid process; Bs, basisphenoid;
Ept, epipterygoid; EptPrJ, epipterygoid—prootic joint; EptPtJ, epipterygoid—
pterygoid joint; Exo, exoccipital; ic, intercalary cartilage; mMAMEM, m. adductor
mandibulae externus medialis; MAMEP, m. adductor mandibulae externus
profundus; mMAMES, m. adductor mandibulae externus superficialis; mAMP,
m. adductor mandibulae posterior; mDM, m. depressor mandibulae; mLPt,
m. levator pterygoideus; mPPt, m. protractor pterygoideus; mPSTp,

m. pseudotemporalis profundus; mPSTs, m. pseudotemporalis superficialis;
mPt, m. pterygoideus; OJ, otic joint; Pa, parietal; PBJ, palatobasal joint; Pt,
pterygoid; Ptm, pterygoid meniscus; Qu, quadrate; Sq, squamosal.

temporal region with the mandible. M. adductor mandibulae posterior
(mAMP) connects the body of the quadrate to the Meckelian fossa,
mPT extends from the pterygoid caudally to the caudomedial end of

the mandible, and m. pseudotemporalis profundus (mPSTp) envelops
the surface of the epiptyergoid to also attach to the rostromedial
portion of the Meckelian fossa near the rostral edge the mPT
insertion. The muscles of the orbitotemporal region, mPPt and mLPt,
are quite different in orientation and size. mLPt is relatively parallel
fibered, attaches across the rostral process of the prootic and extends
nearly vertically to insert ventrally on a lip of bone on the medial
surface of the pterygoid, dorsal to the palatobasal joint, and mPPt
attaches to the basisphenoid ala temporalis and extends caudolaterally
to attach to the medial surface of the pterygoid. Finally, m. depressor
mandibulae (mDM) passes from the paraoccipital process to the
retroarticular process. Although mDM has substantial attachments
across the epaxial muscles of the neck as well, we only modeled its
cranial, bony origin.

Varanus exanthematicus does not appear to have one dominant
force-producing muscle, in contrast to many specialized feeders
(Herrel et al., 2007; Santana and Dumont, 2011; Santana et al.,
2012; Sellers etal., 2017). The jaw muscles of V. exanthematicus are
well oriented for maintaining positional equilibrium of the palate
and mandible (Fig. 4). The protractor muscles (mLPt and mPPt) are
oriented askew to one another in the axial and sagittal planes,
showing they have significantly different roles in mediating loads
about the palatobasal and otic joints. In contrast, mLPt and mPSTp
are near parallel in orientation and are antagonists across the
epipterygoid—pterygoid—basipterygoid joints in the axial plane.
Similarly, mAMES and mDM are both large, parallel-fibered
antagonists in the sagittal plane which both elevate the jaw, albeit on

A DV Force (N) Muscle C
10.0 ) mAMEM
° ®: g mavEP
| X @ mMAMES
)/ ®:
X ® mAMP
[} ‘ @ mDM
4 o @ mLPt
60 mPPt
<
@ mPSTp
® 2 mPSTs
40
L . mPt
&

Fig. 4. Jaw muscle resultants employed in the model. (A) Ternary diagram of muscle force and orientation. (B) Ventral view of jaw muscle force resultant
vectors (arrows). (C) Rostral view of jaw force muscle resultant vectors (arrows). (D) Left lateral view of jaw muscle force resultant vectors (arrows). DV,
dorsoventral; mMAMEM, m. adductor mandibulae externus medialis; mMAMEP, m. adductor mandibulae externus profundus; mAMES, m. adductor mandibulae
externus superficialis; mMAMP, m. adductor mandibulae posterior; mDM, m. depressor mandibulae; ML, mediolateral; mLPt, m. levator pterygoideus; mPPt,
m. protractor pterygoideus; mPSTp, m. pseudotemporalis profundus; mPSTs, m. pseudotemporalis superficialis; mPt, m. pterygoideus; RC, rostrocaudal.
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Bone Cartilage

First principal strain (maximum tensile strain)
4000

Suture Mixed

Fig. 5. Effects of joint material properties on cranial performance during symmetrical caudal bites and maximum muscle force displayed in principal

strains. pe, microstrain.

opposite sides of the fulcrum of the jaw joint. Finally, many of the
muscles have significant mediolateral components to their
orientations, predicting the torsional loading on the skull, the
effects of which our model documents.

Histology

Histology of the cranial joints of V. exanthematicus revealed its
joints are built comparably to those of geckos and other lizards
(Fig. 3H-J; Payne et al., 2011). The quadrate-articular (jaw) joint is
a bichondral synovial joint and the frontoparietal joint is a
syndesmodial joint bridged by a sutural ligament. Sections of the
palatobasal joint revealed this joint is also a bichondral synovial
joint where the hyaline cartilage-capped basipterygoid process and
epiphysis meet the cartilaginous vestige of the palatoquadrate
cartilage, which is nestled along the medial surface of the pterygoid.
The cartilage cores of the palatobasal joint are mineralized. Sections
of the otic joint revealed a unichondral joint in which the hylaline
cartilage-capped epiphysis of the otic process of the quadrate abuts
layers of fibrous connective tissue surrounding the paraoccipital
process and squamosal. This morphology is also similar to that
found in the otic joint of gecko (Payne et al., 2011) and alligator
(Bailleul and Holliday, 2017).

Effects of articular soft tissues

Of the four different joint treatment groups, only JL1 (all-bone joint
linkage model) was significantly different from the other joint
linkage treatments (Fig. 5). In JL1, strain was concentrated at joints
and other narrow features of the skull. In contrast, the soft tissue
linkage models (JL2—4: all-cartilage, all-suture, mixed) showed
greater strain distributions in the bony elements themselves (rather
than near the articulations) and were superficially comparable in

loading, although there were small differences among these
treatment groups. In particular, differences in articular soft tissue
properties changed the polarity of loading across the palatobasal
joints and basipterygoid (Figs 3, 5; Fig. S6). In the mixed linkage
group (JL4) and the all-bone group (JL1), the dorsolateral portion of
the balancing side basispterygoid process was tensed and the
ventromedial aspect was compressed across all treatments (BP1-6,
ML1-5). However, the all-cartilage group (JL2) and the all-suture
group (JL3) showed compressive stresses on the dorsolateral surface
of the basispterygoid process and tensile stresses on the
ventromedial surface of the balancing side basispterygoid process
(Figs 3, 5; Fig. S3).

Although these differences in strains were modest in magnitude,
the shifting in polarity about the palatobasal joint suggest the system
is not only sensitive to torsion, but also to potential changes in
skeletal tissue material properties during ontogeny. The behavior
of the quadrate was relatively unaffected by differences in soft
tissues (Figs 3, 5; Fig. S3) but we note we did not model the
pterygoquadrate joint as a suture. Due to these results, only the
models built with histologically-informed, mixed linkages (JL4)
will be discussed further.

Effects of muscle load

The different muscle activation scenarios resulted in a diversity of
loading patterns (Figs 6-9). ML scenario 1 (MLI1, full tetany of all
muscles) with a left, unilateral posterior bite (BP6) resulted in
asymmetric loading across the palate. Forces from the biting side
were largely transmitted across the ipsilateral palatobasal joint,
across the braincase and through the contralateral palatobasal joint
on the balancing side. ML2 showed the protractor muscles are
capable of significantly loading the palate and basispterygoid
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process and are responsible for a large amount of loading on the
basispterygoid in the all muscle activation load scenarios. In ML3,
when mPPt was inactive during BP6, there was a dramatic increase
in strain on the rostral midshaft and dorsal portion of the working-
side quadrate (Figs 6, 7 and 9). On the working side, the midshaft
and ventral portion of the rostral surface of the quadrate were weakly
compressed, while the caudal surface of the quadrate and the dorsal
portion of the rostral surface were tensed. On the balancing side

Fig. 6. Effects of muscle-loading
scenarios on cranial performance of a
histologically informed mixed joint
model with caudal left-sided bites.
Muscle loading mediates torsion and strain
magnitudes in the skull of V.
exanthematicus. Different muscle
activation patterns result in significant
differences in loading magnitude and
polarity of working- and balancing-side
temporal bars, palatocranial joints and
ventral braincase. Heat maps show strains
in the left, oblique lateral view, an axial
section through the palatobasal joint and
the left ventral view. mLPt, m. levator
pterygoideus; mPPt, m. protractor
pterygoideus; mPT, m. pterygoideus; VM,
Von Mises. Scenarios: M1, all muscles;
M2, only mPPt; M3, no mPPt; M4, only
mPPt and mPt; M5, no mPPt or mPt; M6,
only mPPt and mLPt; M7, no mPPt or
mLPt.

(Figs 6, 8 and 9), similar patterns were observed; however, the
ventral portion of the rostral surface was compressed. These loading
polarities also exist in load cases where mPPt is active, but
deactivating mPPt greatly increases the magnitude of loading.
Furthermore, the working-side basispterygoid process experiences
greater strains when mLPt is inactive. As expected, ML4 showed
that mPPt and mPt significantly load the palate in torsion, with mPt
generating most of the spiral strain pattern. This was confirmed by
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Fig. 7. Strain magnitude at points of interest on the working side of the skull modeled with mixed joints and a caudal left-sided bite under different

muscle-loading conditions. The quadrate midshaft experiences more strain when mPPt and mLPt are inactive. The basispterygoid process experiences the

greatest strain when mLPt s inactive, but mPPt and mPt remain active. mLPt, m. levator pterygoideus; mPPt, m. protractor pterygoideus; mPT, m. pterygoideus
Scenarios: M1, all muscles; M2, only mPPt; M3, no mPPt; M4, only mPPt and mPt; M5, no mPPt or mPt; M6, only mPPt and mLPt; M7, no mPPt or mLPt.

MLS5 (no mPPt or mPt), which demonstrated that the temporal
musculature weakly and indirectly loads the palate and shows
minimal loading on the braincase (Figs 6-9). The balancing side of
each muscle load model demonstrated similar loading patterns to the
working side, albeit most structures experienced higher strain
magnitudes.

Ultimately, models JL4-BP6-ML2, 3, 6 and 7 (Fig. 9) revealed
that mPPt has significant biomechanical effects on the quadrate and
otic joint, whereas mLPt has dramatic biomechanical effects on the

basispterygoid process. Although inactivating mPPt notably lowers
strain on the working-side basispterygoid process and modestly
lowers strain on the balancing-side basispterygoid process, the
greatest strains on the basispterygoid process are produced when
mPPt and mPt are active, but mLPt is inactive (ML24).
Furthermore, these high strains do not exist when mPPt and mLPt
are inactive (but mPt remains active; ML3). Inactivation of mPPt
also greatly increases strain on the caudal midshaft of the working-
side quadrate regardless of mLPt activity; however, inactivation of
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Fig. 8. Strain magnitude at points of interest on the balancing side of the skull modeled with mixed joints and a caudal left-sided bite under different
muscle-loading treatments. The quadrate experiences dramatically less strain when mPPt is inactive. As for the working side, the basispterygoid process

demonstrates the greatest strain when mLPt is inactive, but mPPt and mPt remain active. mLPt, m. levator pterygoideus; mPPt, m. protractor pterygoideus; mPT,
m. pterygoideus. Scenarios: M1, all muscles; M2, only mPPt; M3, no mPPt; M4, only mPPt and mPt; M5, no mPPt or mPt; M6, only mPPt and mLPt; M7, no mPPt

or mLPt.

mPPt dramatically reduces strain on the balancing-side quadrate.

These strains modestly decrease again when mLPt and mPPt are
inactive.

DISCUSSION

The savannah monitor, V. exanthematicus, is an ideal organism for
exploring hypotheses of protractor muscle function because of its
many flexible cranial joints and relatively large protractor musculature

(Figs 1, 2 and 4; Table S2). Although FEA proved to be a powerful
tool in elucidating the biomechanical role of this muscle, there are
limitations to our model that must be recognized. Firstly, there is a
dearth of resources for lepidosaur material properties (both bony and
soft tissue). Second, there are no published electromyography data on
mPPt activity in Varanus. Third, mLPt originates in part on the dura
mater, which we could not accurately model for a variety of reasons;
instead, we mapped the origin on the medial surface of the prootic.
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Fig. 9. Effects of muscle-loading scenarios on cranial performance of a histologically informed mixed joint model with caudal left-sided bites
displayed in principal strains. mLPt, m. levator pterygoideus; mPPt, m. protractor pterygoideus; mPT, m. pterygoideus. Scenarios: M2, only mPPt; M3, no

mPPt; M6, only mPPt and mLPt; M7, no mPPt or mLPt.

Finally, bony elements had to be simplified to allow meshing for FEA,
and finer details of the internal architecture of elements, including
much of the inner ear, were omitted.

The results of our joint-loading scenarios largely agree with
previous biomechanical studies of articular soft tissues. Like sutures
(Curtis et al., 2013; Ross et al., 2018), soft tissues in flexible joints
alter distribution strain across the lepidosaur skull (Fig. 10). It is
likely that these articular tissues reduce joint forces in other joints in
a manner akin to the reduction of otic joint forces provided by
streptostyly (Moazen et al., 2009). Our results also support the
findings of Mezzasalma et al. (2014) that the histology of the joint
may not necessarily be as important as the morphology for kinesis,
as the soft tissue joint models (JL2—4) revealed similar patterns
of strain and deformation. Furthermore, Bailleul et al. (2016) and
Bailleul and Holliday (2017) found gross bony morphology does
not always reflect the types of connective tissues in archosaur skulls.
Moreover, cranial joint tissues may behave considerably differently
in dynamic, rather than static loading conditions.

Our findings show that the protractor musculature (mPPt and
mLPt) plays an active role in stiffening the palatobasal and otic
joints and decreasing strains during feeding (Fig. 10). This supports
the hypothesis that the protractor muscles play an active role in
protecting the braincase and sensory capsules from detrimental
loads by serving more postural roles across the otic and palatobasal
joints (Holliday and Witmer, 2008). The dorsoventral and
mediolateral orientations of mPPt and mLPt in V. exanthematicus
are also well oriented antagonists to the action of mPt. When large
forces from mPt abduct the palate away from the braincase, forces
from mPPt and especially mLPt maintain equilibrium of the

palatobasal joint and otic joint, insulting these growth plates and
maintaining healthy loads in the still actively growing epiphyses
(Carter et al., 1998; Carter and Beaupré, 2001). However, given the
dural origin of mLPt, it remains to be seen how active the muscle is
in vivo. Perhaps the role of the protractor musculature is to prevent
extreme, pathological excursions of the palatobasal joint caused by
mPt activity that could dislocate the joint. Whether this occurs as a
result of cranial kinesis (e.g. the quadratic crank mechanism) or in
spite of cranial kinesis remains to be clarified. Further studies are
needed to examine the physiology, activation and timing of
protractor muscle behavior to understand its role in cranial kinesis
and palatal loading.

The loading patterns from ML (all-muscle activation) suggest the
skull is well equipped to resist mediolateral bending and torsional
forces, supporting the hypothesis of the protractor muscles protecting
the cranium from feeding-generated loads (Holliday and Witmer,
2008). The pterygoids on both the working and balancing side
show remarkable, torsional loading as indicated by helically shaped
strain distributions (Figs 6, 9 and 10). Other elements, however,
demonstrate more prominent loading from bending, such as the
basispterygoid processes, temporal bars and quadrates (Figs 6-10;
Fig. S4).

The tubular cross-sections of the pterygoids and upper temporal
bars of the braced-frame structure of the skull suggest many bony
elements may be built to resist torsional loading. This bony
orientation has been shown to allow for large differences between
loading in the biting and balancing sides in our study and those of
other varanids (Moreno et al., 2008). One of the key elements of its
load-bearing efficiency is the pterygoid, which is hollow and
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Fig. 10. Cross-sectional view of the V. exanthematicus palatocranial junction displaying complex interactions between articular tissues, bite points
and muscle loads. (A) From top to bottom: left lateral, rostral axial and left ventral scout images displaying the location of the cross-section (red line/box), left
caudal bilateral (green arrows) and unilateral (dark blue arrows) bite points, and muscle force orientations for mPPt (pink arrows) and mPt (orange arrows).
(B,C) Rostral, left oblique (B) and axial (C) cross-sectional view illustrating biomechanical interactions at palatocranial junctions. Bilateral biting (green arrows)
results in axial bending of the whole skull (not shown), while unilateral biting (dark blue arrows) results in counterclockwise torsion of the whole skull

(dark blue dashed arrow). Bilateral biting yields positive torsion on the left pterygoid and negative torsion on the right pterygoid (green torsion arrows). Unilateral
biting also yields positive torsion on the left pterygoid and negative torsion on the right pterygoid (dark blue torsion arrows). Articular tissues (light blue)
cause strain (g; light blue arrow) to be distributed away from joints and through the basispterygoid process. Forces from mPPt (long pink arrow) generate
dorsoanterior bending on the basipterygoid process (pink triangle and short pink arrow). Forces from mPt pull the pterygoid laterally (orange arrow). Bpt,
basispterygoid process; mPPt, m. protractor pterygoideus; mPt, m. pterygoideus; OJ, otic joint; PBJ, palatobasal joint.

tubular, indicative of resistance to bending and torsional forces
(Vogel, 1988). This is supported by the helical strain pattern on the
pterygoid; similar patterns have been used to support ideas of
torsion-resisting elements in the mammalian masticatory apparatus
(Greaves, 1985; Ross, 2001).

Kinetic competency is likely reflected by the morphology,
function and behavior of the protractor musculature. Holliday and
Witmer (2008) postulated that the protractor musculature is an
exaptation for cranial kinesis, but is an adaptation for growth and
development. Predatory feeding behaviors like unilateral biting and
shaking likely result in torsional loads on the skull (Fig. S2, Movies
1 and 2) (Holliday and Witmer, 2008). Whereas crocodilians and

mammals have sutured their skulls into a single rigid unit and could
resist torsional loads via those mechanisms, lepidosaurs must
maintain growth plates at the otic and palatobasal joints and are
more vulnerable to torsional loads (Holliday and Witmer, 2008). If
protractor function is an adaptation for growth and development as a
response to feeding forces, there may be a relationship between
protractor physiology (here defined as activation timing, orientation,
fiber architecture and relative force) and the shape of an animal’s
palate and braincase. Are protractors necessary in a postural role
when the structure of the cranium is inherently shaped to resist
bending and torsion? If the braincase or palate then no longer needs
the biomechanical protection of the protractor musculature, this
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could free up the protractors to perform more optimized functions,
such as actuating cranial kinesis (e.g. powered prokinesis). This may
also explain why Cost et al. (2019) found the protractor loading on
Tyrannosaurus rex to have little effect on loading of the palate as the
animal has a relatively robust braincase and a relatively small
protractor force. Comparative studies of skull shape and protractor
function across reptiles are needed to address this hypothesis.

Conclusions

Through FEA, we have elucidated the role of the protractor musculature
in the palatal biomechanics of V. exanthematicus and provided new
insights into lepidosaur cranial kinesis. We found that the jaw muscles
have significant mediolateral components and resultants that can impart
stability across palatocranial joints. Articular tissues affect the
magnitude of strains experienced across the palatobasal and otic
joints. Without protractor muscle loading, the quadrate and
basispterygoid process are vulnerable to higher strains, suggesting
this muscle helps insulate the braincase and palatoquadrate from high
loads. We found that the organization of bony elements within the skull
of V. exanthematicus is well suited for performing under torsional
loads, suggesting more focus be made on how long-axis rotation and
torsion impact cranial performance in vertebrates. These findings
complement and expand upon our understanding of feeding behavior,
kinematics and cranial biomechanics of lizards and other reptiles. This
understanding of the composition and loading environment of
intracranial joints is critical to future investigations of cranial kinesis
in lizards, snakes, birds and other vertebrates.
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