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ABSTRACT
The tradeoff between force and velocity in skeletal muscle is a funda-

mental constraint on vertebrate musculoskeletal design (form:function rela-
tionships). Understanding how and why different lineages address this
biomechanical problem is an important goal of vertebrate musculoskeletal
functional morphology. Our ability to answer questions about the different
solutions to this tradeoff has been significantly improved by recent advan-
ces in techniques for quantifying musculoskeletal morphology and move-
ment. Herein, we have three objectives: (1) review the morphological and
physiological parameters that affect muscle function and how these param-
eters interact; (2) discuss the necessity of integrating morphological and
physiological lines of evidence to understand muscle function and the new,
high resolution imaging technologies that do so; and (3) present a method
that integrates high spatiotemporal resolution motion capture (XROMM,
including its corollary fluoromicrometry), high resolution soft tissue imag-
ing (diceCT), and electromyography to study musculoskeletal dynamics in
vivo. The method is demonstrated using a case study of in vivo primate
hyolingual biomechanics during chewing and swallowing. A sensitivity
analysis demonstrates that small deviations in reconstructed hyoid muscle
attachment site location introduce an average error of 13.2% to in vivo
muscle kinematics. The observed hyoid and muscle kinematics suggest
that hyoid elevation is produced by multiple muscles and that fascicle rota-
tion and tendon strain decouple fascicle strain from hyoid movement and
whole muscle length. Lastly, we highlight current limitations of these tech-
niques, some of which will likely soon be overcome through methodological
improvements, and some of which are inherent. Anat Rec, 301:378–406,
2018. VC 2018 Wiley Periodicals, Inc.
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INTRODUCTION

Musculoskeletal output force, velocity, and displace-
ment play essential roles in organismal performance
during a variety of vertebrate behaviors, including
feeding and locomotion. Decades of physiological and
biomechanical research have revealed a fundamental
constraint on musculoskeletal design1 in vertebrates:
the tradeoff between force and velocity due to the basic
morphological and physiological properties of vertebrate
muscle. The ways in which different lineages deal with
this constraint are an important focus of evolutionary
biomechanics and neuromechanics.

This article has three objectives. First, we review the
morphological and physiological parameters that have
been shown to affect muscle function and discuss how
these parameters interact. Second, we discuss the neces-
sity of integrating morphological and physiological lines
of evidence to understand how the interaction of these
parameters affects muscle function. Newly developed,
high resolution imaging technologies are advancing mus-
cle functional morphology research through the seamless
integration of these lines of evidence. We focus on two of
these: diffusible iodine-based contrast enhanced Com-
puted Tomography (diceCT, Gignac et al., 2016) and X-
Ray Reconstruction of Moving Morphology (XROMM,
Brainerd et al., 2010). Third, we present a method of
integrating diceCT and XROMM with electromyography
to build a more complete picture of muscle functional
morphology and biomechanics.

PARAMETERS OF PERFORMANCE

Morphology

Active muscle force, with its inherent force-velocity
tradeoffs, is determined in part by the morphology of
muscle fibers (cells) and the way these cells are
arranged in whole muscles. Fiber force varies with sar-
comere length and shortening velocity, being maximal
over an intermediate range of sarcomere lengths and
decreasing as fiber shortening velocity increases (Gasser
and Hill, 1924; Stevens and Snodgrass, 1932; Ramsey
and Street, 1940; Gordon et al., 1966). Muscle architec-
ture (fiber pennation, fiber length, and tendon morphol-
ogy) determines how these forces are combined and
transformed at the whole muscle level (Gans and Bock,
1965; Anapol and Barry, 1996). Specifically, physiological
cross-sectional (PCSA) strongly correlates with maxi-
mum isometric muscle force (Powell et al., 1984) while
fiber length, when normalized by sarcomere length,
accurately predicts the range of motion over which the
muscle can actively produce isometric force (Felder
et al., 2005; Winters et al., 2011). For a given volume of
whole skeletal muscle, architecture can vary along a
spectrum favoring high velocity on one end and high
force on the other (Gans and Bock, 1965; Gans 1982;
Gans and de Vree, 1987). Long fibers arranged in paral-
lel to the muscle’s line of action place more sarcomeres
in series and therefore combine larger displacements and

shortening velocities with lower but more consistent force
over a wider range of whole muscle length. In contrast,
short fibers arranged at an angle to the line of action
(i.e., pennate fibers) place more sarcomeres in parallel
and consequently produce higher force over a more lim-
ited range of whole muscle length than parallel-fibered
muscles.

Muscle attachment site location also impacts force-
velocity tradeoffs. Mechanical advantage—the ratio of
the muscle’s moment arm from the center of rotation to
that of the output and/or reaction forces—determines
how the magnitude and direction of muscle force vectors
change as bones move into different postures among
individual movements, organismal designs, or body sizes
(Stern, 1974; Biewener, 1989; Lieber and Frid!en, 2000;
German et al., 2011). Variation in attachment location
relative to the center of rotation, i.e., in-lever length, not
only affects output forces but also the magnitude of mus-
cle displacement: longer in-levers require greater
changes in muscle length for a given amount of joint
rotation (Herring and Herring, 1974; Lieber et al.,
1997). Therefore, while joint moment increases with a
longer in-lever, such gains come at the cost of a more
limited range of joint motion over which the muscle can
actively produce force.

These aspects of vertebrate musculoskeletal morphol-
ogy impact functional system design in a variety of spe-
cies. In the mammalian feeding system, the fundamental
tradeoff between muscle force and displacement manifests
as a tradeoff between bite force and gape (Herring and
Herring, 1974; Taylor and Vinyard, 2004; Eng et al.,
2009; Taylor et al., 2009; Perry et al., 2011; Hartstone-
Rose et al., 2012; Hylander, 2013; Taylor and Vinyard,
2013). In the fish feeding system, variation in relative
lengths of input and output lever arms maps onto varia-
tion in the relative importance of suction feeding (which
requires high muscle shortening velocities) and biting
(Westneat, 2004). Elegant linkages in the jaws of teleost
fish and birds further elaborate on the basic design of
skeletal levers to amplify displacement, velocity, and joint
moment (Westneat, 1990; Westneat, 2003; Olsen and
Westneat, 2016).

While some vertebrates show morphological speciali-
zation to optimize force or velocity, tradeoffs can also be
negotiated by a medley of more generalized morpholo-
gies. To summarize the morphological contributions to
muscle function described above, force and velocity can
be affected by three different morphological parameters
independent of fiber type: 1) the number of sarcomeres
in a fiber, 2) muscle architecture, and 3) moment arm
length (Lieber and Ward, 2011; Kandel et al., 2012).
Because multiple components can interact to produce
different amounts of force and velocity, musculoskeletal
design is redundant, that is, different forms can function
similarly (Lauder, 1990; Lauder, 1995; Wainwright et al.,
2005). Therefore, understanding how muscle morphology
relates to performance necessarily involves not only
analysis of the muscle itself but its moment arm to
determine how the two interact to produce output force
and displacement. For example, a muscle producing less
force inserting further away from an axis of rotation
may produce a greater joint moment than a muscle pro-
ducing more force but inserting closer to the axis of rota-
tion due to the former’s larger moment arm, e.g., the
human tensor fascia latae versus the more massive

1Throughout this article, we define musculoskeletal design as the
relationship among musculoskeletal morphology, physiology, and
biomechanical performance—in short, form:function relation-
ships (Ross et al., 2017).
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gluteus maximus (Hoy et al., 1990; Lieber, 2009). In con-
trast, a muscle with long fibers may have a smaller
moment arm than a muscle with a similar line of action
but with short fibers, as with the human extensor carpi
radialis longus and brevis, respectively (Lieber et al.,
1990; Lieber et al., 1997). Long moment arms are not
necessarily accompanied by long fibers and vice versa
(Maganaris et al., 2006), which limits the functional
inferences that can be made from either muscular or
skeletal morphology alone.

Additionally, many muscles themselves are redundant
because joints frequently have more than one muscle
capable of producing movement with a given degree of
freedom. In humans, an average of 2.6 muscles controls
each degree of freedom (Prilutsky and Zatsiorsky, 2002),
and examples of highly redundant movements include
jaw elevation, knee extension, and ankle plantarflexion.
Mechanical redundancy presents a motor control prob-
lem for the brain given the unlimited number of poten-
tial kinetic and kinematic solutions (Bernstein, 1967).
However, redundancy may also offer a solution to a sep-
arate problem presented by the tradeoffs of muscle func-
tion: controlling force over a wide range of motion and
velocities while decreasing overall muscle mass and its
attendant maintenance costs (Lieber and Frid!en, 2000).
Synergists—muscles capable of producing movement in
the same degree of freedom—often vary not only in
architecture and moment arm length but also in fiber
types (i.e., slow-twitch vs fast-twitch) that can either
exacerbate or mitigate functional tradeoffs among the
synergists (Spector et al., 1980; Wakeling et al., 2006;
Wakeling et al., 2011; Rupert et al., 2015).

While many studies have highlighted how muscle
architecture and mechanical advantage relate to perfor-
mance tradeoffs, functional specialization for force or
displacement/velocity is not a universal phenomenon
among skeletal muscles. Muscles can produce both
higher force and higher excursion and velocity through
increased muscle mass (Organ et al., 2009; Taylor and
Vinyard, 2009; Terhune et al., 2015), although such
increases may be accompanied by a decrease in moment
arm length that limits potential gains in output force
(Terhune et al., 2015). The presence of a “supermuscle”
(sensu Lieber and Frid!en, 2000) rather than separate,
specialized synergists may have specific functional impli-
cations that warrant further investigation.

We conclude this section on the morphological param-
eters of muscle function with a caveat. As noted by Tay-
lor and Vinyard (2004), caution should be exercised
when testing evolutionary hypotheses regarding muscu-
loskeletal functional morphology with “natural
experiments” among different species because muscle
architecture is plastic and therefore not necessarily a
direct product of a heritable genotype. First, muscles do
not exhibit uniform responses to increased high force
exercise: rabbit feeding musculature increases PCSA
through gains in mass while fiber length and pennation
remain constant (Taylor et al., 2006), whereas mouse
forelimb muscles exhibits variable gains in mass while
consistently increasing PCSA and decreasing fiber
length (Rabey et al., 2015). Second, fiber length
increases in response to increasing resting length,
moment arm, eccentric loading behaviors, and high
velocity exercise (Williams and Goldspink, 1973; Koh
and Herzog, 1998; Butterfield et al., 2005; Rabey et al.,

2015). Recent experimental evidence suggests that bony
attachment site morphology is not responsive to changes
in loading conditions over the course of several weeks
(Zumwalt, 2006; Rabey et al., 2015), and therefore we
can assume that mechanical advantage is not plastic. In
light of the evidence for muscle plasticity, physiological
adaptation needs to be accounted for when making
claims that a muscle’s morphology is a product of adap-
tation by natural selection. Indeed, muscle plasticity
likely plays a significant role in the evolution of muscu-
loskeletal design. By altering force, range of motion and
velocity, or both through changes in fiber morphology in
response to organismal behavior, muscle plasticity can
create the conditions in which natural selection may
favor a different, less plastic mechanical advantage as
new behaviors emerge (Anapol and Barry, 1996).

Activity Patterns and Physiology

Morphological studies are necessary but not sufficient
for studying musculoskeletal function because the ner-
vous system can activate muscles to variable degrees
and under various physiological conditions. The flexibil-
ity of the nervous system, termed the neurological
“wildcard” by Lauder (1995), highlights the need for in
vivo validation to establish that a given morphology con-
sistently aligns with a given function. While in vivo
studies are ideal, more controlled in situ and in vitro
experiments serve a vital role in guiding in vivo
research by highlighting the physiological principles
that determine how the timing and magnitude of central
nervous system output affects muscle force and velocity.
This section is not a comprehensive review of the physio-
logical determinants of function; rather, we focus on how
the timing of fiber activation relative to whole muscle
length change and its associated proprioceptive feedback
allows the nervous system to affect, and even amplify,
musculoskeletal output to mitigate the tradeoffs and
constraints between force and velocity. Specifically, we
discuss the benefits of active muscle stretch—eccentric
activation—and mechanisms that decouple fiber and
whole muscle length.

Eccentric activity is commonly conceived as detrimen-
tal to performance due to its capacity to induce muscle
damage under novel exercise conditions (Lieber et al.,
1991; Lieber and Frid!en, 1993; Clarkson and Hubal,
2002). However, controlled eccentric activity immediately
prior to shortening, termed a stretch-shortening cycle
(SSC) or countermovement, increases shortening force
(Abbott and Aubert, 1952; Cavagna et al., 1968; Cavagna
and Citterio, 1974; Gregor et al., 1988; Finni et al.,
2000). An abundance of evidence suggests that elastic
energy storage in tendons and titin—a large, calcium-
dependent, spring-like protein spanning half of the sar-
comere—underlies the enhanced and increased meta-
bolic efficiency of force production during SSCs and may
actually protect the sarcomeres from damage during
whole muscle stretch (Edman et al., 1978; Roberts et al.,
1997; Biewener et al., 1998; Joumaa et al., 2008; Leon-
ard et al., 2010a,b; Nishikawa et al., 2012; Joumaa and
Herzog, 2013; Azizi and Roberts, 2014; Holt et al., 2014;
Konow et al., 2015; Monroy et al., 2016; Powers et al.,
2016; Pace et al., 2017). Indeed, Herzog and colleagues
(1993, 2015) argue that titin should be considered a
third myofilament alongside actin and myosin due to its

380 ORSBON ET AL.



substantial contributions to force production during
active fiber lengthening. Muscles of variable architecture
exhibit SSCs during cyclic behaviors in vivo (Biewener
et al., 1998; Altringham and Ellerby, 1999; Nelson and
Jayne, 2001; Soman et al., 2005; Higham et al., 2008;
Aiello et al., 2013), suggesting that SSCs may be a
common mechanism of enhancing force production
(Biewener, 1998). Although titin offers a promising
mechanistic explanation for increased performance
associated with SSCs, the ultimate cause of enhanced
power in vivo is still contested (Van Hooren and Zolo-
tarjova, 2017).

Muscle stretch may also facilitate performance due to
changes in the length-tension curve associated with sub-
maximal activation. Architecture-based arguments
assume that the force-length relationship is independent
of muscle activation level; however, in situ and in vitro
studies show that optimal length increases as activation
level decreases (Rack and Westbury, 1969; Roszek et al.,
1994; Holt and Azizi, 2014; but see de Brito Fontana
and Herzog, 2016 for conflicting in vivo data). The effect
of activation level on in vivo muscle force and velocity is
poorly understood and may contribute to the difficulty of
accurately modeling submaximal force production in sil-
ico (Perreault et al., 2003; Wakeling et al., 2012; Lee
et al., 2013; Millard et al., 2013; Dick et al., 2017).

To relate submaximal activation to morphology and
SSCs, the ability to stretch a muscle prior to shortening
should improve performance because optimal length is
longer during submaximal activation. Similarly, the
inability to stretch a submaximally activated muscle
imposes a constraint that leads to suboptimal perfor-
mance under certain circumstances. In the cane toad, a
crouched posture and flexed knees prior to hopping does
not allow the primary ankle plantarflexor, the plantaris,
to reach its optimal length for submaximal activation
(Holt and Azizi, 2016). Although it shortens at a velocity
that optimizes power for the force that it does produce,
the plantaris nonetheless does not function optimally
during submaximally active hops due to a morphological
constraint: the inability to further stretch the muscle
when the hindlimb is in its fully flexed position prior to
the hop (Holt and Azizi, 2016). Although the cane toad
is not able to capitalize on stretch-shortening cycles to
enhance force or velocity during hopping, other species
of anurans utilize a separate method to enhance muscle
power: tendon elasticity returns energy faster than it is
stored to amplify power (Roberts et al., 2011; Astley and
Roberts, 2012; Astley and Roberts, 2014). Elastic recoil
also underlies ballistic tongue projection in salamanders
and chameleons, another system in which countermove-
ment prior to shortening is limited (Deban et al., 2007;
Anderson and Deban, 2010; Anderson, 2016).

Tendon elasticity is one of two mechanisms bypassing
architectural tradeoffs by decoupling fiber kinematics
from whole muscle kinematics. While in vitro studies
suggest that active whole muscle length-tension relation-
ships can be modeled as scaled sarcomeres during iso-
metric contraction regardless of architecture (Winters
et al., 2011), such modeling does not account for the fact
that in in vivo dynamic conditions fiber length can be
decoupled from whole muscle length. Decoupling mecha-
nisms include fiber rotation in pennate muscles and the
aforementioned elastic tissue strain in muscles with
internal or external tendons.

In vitro studies have demonstrated that increased
fiber rotation leads to increases in the ratio of muscle
belly velocity to fiber velocity (architectural gear ratio,
AGR). A muscle’s AGR is not fixed during either short-
ening or lengthening but rather is dependent on loading
conditions (Azizi et al., 2008; Azizi and Roberts, 2014),
violating a fundamental assumption of architectural pre-
dictions of the effective range of motion in pennate
muscles (Zajac, 1989). However, fiber rotation offers lit-
tle benefit to muscle power because muscle velocity
increases at the expense of force.

In contrast, decoupling fiber length from whole muscle
length through tendon strain can greatly amplify whole
muscle power. Because tendons can return stored energy
more quickly than the duration of the initial stretch,
muscles with pennate architecture and long tendons
may produce higher velocity and higher powered move-
ments than would be expected from their fiber architec-
ture alone (Roberts et al., 1997; Aerts, 1998; Henry
et al., 2005; Soman et al., 2005; Deban et al., 2007;
Anderson and Deban, 2010; Astley and Roberts, 2012;
Astley and Roberts, 2014; Sawicki et al., 2015; Anderson,
2016; Roberts, 2016). Moreover, estimates of fiber length
from whole muscle length must assume that tendons are
stiff; consequently, contributions of internal and external
tendon strain are ignored, potentially neglecting signifi-
cant contributions of elastic energy storage to perfor-
mance or protecting sarcomeres from excessive stretch
(Zajac, 1989; Soman et al., 2005; Lieber, 2009; Konow
et al., 2015; Roberts, 2016). Therefore, the morphology of
the muscle fibers should be considered in tandem with
the internal and external tendon morphology in func-
tional arguments (Anapol and Barry, 1996; Biewener,
1998; Anapol and Gray, 2003).

Brief mention is warranted of other important mor-
phological and physiological processes that affect muscle
function but are beyond the scope of this review. Body
size introduces another level of complexity to musculo-
skeletal functional morphology due to the negative
allometry of force production to body mass (e.g., Biew-
ener, 1989; Biewener, 1990). The effects of scaling extend
to not only the duration of vertebrate locomotor and
feeding cycles—and therefore potentially to the relative
velocity of muscle fibers—but also the timing of muscle
activation in appendages large enough to utilize momen-
tum for movement (Pennycuick, 1975; Pontzer, 2007;
Hooper et al., 2009; Ross et al., 2009; Gintof et al., 2010;
Hooper, 2012; Ross et al., 2017). Cycle duration, muscu-
loskeletal design, and the spring-like properties of
muscle-tendon units may also function to reduce energy
expenditure and fatigue (Taylor, 1985; Cavagna et al.,
1997; Marsh et al., 2004; Raichlen, 2004; Modica and
Kram, 2005; Hunter and Smith, 2007; Pontzer, 2007; de
Ruiter et al., 2013; Kilbourne and Hoffman, 2013, 2015),
and some organisms may be optimized for submaximal
activations and endurance at longer fiber lengths rather
than maximal activations and power at “optimal” fiber
lengths. Lastly, we have focused exclusively on motor
output; however, sensory input (e.g., proprioception) is
equally important for the performance of musculoskele-
tal structures (Dickinson et al., 2000; Nishikawa et al.,
2007). Elements of biomechanical design correlate with
sensory function and the morphology of peripheral sen-
sory receptors, and integrating evidence of sensory
“tuning” to a given function may be instrumental in
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supporting or falsifying functional hypotheses (Aiello
et al., 2017). For example, the mechanoreceptors of iso-
metrically active muscle with stiff tendons may be more
sensitive than those of concentrically or eccentrically
active muscle with more compliant tendons.

INTEGRATIVE APPROACHES

Morphological and physiological studies have been
instrumental to the advancement of our understanding
of muscle function. However, for the reasons discussed
above, morphology does not have a one-to-one correspon-
dence with function, and the tightly controlled condi-
tions of many laboratory experiments are not reflective
of how muscles are used during natural behavior (Gre-
gor et al., 1988). Therefore, the strongest evidence to
support or falsify adaptive hypotheses of musculoskeletal
function derives from in vivo experimental studies (Lau-
der, 1996; Ross et al., 2002). Although in silico modeling
offers a promising alternative to costlier in vivo experi-
ments, these models struggle to produce accurate results
under dynamic, submaximal conditions (Perreault et al.,
2003; Wakeling et al., 2012; Lee et al., 2013; Millard
et al., 2013; Dick et al., 2017). In silico model parame-
ters are commonly based on static length-tension curves
and force-velocity curves derived from isometric and iso-
tonic activity (Zajac, 1989). However, submaximally
active muscles have longer optimal fiber lengths (Rack
and Westbury, 1969; Roszek et al., 1994; Holt and Azizi,
2014; Holt and Azizi, 2016), and submaximal stretch-
shortening cycles allow organisms to produce forces
greater than that predicted by a supramaximally stimu-
lated isotonic force-velocity curve (Gregor et al., 1988).
Thus, determining how morphology and physiology
interact through in vivo study of natural behavior is
necessary to improve our ability to both accurately model
and understand muscle function. Specifically, whether and
how variation in fiber type, activity patterns, history-
dependence (e.g., SSCs), and decoupling mechanisms con-
tribute to the difficulties of modeling muscle force is poorly
understood. This section discusses additional dynamic
processes that could underlie modeling inaccuracies—
including moment arm and axis of rotation dynamics,
synergist interactions, and muscle morphological
heterogeneity—and methodological approaches that may
resolve these issues by integrating morphological and
physiological lines of evidence.

Dynamic Interactions between Morphology and
Physiology

Although a muscle’s moment arm is primarily depen-
dent on the distance of its attachment points from the
center of rotation, mechanical advantage is also depen-
dent on skeletal posture and the center of rotation
(Biewener, 1989; Herzog and Read, 1993; Loren et al.,
1996; Gonzalez et al., 1997; Kargo and Rome, 2002;
Iriarte-Diaz et al., 2017). Additionally, because organ-
isms adopt different postures for different behaviors,
e.g., human walking vs running, a given muscle’s
mechanical advantage can be dynamic not only within
behaviors but among them as well (Biewener et al.,
2004), which may contribute to changes in muscle func-
tion with changes in gait (Gregor et al., 1988; Arnold
et al., 2013). Dynamic models of a variety of vertebrates

have been useful in understanding how joint moments
vary due to both moment arm length and fiber length
(Kargo and Rome, 2002; Hutchinson et al., 2005; Hutch-
inson et al., 2015; Charles et al., 2016a,b) and highlight
how 3D approaches are necessary for measuring joint
moments accurately when movements are complex, as in
linkage systems (Olsen and Westneat, 2016). Interac-
tions among moment arm length, muscle length, and
posture may be particularly important when considering
the function of biarticular muscles.

However, a fundamental assumption in these in silico
models is the location of the joint axis of rotation, which
affects the length of a muscle’s moment arm and there-
fore how much a muscle strains during a given behavior.
In the feeding systems of many mammalian species the
mandibular condyle translates anteroposterior during
jaw opening and closing, meaning that the axis of rota-
tion is located inferior to the temporomandibular joint
(Wall, 1999; Keefe et al., 2008; Terhune et al., 2011; Ross
et al., 2012; Menegaz et al., 2015). Translation of the
mandibular condyle during jaw opening and closing
ameliorates the force-length tradeoff in the highly pen-
nate masseter muscle by taking advantage of the longer
fibered temporalis (Weijs et al., 1989; Iriarte-Diaz et al.,
2017). In light of these in vivo data, accounting for the
active (i.e., myofibrils) and passive (e.g., connective tis-
sues) contributions to the location of the center of rota-
tion is important to the accuracy of both moment arm
and fiber length computations in silico.

As mentioned previously, specialization of synergists
can facilitate the production of consistent force over a
wide range of motions or velocities while decreasing
overall muscle mass. In the case of the mandibular axis
of rotation, joint kinematics allow the muscles of masti-
cation to optimize force production within the con-
straints of their length-tension curves (Iriarte-Diaz
et al., 2017). However, counterintuitive to the term
“synergist”, high performance in one synergist may come
at the expense of performance in the other. For example,
the short, highly pennate, and predominantly slow-
twitch fibers of the human soleus suggest that this mus-
cle functions optimally at lower velocities, whereas the
heads of the gastrocnemius have longer, less pennate,
and more fast-twitch fibers (Edgerton et al., 1975; Ward
et al., 2009a). The shortening velocity of soleus fibers
during high-speed behaviors can exceed that of the max-
imum velocity of slow twitch fibers, thus rendering the
soleus mechanically sub-optimal or even incompetent at
high speeds (Wakeling et al., 2006). Although early stud-
ies are promising, it is unclear whether accuracy of in
silico models is improved by incorporating fiber type,
which warrants further investigation (Lee et al., 2013;
Dick et al., 2017).

Morphological and functional heterogeneity can also
be found within muscles in the form of variable activa-
tion patterns, fiber lengths, pennation, and fiber types.
Muscles with simple morphology can thus be function-
ally subdivided to achieve more complex movements
(Aiello et al., 2014). In muscles with regional disparity
in fiber-type distribution, the orderly recruitment of
smaller, slow-twitch fibers prior to larger, fast-twitch
fibers in both locomotor and feeding musculature (Hen-
neman et al., 1965; Milner-Brown et al., 1973; Goldberg
and Derfler, 1977; Yemm, 1977; Clark et al., 1978; Men-
dell, 2005; Ross et al., 2007, 2010) probably results in
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portions of muscles with different lengths, maximum
velocities, forces, and moment arm lengths becoming
active prior to others (Higham and Biewener, 2011). As
mentioned previously, high velocities produced by fast
fibers may subsequently render the slow fibers mechani-
cally incompetent at high activation levels, thus reduc-
ing force and power further beyond the losses incurred
assuming a homogeneous force-velocity relationship.
Higham and Biewener (2011) offer a testable hypothesis
that more homogenous muscles are more specialized in
function while more heterogeneous muscles function
similarly to specialized synergists by improving both
motor control over a joint and mechanical performance
over a wider range of postures and behaviors. Overall,
morphological heterogeneity raises important questions
about the definition of a muscle from a functional per-
spective and whether the central nervous system con-
trols different sections of a muscle independently or if
peripheral specialization simplifies motor control while
increasing functional complexity (Zatsiorsky and Prilut-
sky, 2012).

Capturing Muscle Kinematics and Kinetics

To determine how the various morphological and
physiological parameters of musculoskeletal performance
interact, one needs to relate muscle fiber activity to
three-dimensional kinematics and kinetics of fibers (ide-
ally from multiple regions of the same muscle), whole
muscle-tendon units, and the skeleton (German et al.,
2011). All of these kinematic variables can be measured
simultaneously using the high-resolution methods dis-
cussed below. However, accurate measures and predic-
tions of in vivo fiber and muscle kinetics remain elusive
for certain kinds of muscles. Although the kinetics of
muscles with long tendons can be obtained using buckle
tendon force transducers (Barnes and Pinder, 1974;
Biewener, 1992), fiber optic sensors (Finni et al., 1998),
or tendon strain measurements (Dick et al., 2016), such
methods cannot be applied to muscles with short or
internal tendons. Strain gauges implanted on bone or
near sites of bone attachment have been used to study
the force production of muscles with short or no external
tendons, such as the primate jaw elevators (Hylander,
1986; Hylander et al., 1987, Hylander and Johnson,
1989; Hylander and Johnson, 1993), avian pectoralis
(Biewener et al., 1998; Soman et al., 2005), and testu-
dine hindlimb musculature (Aiello et al., 2013). However,
strain gauges cannot measure an individual muscle’s
force in isolation because their measurements are
affected by activity in other muscles that attach to the
same bone as well as joint and bite reaction forces. A
recently developed probe capable of measuring thou-
sands of sarcomeres in vivo (Young et al., 2017) offers a
promising alternative to mechanical transducers and
may help resolve the problems of modeling single muscle
force from sarcomere length during non-isometric and
submaximal activity. However, multiple such probes will
be necessary given that fiber and sarcomere strain are
heterogeneous throughout the muscle (Ahn et al., 2003;
Konow et al., 2010; Wentzel et al., 2011; Holman et al.,
2012; Moo et al., 2016; O’Connor et al., 2016).

Muscle kinetics are frequently integrated with syn-
chronized recordings of skeletal kinematics from high-
speed cameras and kinetics from implants or external

sensors. Systems such as Vicon (Vicon Motion Systems,
Oxford UK) permit the study of rigid body kinematics,
joint kinematics, instantaneous axis of rotation (which
influences dynamic torque), and whole muscle length
change (Reed and Ross, 2010; Ross et al., 2012; Ross and
Iriarte-Diaz, 2014; Takahashi et al., 2017; Iriarte-Diaz
et al., 2017). Although light-based motion capture tech-
nology can generate large data sets of multiple skeletal
segments and allow assessment of the distribution of
kinematic variance across species, individuals, and
behaviors (Iriarte-Diaz et al., 2012; Ross et al., 2012;
Iriarte-Diaz et al., 2017), it cannot provide data on inter-
nal kinematics of soft tissues such as individual fibers or
structures obscured by skin (e.g., oropharyngeal struc-
tures). To measure these obscured-yet-essential kinemat-
ics, light-based motion capture must be combined with
additional methods, such as sonomicrometry (e.g., Rob-
erts et al., 1997; Biewener et al., 1998; Konow et al.,
2012), ultrasound (e.g., Dick et al., 2016; Dick et al.,
2017), or, the focus of this paper, biplanar x-ray imaging.

New Approaches to Functional Morphology and
Biomechanics

In the last decade two technologies have been devel-
oped that hold particular promise for advancing integra-
tive studies in functional morphology of musculoskeletal
systems: diffusible iodine-based contrast-enhanced com-
puted tomography (diceCT) (Metscher, 2009; Gignac
et al., 2016) and X-ray Reconstruction of Moving Mor-
phology (XROMM) (Brainerd et al., 2010).

DiceCT and other non-iodine staining methods enable
morphological measurements of soft-tissue morphology
using non-destructive methods and with unprecedented
spatial resolution. Not only does diceCT have the poten-
tial to improve our ability to measure musculo-tendon
morphology, but it also enables data collection from
museum specimens that were previously inaccessible to
destructive techniques. Applications of diceCT and other
staining methods include the digital dissection of
muscles too small or complex for traditional dissection
(Metscher, 2009; Jeffery et al., 2011; Holliday et al.,
2013; Porro and Richards, 2017), determining muscle
orientation in models of bite force (Gignac and Erickson,
2017; Sellers et al., 2017), reconstructing three-
dimensional muscle architecture (Kupczik et al., 2015;
Dickinson et al., 2018), and improving the accuracy of
inverse dynamic modeling of joint moments (Charles
et al., 2016a,b). One of diceCT’s key strengths in muscle
functional morphology is its potential to measure muscle
architecture in situ, which may generate more accurate
measures of joint moment if architecture varies along
the length of the muscle’s attachment site. Meanwhile,
methods of digitally determining muscle architecture are
promising and continue to improve (Kupczik et al., 2015;
Dickinson et al., 2018).

X-ray Reconstruction of Moving Morphology
(XROMM, Brainerd et al., 2010) and its corollary fluoro-
micrometry (FMM, Camp et al., 2016) capture internal
musculoskeletal kinematics with high spatiotemporal
resolution and can be integrated with workflows to esti-
mate force output by individual muscles. XROMM mea-
sures the 3D rotation and translation of rigid tissues
such as bone whereas FMM measures the 3D deforma-
tion of soft tissues. Studies using XROMM and FMM
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have made significant progress in the field of muscle
functional morphology, demonstrating that suction feed-
ing in largemouth bass is powered primarily by axial
rather than cranial musculature (Camp and Brainerd,
2014; Camp et al., 2015; Camp and Brainerd, 2015), the
length-tension curve constrains the performance of
structures that lack joints and the benefits of mechani-
cal advantage, as in carp pharyngeal jaws (Gidmark
et al., 2013), and tendon elasticity decouples fiber and
joint kinematics to power frog hopping through a
catapult-like mechanism (Astley and Roberts, 2012; Ast-
ley and Roberts, 2014).

Combining diceCT, XROMM, and EMG

Together, diceCT and XROMM promise to increase the
depth of knowledge about musculoskeletal design in
unprecedented ways. Given the many determinants of
function discussed above, methods that discern how indi-
vidual fibers and muscles each contribute to a given
movement are necessary to fully understand how
muscles function with the skeleton to produce force and
movement. The remainder of this article describes how
incorporation of diceCT into the XROMM workflow can
enhance the study of muscle kinematics, particularly in
musculoskeletal systems that are difficult to access for
surgical implantation of muscle markers.

Previous studies have integrated XROMM and kinetic
or EMG measurements in a limited number of muscles
to relate muscle behavior to skeletal outputs by implant-
ing individual muscles with tantalum beads or by recon-
structing their attachments on bone from osteological
landmarks (Astley and Roberts, 2012; Gidmark et al.,
2013; Camp et al., 2015; Konow et al., 2015). We demon-
strate how diceCT can be incorporated into XROMM and
EMG workflows to study over a dozen muscles, many of
which are difficult to access surgically for FMM. More-
over, because in silico studies have demonstrated that
measures of joint moment are sensitive to the accuracy
of muscle attachment site location (Hutchinson et al.,
2015; Charles et al., 2016b), we demonstrate the sensi-
tivity of XROMM-based muscle kinematics to variation
in attachment site location. We also demonstrate that
these methods are precise enough to measure in vivo
muscle fiber linear and angular velocity in our model
system, the hyolingual apparatus of the rhesus macaque
(Macaca mulatta).

The benefits of integrating XROMM, diceCT, and
EMG are especially salient for investigations of verte-
brate feeding systems. Jaw and hyolingual musculature
are redundant, have variable architecture and, in many
species, execute their functional promiscuity within the
limited space sampled by the capture volume of
XROMM. Moreover, the complex, three-dimensional ori-
entations of feeding system muscles, as well as the
three-dimensional movements and shape changes of the
hyolingual apparatus (Kier and Smith, 1985; Pearson
et al., 2011; German et al., 2011) are obscured by the tis-
sues of the head and neck. Therefore, skeletal, lingual,
and muscle kinematics can currently only be studied
simultaneously and with high spatiotemporal resolution
using these radiography-based techniques, which have
been successfully applied to feeding in several vertebrate
species (Gidmark et al., 2013; Camp and Brainerd 2014;
Gidmark et al., 2014; Camp and Brainerd 2015; Camp

et al., 2015; Gidmark et al., 2015; Menegaz et al., 2015).
Thus, the field of vertebrate feeding functional morphol-
ogy stands to reap significant benefits from XROMM,
FMM, diceCT, EMG, and their integration.

The data presented here were collected as part of an
on ongoing research program to develop a nonhuman
primate model of human swallowing biomechanics
(Nakamura et al., 2017). Previous studies have mea-
sured hyolingual kinematics (Franks et al., 1984; Ger-
man et al., 1989; Hiiemae et al., 1995; Steele and Van
Lieshout, 2008; Matsuo and Palmer, 2010; Nakamura
et al., 2017), individual muscle activity (Inokuchi et al.,
2014, 2016), muscle length (Okada et al., 2013; Feng
et al., 2015), and simultaneous skeletal kinematics and
EMG (Palmer et al., 1992; Park et al., 2017), but this is
the first study to integrate EMG with in vivo 3D mea-
sures of both hyolingual kinematics and muscle length,
orientation, and velocity. Specifically, this article demon-
strates how integration of these techniques can be used
to evaluate the mechanisms underlying hyoid elevation
during chewing and swallowing (Fig. 1). Mylohyoid
(especially the posterior mylohyoid, which inserts into
the hyoid itself), anterior and posterior digastrics, and
stylohyoid are hypothesized to be key elevators of the
hyoid (Pearson et al., 2011). Although usually thought of
as a tongue retractor or depressor in humans (Pearson
et al., 2016; Standring, 2016), the hyoglossus in maca-
ques (and humans) is also somewhat superiorly oriented
and could also elevate the hyoid (Matsuo and Palmer,
2010). The set of muscles potentially involved in hyoid
elevation have variable architecture, including bipennate
(posterior digastric), unipennate (anterior digastric), and
parallel-fibered (mylohyoid, stylohyoid, and hyoglossus);
therefore, hyoid elevation serves as a useful example of
how these methods can be used to examine behavior and
function among muscles with different morphologies.

METHODS

Marker-based XROMM involves two data collection
workflows (Brainerd et al., 2010); integration of XROMM
with diceCT adds a third (Fig. 2).

Animal Subjects

Data from two adult rhesus macaques (Macaca
mulatta, one male, one female) were used to develop
these methods. These two animals had previously been
used in neurophysiological experiments involving neural
array implantation in limb areas of somatosensory cor-
tex, parietal cortex, and premotor cortex not obviously
related to hyolingual function.

The methods described were a part of an IACUC-
approved protocol at the University of Chicago. The ani-
mals were housed at an on-campus, AAALAC-accredited
animal facility attended to daily by veterinary and hus-
bandry staff. The animals were trained to feed while sit-
ting in an XROMM-compatible, acrylic primate chair.
The animals were trained to be transferred to and from
their cages by a pole-and-collar system.

On non-training days, animals were fed monkey bis-
cuits and given daily enrichment along with ad libitum
access to water. On training days, the animals were
sometimes food and water delayed until after data collec-
tion to encourage them to eat during the session.
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Fig. 1. Select macaque hyolingual muscles. (A) Lateral view of cranium, mandible (transparent), basihyoid, and select hyolingual muscles in

Monkey J. The kinematics of these muscles were reconstructed using a combination of XROMM and FMM. (B) Same view as A, showing only

the muscles that are hypothesized to produce hyoid elevation. Abbreviations (color): ad, anterior digastric (yellow); bh, basihyoid (tan); gg, genio-

glossus (dark gray); gh, geniohyoid (blue); hg, hyoglossus (light blue); mh, mylohyoid (red); pd, posterior digastric (purple); pg, palatoglossus

(pink); sg, styloglossus (green); sh, stylohyoid (orange); to, tongue (light gray).
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Surgical Implantation

We developed a surgical approach to implant 1.0 mm
tantalum markers in the primate cranium, mandible,
hyoid body, and orofacial soft tissues that builds on that
described by previous XROMM studies of the mamma-
lian feeding system (Brainerd et al., 2010, Menegaz
et al., 2015), and developed methods for implanting elec-
tromyographic (EMG) fine-wire electrodes in hyolingual
muscles for chronic recordings (up to seven months).

Tantalum beads were inserted into the cranium and
mandible by making an incision in the skin, clearing
away a small area of periosteum, and drilling a 1–2 mm
deep hole into the bone with a hand drill and a 1.0 mm
drill bit, and then press-fitting a tantalum bead into the
hole. Tantalum beads were inserted into the hyoid by
locating two exposed portions of bone at the inferior pole
of the hyoid body and inserting markers in a similar
manner as in the cranium and mandible. A third marker
was placed in the midline of the hyoid body after divid-
ing the mylohyoid raphe and gently blunt dissecting the
fibers of geniohyoid to visualize the midline of the bone.
A marker was then inserted as stated above. Following
marker insertion, the cut ends of the mylohyoid raphe
were sutured back together using 4-0 absorbable suture.
Markers were inserted into soft tissues using a 16-gauge
angiocatheter in the following manner: a needle intro-
duced the catheter, the needle was withdrawn, a marker
was placed into the catheter, a spinal needle stylus was
used to hold the marker in the tissue as the catheter
was removed by drawing it backwards over the stylus,

and finally the stylus was removed while applying pres-
sure to the insertion site. If necessary to achieve hemo-
stasis, or to prevent the marker from falling out, the
incision was sutured closed using 4-0 Vicryl suture.

For electromyography, we implanted insulated,
medical-grade stranded stainless steel fine-wire electro-
des (Cooner Wire, Chatsworth CA). A 27-pin connector
(Omnetics Connector Corporation, Minneapolis MN) was
housed in a custom-built, percutaneous, titanium hous-
ing that was rigidly fixed to the cranium using bone
screws. The EMG connector allowed for recording from
13 muscles using four differential amplifiers (Model
1700, AM Systems, Sequim WA), and the 27th wire
remained implanted under the skin as a ground wire.
The wires were tunneled subcutaneously to the subman-
dibular area and 1–2 mm of insulation was stripped.
Electrodes were implanted into the muscle using an 18-
or 20-gauge needle and were stimulated through the
connector intraoperatively to confirm their location (sin-
gle stimulation, train rate51 Hz, train duration5 300
ms, stim rate5250 pulses per second, delay5 0.01 ms,
duration5 0.2 ms, voltage55–10 V, Grass S48 Stimula-
tor, AstroNova, Inc., West Warwick RI).

The animals were given intramuscular buprenorphine
for two days and cephalosporin antibiotics for five to
seven days following the surgery. We waited two weeks
prior to collecting data to allow healing and the forma-
tion of scar tissue around the markers that fixes them in
place relative to the surrounding tissue.

These procedures have been replicated six times and,
by fluoroscopically observing the animals swallowing
contrast-enhanced liquids mixed with fruit juice
(240 mg/ml iohexol and 60% w/v barium sulfate), we
were able to find no evidence of chronic swallowing
pathology as a result of these procedures.

In Vivo Data Collection and Sacrifice

Kinematic and precision data presented here were
collected in the University of Chicago’s XROMM
Facility (https://xromm.uchicago.edu/). This custom-designed
facility features the high speed biplanar videofluoroscopy
equipment necessary for XROMM and FMM (Brainerd
et al., 2010, Camp et al., 2016), differential amplifiers for
EMG (AM Systems Model 1700) and a video processing
unit (XCitex ProCapture VPU) that synchronizes the two
data sources. Prior to data collection, the capture volume
was spatially calibrated using undistortion grids and a cali-
bration cube (Brainerd et al., 2010). The monkeys were
trained to eat a variety of foods, including the red grapes
with skin reported here, presented to them using tongs
while they were seated in a primate chair situated in the
XROMM capture volume. X-ray video data were collected
at 90–100 kVp, 10–16 mA, 200 Hz, and with a 2,000–
4,000 ms shutter speed, balancing the need to minimize
motion blur, data size, X-ray tube heat, and animal X-ray
exposure. The EMG signals presented here for Monkey J
were collected at 2,000 Hz, amplified 100–10,0003, and
filtered (60 Hz notch, 100–1,000 Hz bandpass).

Following a separate terminal experiment, the ani-
mals were perfused under deep anesthesia with 0.5 to
1.0 L of saline plus heparin sodium (10 IU/mL) followed
by 1.0 to 2.0 L 10% formalin solution, infused under
pressure through the left ventricular cannula, and sacri-
ficed via exsanguination.

Fig. 2. XROMM-diceCT workflow. The described method integrates

XROMM (Brainerd et al., 2010) and diceCT (Gignac et al., 2016) work-

flows to determine the relationships among muscle, bone, and

implanted markers. Figure modified from Brainerd et al., 2010.
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Generating XROMM Bone Models

After sacrifice, the head and neck were placed in a
20 L bath of 10% formalin solution for at least seven
days to fix the tissue. The stained and unstained car-
casses were scanned in the PaleoCT at the University of
Chicago, a General Electric Phoenix v|tome|x Microfo-
cus CT (microCT) scanner. Scanning parameters for
unstained and stained specimens can be found in Table
1. For each animal, tantalum markers and bone models
were segmented to create polygonal mesh models using
Amira 5.5.0 (FEI Company, Hillsboro OR) hosted on a
visualization node of the Research Computing Center at
the University of Chicago. Minimally smoothed outputs
from Amira were used when locating landmarks for
kinematic measurements. To generate the figures pre-
sented here, a shell was created using 3-matic Research
v10.0 (Materialise, Leuven, Belgium). The shells were
subsequently smoothed and metal implants and artifacts
were removed using Autodesk ReMake 2016 (Autodesk,
San Rafael CA).

DiceCT

After the precision experiment discussed below, the
carcasses were placed in a 5 liter 20% weight/volume
sucrose solution prewash to minimize tissue shrinkage
during staining (Morhardt et al., 2016). Following the
prewash the carcasses were placed in either a two liter
(Monkey K) or three liter (Monkey J) 1.25% I2/2.50% KI
solution made by diluting a 5% I2/10% KI stock solution
with deionized water. Short (five to ten minute) microCT
scans were conducted every two to four weeks to evalu-
ate staining progress. After at least two weeks in 1.25%
I2/2.50% KI solution, the carcasses were transferred to a
2% I2/4% KI solution that was replenished every two to
four weeks until staining of the center of the specimen
was observed on the interval CT scans. After the iodine
penetrated to the center of the specimen, the carcasses
were placed in a deionized water bath for 2–4 days to
even the contrast throughout the specimen before the
final microCT scan.

Segmentation and Registration

The diceCT data set was segmented using Amira
5.5.0. When segmenting, fascicles were defined as the
high-density material (muscle fibers and endomysium)
surrounded by lower density material (perimysium).
Low-density tissues below a minimum gray-scale value
threshold were excluded from the segmented volume.

Because voxel width approximated the reported diame-
ter of macaque styloglossus fibers (37.0–64.5 mm versus
ca. 40–90 mm, respectively), no distinction could be made
between fibers or between fibers and endomysium
(Sokoloff et al., 2007). For the geniohyoid and posterior
mylohyoid, the fascicles immediately adjacent to the
bare ends of the EMG electrodes were segmented. For
stylohyoid, palatoglossus, and the posterior digastric, the
entire muscle was segmented. For hyoglossus, genioglos-
sus, styloglossus, and anterior digastric, only the fas-
cicles containing or most closely related to an implanted
marker were segmented. Additionally, the tantalum
markers in the cranium, mandible, and hyoid were seg-
mented for registration with the unstained bone model
dataset.

When transforming the muscle models into the bone
model coordinate systems, models of each bone’s tanta-
lum markers from each data set were registered using
the AffineRegistration function in Amira. The unstained
CT data set was set as the “Reference” and the stained
CT data set was set as the “Model”. The transformation
matrix used to align the stained CT model with the
unstained CT model was then applied to the stained CT
muscle models, and the transformed muscle models were
exported as .obj files. Because tissue deformation during
iodine staining moved the hyoid and mandible relative
to the cranium (Fig. 3), separate models were made
using bone-specific transformation matrices. Specifically,
two models were generated for the posterior mylohyoid,
geniohyoid, and stylohyoid. One model in the coordinate
system of the bony attachment was created for each of
the following muscles: styloglossus, hyoglossus, genio-
glossus, and anterior and posterior digastrics.

Tissue shrinkage has been observed in muscle follow-
ing iodine staining (Vickerton et al., 2013) but to our
knowledge the effects on bone morphology have not been
quantified. The registered marker models were also
exported as .obj files and imported into Autodesk Maya
2016 (Autodesk, San Rafael CA). The vAvg function of
XROMM Maya Tools v2.1.8 was used to calculate their
centroids. To quantify the error introduced by both skel-
etal tissue shrinkage and using either cranial or bone-
specific registrations for muscle models, the mean inter-
marker distance between homologous markers was cal-
culated for each bone (Table 2).

Defining Muscle Attachment Sites

After creating registered muscle models, the models
were imported into Autodesk Maya to determine the loca-
tion of the fascicles’ attachments on the bones (Fig. 4).

TABLE 1. lCT scan parameters

Parameter
Monkey K
(unstained)

Monkey K
(diceCT)

Monkey J
(unstained)

Monkey J
(diceCT)

kVp 200 200 205 215
mA 400 185 200 300
Exposure time (ms) 500 1,000 250 500
Skipped exposures 1 1 1 1
Exposures averaged per image 3 3 3 3
Images per scan 2,000 2,000 2,000 2,000
Voxel width (lm)a 90.517 37.000 91.082 64.506
Filter (size and element) none 0.5 mm Sn 0.5 mm Cu 0.5 mm Sn

aAll three voxel dimensions were equal.
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The vertices on the bone surrounding the muscle at its
attachment point were selected. Some muscle fascicles did
not directly insert into bone (e.g., if a fascicle inserted into
a tendon that contrasts poorly with the surrounding tis-
sue), which prompted the development of a method to
determine the attachment point of these muscles. Auto-
desk Maya’s modeling capabilities were used to create
cylindrical polygons to bridge the gap. These cylinders
were manually adjusted to have the approximately same
diameter and orientation as the terminal end of the fasci-
cle and extended to the bone where the connective tissue
was assumed to attach. After creating a ring of identified
vertices around the fascicle attachment site, the vAvg
function of the XROMM Maya Tools was used to calculate
the XYZ location of the attachment site centroid. For
muscles that attach to bone a separate muscle model for

each attachment site was generated using bone-specific
transformation matrices.

Styloglossus required specialized reconstruction because
it inserts into soft tissue (the stylomandibular ligament)
and not directly to the rigid cranium. The attachment
sites of the ligament at the styloid area and mandible
were segmented and ligament length was defined as the
Euclidean distance between the two. A cylindrical polygon
was used to simulate the stylomandibular ligament and
another cylinder bridged the gap between the segmented
styloglossus fascicles and the ligament. To define the sty-
loglossus attachment site, an XYZ locator was manually
placed at the intersection between the reconstructed liga-
ment and the gap-filling cylinder. The distance from the
reconstructed attachment site to the styloid process was
normalized by ligament length to create a ratio defining
how far along the stylomandibular ligament the styloglos-
sus inserted. The ligament was reconstructed as a vector
with the tail at the styloid process and the head at the
mandibular ligament. The instantaneous styloglossus
attachment location was reconstructed as the XYZ coordi-
nate of the head of the dot product of the stylomandibular
ligament vector and the above ratio. This method assumes
that strain is homogenous throughout the ligament and
that the ligament neither curves around other structures
or buckles.

All muscle measurements in this study were taken
from the right side, except for palatoglossus because the
markers in the right palatoglossus were extruded during
healing.

TABLE 2. Precision study and in vivo intermarker
distance standard deviations

Bone

Intermarker distance SD (cm)

Monkey K Monkey J

Precision
study In vivo

Precision
study In vivo

Cranium 0.007 0.007 0.004 0.008
Mandible 0.010 0.006 0.003 0.005
Hyoid 0.005 0.010 0.003 0.049

Fig. 3. Data set registration. Maya rendering of macaque cranium, mandible (translucent), basihyoid, and registered markers from the diceCT

scan in anterolateral view. Registering by using the transformation matrix for the cranial markers for all bones instead of bone-specific transfor-

mation matrices introduces additional error. Markers from the original scan are not shown because they nearly completely overlap markers in

lighter shades (Table 1).
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Fig. 4. Reconstructed muscle fascicles and attachment sites. (A) Rendered posterior view of the mandible, basihyoid, and mylohyoid fascicle.

The inset focuses on the mylohyoid’s mandibular attachment site in Maya’s “vertex” mode. The model’s vertices are shown in purple, and the

vertices surrounding the mylohyoid’s attachment on the mandible have been selected (yellow) for calculation of the attachment site. Vertices are

enhanced in size. (B) Styloglossus (green) and mylohyoid (red) reconstructions (see Methods and Materials for details about reconstructions).

(C) Geniohyoid reconstruction, demonstrating that the electrodes were more widely spaced in this muscle. Gold circles indicate where electrodes

insert into the fascicles. The fascicles immediately surrounding the bare end of each electrode were segmented and modeled, and geniohyoid

measurements were taken as the average of the results for the two groups of fascicles. Colored spheres are reconstructed attachment points,

except for the anterior green sphere which was a digitized tantalum marker implanted in the styloglossus. Scale bar is for insets of B and C.

DYNAMIC FUNCTIONAL MORPHOLOGY 389



Digitizing

The biplanar X-ray videos were saved as .avi files for
storage and converted to .tiff stacks locally for digitization
using ImageJ v1.51a (National Institutes of Health,
Bethesda MD). All videos were undistorted, calibrated,
and digitized using XMALab v1.4.0 (Kn€orlein et al.,
2016), which generates both the XYZ coordinates of indi-
vidual markers and rigid body transformations for
markers assigned to the same bone. The XYZ coordinates
and transformation matrices were filtered at 20 Hz after
visually confirming in XMALab’s built-in plotting features
that this frequency did not over-smooth the data.

Defining Coordinate Systems

Two coordinate systems were created, one fixed to the
cranium and another fixed to the mandible. The cranial
coordinate system was aligned such that the XZ plane
was parallel to the occlusal surface of the maxillary
tooth row (positive X5anterior, positive Y5dorsal, posi-
tive Z5 right, after Menegaz et al., 2015) and the origin
was set on the posterior nasal spine. The mandibular
coordinate system was also aligned such that the XZ
plane was parallel to the occlusal surface of the mandib-
ular molars and the origin was set halfway between the
mandibular condyles.

These coordinate systems can be created manually
using the XROMM Maya Tools shelf (Brainerd et al.,
2010) or computationally using the XYZ coordinates of
the landmarks on the bones; this study used the latter
method using custom-written scripts in R (R Core Team,
2017). When computationally creating coordinate systems,
the maxillary and mandibular molar tooth cusps, the pos-
terior nasal spine, and the medial-most aspect of the
mandibular condyles were digitized using the vAvg func-
tion of the XROMM Maya Tools. In these macaques, the
four cusps (hypocone, metacone, paracone, and protocone)
on the three maxillary molars (M1, M2, M3) were used,
and the four cusps (hypoconid, metaconid, entoconid, pro-
toconid) on the three mandibular molars (m1, m2, m3)
were used, in addition to the hypoconulid on the m3.

The in vivo movements of these landmarks in 3D space
were reconstructed by applying rigid body transformation
matrices exported from XMALab to the XYZ coordinates
of the cusp landmarks to every frame. Two datasets were
then created by subtracting the XYZ coordinates of the
cranial and mandibular origin from the XYZ coordinates
of the tooth cusps. The prcomp function of the stats pack-
age in R (R Core Team, 2017) was used to run a principle
components analysis (PCA) on the location of the tooth
cusps that returns a rotation matrix to align the cusps
along their principle axes of variation. The first, second,
and third eigenvectors define anteroposterior, mediolat-
eral, and superoinferior, respectively, as confirmed by plot-
ting and visually inspecting the transformed data. The
rotation matrix generated by the PCA was then applied to
all of the markers in the cranial and mandibular data-
sets—including the originally tracked tantalum markers
as well as the reconstructed bone, tooth, and muscle land-
marks—to create datasets describing marker location rela-
tive to the cranium and the mandible. Each dataset was
then imported into Maya and animated to visually confirm
that no mathematical errors had occurred.

Mandibular tooth cusps were used to calculate mandib-
ular pitch (Z-axis rotation, mandible elevation and
depression), yaw (Y-axis rotation, mandible transverse
movement), and roll (X-axis rotation, mandible roll). The
positions of the mandibular tooth cusps were first calcu-
lated within a cranial coordinate system, which was
established by the plane of the maxillary tooth cusps.
Because the principal components of the maxillary and
mandibular tooth cusps are in the same anatomical direc-
tions, a rotation matrix that reorients the mandibular
tooth cusps within a cranial coordinate system along their
principal components also aligns them with the maxillary
tooth cusps. The prcomp function of the R stats package
was applied to these coordinates in each frame and the
loading matrix was converted to Euler angles and a
method described by Slabaugh (1999) and a modified ver-
sion of the rotationMatrixtoEP function of the linkR pack-
age in R (v1.1.1, Olsen, 2016; Olsen and Westneat, 2016).

Reconstructing Hyoid Rigid Body Kinematics

Hyoid anteroposterior and superoinferior positions
were measured as the value of the X and Y coordinate,
respectively, of the tantalum marker implanted in the
midline of the hyoid. Velocity in either direction was
measured as the marker coordinate’s time derivative
using the splinefun function of the R stats package (R
Core Team, 2017).

Measuring the length of muscles attaching to the hyoid
required reconstructing hyoid rigid body kinematics.
Operating under the assumption that the markers are
rigidly fixed to that bone, the XMALab algorithm that
produces the rigid body transformation matrices mini-
mizes error among all markers within the same bone
(Kn€orlein et al., 2016). However, the assumption of rigid-
ity was violated in the hyoid of each animal because
inter-marker distances were observed to vary regularly
during feeding. Examining each animal post mortem
revealed that markers had been extruded a small dis-
tance from the bone during healing. The standard devia-
tion of in vivo hyoid inter-marker distances in Monkey K
was comparable to that of the precision study; however,
the same in vivo measurement in Monkey J was more
than an order of magnitude larger than that of precision
study (Table 2). Consequently, the reconstructed hyoid for
Monkey J was observed to be abnormally rotated around
its anteroposterior axis in the in vivo XROMM data. This
finding prompted the development of an alternative
method of generating a transformation matrix. Because
the middle hyoid marker was either within (Monkey J) or
immediately adjacent (Monkey K) to the hyoid bone, new
rigid body transformation matrices were generated using
the rotonto function of the Morpho package in R (v2.5.1,
Schlager, 2017) that generated zero error for the middle
hyoid marker and minimized error for the other two
markers. The alternative reconstruction resolved the
abnormal rotation about the anteroposterior axis.

Reconstruction of Muscle Length and
Orientation

Muscle length (d) was defined as the Euclidean dis-
tance between muscle attachment points, either from
bone-to-bone (posterior mylohyoid, geniohyoid, stylo-
hyoid), reconstructed attachment-to-marker (styloglossus),
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bone-to-marker (genioglossus, hyoglossus, anterior digas-
tric, posterior digastric), or marker-to-marker (palatoglos-
sus). Anterior mylohyoid length was not measured in this
study. Muscle orientation was defined in each coordinate
system by modeling the muscle as a vector of length d
(E1).

d5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x22 x1ð Þ21 y22 y1ð Þ21 z22 z1ð Þ2
q

(E1)

This method is limited in its ability to measure fascicle
length in all muscles. The fascicles of genioglossus insert
into a tendon at the mandibular symphysis and there-
fore whole muscle length was measured. The fibers of
the anterior digastric are unipennate, permitting recon-
struction of fiber length; however, the posterior belly is
bipennate and only whole muscle belly lengths were cal-
culated. Moreover, the accuracy of this method may suf-
fer in muscles that exhibit curvature post mortem,
including mylohyoid, styloglossus, and hyoglossus.

Muscle orientation was expressed using the relative
magnitudes of the anteroposterior (̂i), superoinferior (̂j),
and mediolateral (k̂) components of the vector within
each coordinate system.

î5 x22x1 (E2)

ĵ5 y22y1 (E3)

k̂5 z22z1 (E4)

The origin and insertion were ordered so that positive
values were oriented anteriorly, superiorly, and right at
rest to reflect the signs of the coordinate systems. Mus-
cle angles were calculated in the coronal (ZY), sagittal
(XY), and axial planes (XZ).

uaxial 5tan21 î

k̂
(E5)

ucoronal 5tan21 ĵ

k̂
(E6)

usagittal 5tan21 ĵ

î
(E7)

The orientation of lines of action for each plane are demon-
strated in Figure 5. In the axial plane, 0 degrees was right
and 90 degrees was anterior. In the coronal plane, 0 degrees
was right and 90 degrees was superior. In the sagittal plane,
0 degrees was anterior and 90 degrees was superior. Muscle
linear and angular velocity were calculated by taking the
first derivative of the data using the splinefun function of
the R stats package (R Core Team, 2017).

Precision Study

Precision experiments (following Menegaz et al., 2015)
were conducted prior to specimen staining to evaluate
whether the described methods are precise enough to mea-
sure in vivo muscle linear and angular displacement and
velocity. In brief, the frozen specimen was waved within the

capture volume while running each X-ray emitter at the
same voltage and current that was used in vivo and using
the same camera frame rate and shutter speed. Five hun-
dred frames were digitized to generate XYZ coordinates and
rigid body transformations using XMALab (Kn€orlein et al.,
2016). To characterize typical in vivo digitizing, markers
were digitized using a combination of manual and auto-
mated digitizing; the refinement functions of XMALab were
not used. The precision measurements were therefore more
conservative (less precise) than if more time were put into
digitizing. Muscle and tendon length, angle, velocity, and ori-
entation were reconstructed from data collected during the
precision study described above and the landmark-based def-
inition of the coordinate system. Because the specimens
were frozen and therefore the markers could not move rela-
tive to one another, three standard deviations of the various
post mortem kinematic measurements were used to define a
99.7% confidence interval for in vivomeasurements.

In Vivo Data Analysis

Muscle kinematics and strain were reconstructed from
in vivo data in one of the animals (Monkey J) to deter-
mine whether the workflow is precise enough to study lin-
ear and angular displacement and velocity in the primate
hyolingual apparatus. Swallow (N5 24) and chew
(N539) cycles defined from maximum gape to maximum
gape were included in the analysis. The swallows digitized
in this study were intercalated between chewing cycles—
although they do not come at the end of the sequence,
these types of swallows have been shown to be fundamen-
tally similar to human swallowing kinematics reported in
the literature (Nakamura et al., 2017). Gape cycle phases
(fast close, slow close, slow open, fast open) were deter-
mined by analyzing the acceleration of mandibular pitch
using a modified version of the method described by Reed
and Ross (2010) with the addition of an intercuspal phase
(Palmer et al., 1992; Hiiemae et al., 1995) (Fig. 6). This
intercuspal phase was defined by negative mandibular
pitch, which indicated that the plane defined by the man-
dibular molar cusps had either intersected or elevated
above that of the cranium. Chewing and swallowing in
the animal had a frequency of 2–3 Hz, and the coordinates
and rigid body transformations were low-pass filtered at
20 Hz using XMALab’s filtering functions.

Muscle length and velocity were normalized by
lengths observed in vivo by taking the average length
reconstructed from 30 to 50 frames (150–250 ms) while
structures of interest were not moving. Longer durations
were not possible because the animals either frequently
moved or were not still in postures that allowed digitiza-
tion of the necessary markers. For each cycle, the range
of each kinematic variable was calculated and the mean
range was compared against the precision study results.

Sensitivity Analysis

Posterior mylohyoid was found to exhibit a large in
vivo range of all of the measured kinematic variables
and was therefore used to investigate the extent to
which using inaccurate or imprecise muscle attachment
sites affects kinematic measurements. Four false attach-
ment points on the mandible’s surface were recon-
structed 3.37 to 4.11 mm anterior, inferior, posterior, and
superior to the actual attachment point (Fig. 7). The

DYNAMIC FUNCTIONAL MORPHOLOGY 391



Fig. 5. Muscle orientation in anatomical planes. (A) Sagittal plane, right view. On the crosshair, the anteroposterior axis is red and superoinfe-

rior axis is green. Anterior is set at 0 and superior is set at 90. (B) Coronal plane, posterior view. On the crosshair, the mediolateral axis is blue

and superoinferior axis is green. Right is set at 0 and superior is set at 90. (C) Axial plane, superior view. On the crosshair, the mediolateral axis

is blue and anteroposterior axis is red. Right is set at 0, anterior is set at 90. Each crosshair’s colored area indicates the posterior mylohyoid’s in

vivo range within a given plane in both cranial and mandibular coordinate systems. Abbreviations: ad, anterior digastric; gg, genioglossus; gh,

geniohyoid; hg, hyoglossus; mh, mylohyoid; pd, posterior digastric; pg, palatoglossus; sg, styloglossus; sh, stylohyoid.
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Fig. 6. Mandibular kinematics and gape cycle phases. Cycles are separated by black lines. Different colored gray boxes indicate different

phase cycles indicated in the first cycle (FC, fast close; SC, slow close; IP, intercuspal phase; SO, slow open; FO, fast open). Light blue lines

indicate mandible pitch, gray lines indicate mandible acceleration. Squares indicate the lowest acceleration prior to the intercuspal phase and

indicate the FC-SC transition. Circles indicate the lowest acceleration after the intercuspal phase and indicate the SO-FO transition. The inter-

cuspal phase is indicated on the pitch trace in red. Methods modified from Reed and Ross, 2010.

Fig. 7. Mylohyoid length using actual and estimated mandibular insertion points. (A) Mandible, basihyoid, and mylohyoid fascicle (gray) in pos-

terior view. The locations of the various attachment points are shown as colored spheres. The black sphere is the actual insertion location, while

the following colors have been displaced as follows: anteriorly, red; inferiorly, yellow; posteriorly, green; superiorly, blue. (B) Mylohyoid length dur-

ing a feeding sequence. The colored lines correspond to the same color attachment site in A. Both the absolute value and range of mylohyoid

length vary among the different attachment sites. (C) Error in the range of length measurements based on each false attachment location com-

pared to the measurements based on the actual attachment location. (D) Error in the range of velocity measurements based on each false

attachment location compared to the measurements based on the actual attachment location.
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range of each variable (Var) was obtained for each cycle
and was then averaged across all cycles for the true and
false attachment points. Percent error was calculated as:

Error5
VarTrue2VarFalse

VarTrue
3 100 (E8)

RESULTS

Accuracy and Precision

The average registration error of diceCT and
unstained CT data sets using bone-specific transforma-
tion matrices was 0.08 mm (Table 3). These results indi-
cate that the iodine staining protocol did not result in
significant bone shrinkage. In contrast, staining
deformed the soft tissues and moved the bones relative
to one another; as a result, applying the cranial registra-
tion transformation matrix to the mandible and the
hyoid introduced an average alignment error of
2.15 mm. Therefore, applying bone-specific transforma-
tion matrices is more accurate than applying a single
transformation matrix to all bones and muscle models.

All in vivo kinematic ranges were greater than the
precision of the system (6 3 SD), and most (80%) were
at least an order of magnitude greater (Tables 4 and 5).
The mean precision of absolute linear velocity, normal-
ized linear velocity, and angular velocity among all
muscles was 7.58 mm s21, 0.278 lengths s21, and 29.8
deg s21, respectively. Overall, the results indicate that
the precision of both displacement and velocity are suffi-
cient for kinematic analysis, but given the variability in
precision, measurement- and muscle-specific precision
values should be used.

Sensitivity Analysis

Relatively small inaccuracies in muscle attachment
location introduce significant error into most kinematic
measurements (Fig. 7, Table 6). Averaging across chew-
ing and swallowing cycles, measurements made from
false muscle attachment sites differed from those of the
actual attachment site by an average of 13.2% (range:
0.1% to 49.8%). Even if the range approximated the
actual measurements, the absolute value was nonethe-
less different, as in the case of the superiorly displaced
landmark and absolute length measurements.

Case Study of Hyoid Elevation

The described method was applied to the functional
morphology of the digastric, hyoglossus, posterior mylo-
hyoid, and stylohyoid muscles, and the mechanism of

TABLE 3. Registration error

Bone

Mean intermarker distance (mm)

Registered using
bone-specific matrix

Registered using
cranial matrix

Monkey J Monkey K Monkey J Monkey K

Cranium 0.07 0.07 -- --
Mandible 0.06 0.09 2.20 1.85
Hyoid 0.11 0.05 2.32 2.22
All Markers 0.08 0.07 2.26 2.03
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TABLE 5. Precision compared to in vivo range of muscle linear and angular velocity

Muscle

Muscle linear velocity Muscle angular velocity

Absolute (mm s-1)
Normalized

(Lr s
-1)

Coordinate
System

Sagittal (deg s21) Coronal (deg s21) Axial (deg s21)

Precision
(63 SD)

In vivo
range
(mean)

Precision
(63 SD)

In vivo
range
(mean)

Precision
(63 SD)

In vivo
range
(mean)

Precision
(63 SD)

In vivo
range
(mean)

Precision
(63 SD)

In vivo
range
(mean)

Anterior Digastric 5.30 102.25 0.220 4.246 Mandible 20.087 410.929 89.935 2,216.655 22.273 96.849
Digastric Tendon 6.81 31.52 0.377 1.744 Cranium 20.980 347.644 49.574 274.954 34.080 146.105
Genioglossus 5.92 241.16 0.299 12.176 Mandible 19.848 637.669 30.917 341.581 39.691 558.814
Geniohyoid 5.15 192.38 0.121 4.786 Mandible 10.367 294.361 95.921 7,223.758 10.024 72.920
Hyoglossus 7.80 295.60 0.148 5.621 Mandible 15.130 352.740 21.712 347.102 18.173 306.501
Mylohyoid 8.00 177.79 0.361 8.017 Mandible 16.080 729.132 22.369 381.114 18.571 783.111
Palatoglossus 6.32 108.89 0.559 9.632 Mandible 41.829 775.336 151.564 7,685.765 55.633 486.575
Posterior Digastric 12.04 66.05 0.292 1.600 Cranium 9.377 169.667 13.498 121.622 17.703 82.880
Styloglossus 7.08 183.59 0.185 4.803 Cranium 12.611 415.984 38.379 1,196.357 20.973 143.891
Stylohyoid 11.20 85.49 0.213 1.629 Cranium 13.258 251.978 9.219 125.986 17.720 150.956

TABLE 6. Mean range of mylohyoid kinematics measured using actual and displaced mandibular insertion points

Mean range of mylohyoid linear kinematics Mean range of mylohyoid rotational kinematics

Insertion
Location

Resting
Length
(mm)

Absolute (mm s21) Normalized (Lr s
21)

Coordinate
System

Sagittal (deg s21) Coronal (deg s21) Axial (deg s21)

Displacement
Linear
Velocity Displacement

Linear
Velocity Angle

Angular
Velocity Angle

Angular
Velocity Angle

Angular
Velocity

Actual 22.34 8.75 177.79 0.395 8.017 Mandible 33.999 729.132 20.816 381.114 39.687 783.111
Anterior 22.24 10.58 203.43 0.480 9.225 Mandible 25.284 562.852 20.506 374.187 40.251 778.626
Inferior 20.30 7.86 164.02 0.390 8.140 Mandible 42.665 967.020 25.928 472.027 37.288 732.984
Posterior 23.28 6.83 148.06 0.295 6.397 Mandible 40.632 848.157 20.819 383.693 33.866 674.868
Superior 24.87 8.81 179.04 0.357 7.249 Mandible 29.937 620.890 16.521 308.443 40.507 806.427
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hyoid elevation in chewing versus swallowing. The fol-
lowing is a qualitative analysis of observations from the
case study; future work will further delve into these
phenomena quantitatively.

Figure 8 illustrates data from a representative
sequence of five successive chewing (N53) and swallow-
ing (N52) cycles and demonstrates the importance of
the choice of coordinate system when quantifying mus-
cuoloskeletal kinematics and relating them to muscle
function. In a cranial coordinate system, posterior mylo-
hyoid and hyoid exhibit more complex and larger ampli-
tude movements in chewing than swallowing. However,
in a mandibular coordinate system, posterior mylohyoid
and hyoid kinematics are more sinusoidal and similar
between chews and swallows, although amplitudes are
still greater in swallows. Therefore, the complex kine-
matics observed in a cranial coordinate system are the
product of two much simpler movements (mandibular
movement relative to the cranium and hyoid movement
relative to the mandible), and slight modification in the
timing and amplitude of these two movements underlies
the observed difference between chewing and swallow-
ing. Additionally, when the hyoid is in more posterior
and inferior positions within the cranial coordinate sys-
tem at maximum gape (indicated by black vertical lines),

the hyoid is nearly at its most anterior and superior
position relative to the mandible. These distinctions are
relevant when considering muscle function because they
implicate both hyoid depressors (e.g., sternohyoid) and
elevators (e.g., mylohyoid) in determining hyoid posture
at maximum gape.

Because most of the potential hyoid elevators either
attach directly to the mandible (posterior mylohyoid, ante-
rior digastric) or are influenced by mandibular movements
(i.e., hyoglossus via the tongue), subsequent analyses are
reported in a mandibular coordinate system.

In chews, there is a tight relationship between hyoid
elevation and posterior mylohyoid length (Fig. 9); how-
ever, in swallows the amplitude of hyoid kinematics
exceeds changes in mylohyoid length and velocity, dem-
onstrating that hyoid kinematics exhibit some decou-
pling from mylohyoid fiber length. In swallows, the
posterior mylohyoid achieves most of its shortening by
late slow opening (SO), yet the hyoid continues to ele-
vate until early-to-mid fast opening (FO). From late SO
to early-to-mid FO, the posterior mylohyoid continues to
rotate in the coronal and sagittal planes (Fig. 8), sugges-
ting that fiber rotation may account for the continued
movement of the hyoid despite a lack of change in poste-
rior mylohyoid length.

Fig. 8. Mylohyoid rotation in different coordinate systems. (A) Hyoid anteroposterior (red, larger values are anterior) and superoinferior (green,

larger values are superior) kinematics in a cranial coordinate system. Gray bars indicate gape cycle phases (FC, fast close; SC, slow close; IP,

intercuspal phase; SO, slow open; FO, fast open). (B) Hyoid kinematics in a mandibular coordinate system using the same conventions as A. (C)

Cranial coordinate system with the origin on the posterior nasal spine. (D) Mandibular coordinate system with the origin halfway between the

most medial points of the mandibular condyles. Red corresponds to the anteroposterior (X) axis and sagittal plane, green to the superoinferior

(Y) axis and coronal plane, and blue to the mediolateral (Z) axis and axial plane, with all arrows pointing in the positive direction. The location of

the maxillary and mandibular molar cusps are shown as gray spheres. (E) Mylohyoid rotation in a cranial coordinate system. (F) Mylohyoid rota-

tion in a mandibular coordinate system. See Figure 5 for how these angles are oriented in each plane. Faded lines for kinematic variables indi-

cate a 99.7% confidence interval (3 SD) based on precision study results for each variable.
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Fig. 9. Relationship between hyoid kinematics and muscle behavior. (A) Hyoid superoinferior displacement (black), mylohyoid length (red), and

mylohyoid EMG (gray). (B) Hyoid superoinferior velocity (black), mylohyoid velocity (red), and mylohyoid EMG (gray). The dashed line indicates

zero velocity. (C) Hyoglossus length (light blue) and stylohyoid length (orange). (D) Anterior (yellow) and posterior (purple) digastric muscle and

tendon (gray) normalized length during the same feeding sequence. The dashed line indicates the muscles’ resting length. Electrography data

for the anterior and posterior digastric are shown as solid yellow and purple lines, respectively. Anterior digastric fascicle sagittal angle is shown

in black; smaller values indicate a more superior orientation. Cycles are defined from maximum gape to maximum gape. Faded lines for kine-

matic variables indicate a 99.7% confidence interval (3 SD) based on precision study results for each variable. Background gray bars indicate

different phases of the gape cycle using the same convention as Figure 6. All measurements are taken in a mandibular coordinate system.



Posterior mylohyoid was most active while shortening in
both chewing and swallowing. However, in many cycles
there is low-level activity during the late stages of muscle
lengthening immediately prior to shortening. Posterior
mylohyoid activity during chewing is limited primarily to
late slow closing (SC), intercuspal phase (IP), and SO phases
of the jaw cycle. In contrast, posterior mylohyoid exhibits
higher amplitude activity in swallowing and extended from
late SC through early FO, indicating a fundamental differ-
ence in both motor unit recruitment magnitude and timing
relative to jaw movements in swallowing as compared to
chews. These changes in timing likely contribute in the pre-
viously discussed differences in hyoid movements relative to
the cranium. Correspondingly, posterior mylohyoid shorten-
ing and hyoid elevation displacement and velocity are
greater during IP in swallows than in chews. Given that the
posterior mylohyoid shortens further, shortens faster, and
rotates more in swallowing than in chews, the greater activ-
ity of the posterior mylohyoid may enhance hyoid elevation
velocity and displacement more than it enhances superiorly
oriented force (Azizi et al., 2008). However, loss in force due
to increased shortening velocity may be offset by the recruit-
ment of moremotor units.

Before concluding that active fiber rotation function-
ally contributes to hyoid kinematics during swallowing,
active shortening in potential synergists must be ruled
out. In the sagittal plane, stylohyoid is superiorly and
posteriorly oriented (range: 122.4–149.2 degrees, ante-
rior5 0 degrees, superior590.0 degrees) while hyoglos-
sus is superiorly and anteriorly oriented (range: 30.5–
54.5 degrees). During swallowing, the stylohyoid
lengthens throughout jaw opening phases while hyo-
glossus lengthens from mid-to-late SO to mid FO.
Therefore, neither of these muscles’ shortening could
account for the continued elevation of the hyoid rela-
tive to the mandible from mid SO to mid FO. However,
both muscles shorten during IP and may contribute to
the observed increased hyoid elevation velocity relative
to mylohyoid shortening velocity.

Functional differences between chews and swallows are
also evident in the digastric. Both bellies exhibit activity
during jaw opening, and in swallows the anterior digastric
features an additional burst during IP. Posterior digastric
firing patterns are similar in chews and swallows, with
greater activity during IP in swallows. However, this
channel may be contaminated by crosstalk with the
nearby medial pterygoid. The main difference between
chews and swallows is evident during IP in swallows,
when the anterior and posterior digastric shorten more
than in chews, and the digastric tendon lengthens beyond
its resting length. The observed digastric tendon strain
decouples fiber length from whole muscle length. In con-
trast, the tendon changes relatively in phase with changes
in posterior digastric length in chews. Afterward, the ten-
don rapidly shortens as the posterior digastric lengthens
and the anterior digastric continues to shorten. Addition-
ally, the anterior digastric rotates throughout chewing and
swallowing cycles (range: 152.6–181.1 degrees, superi-
or590.0 degrees, posterior5 180.0 degrees), reaching its
most superior orientation in FO during swallowing.

DISCUSSION

We demonstrate a method of integrating high-
resolution muscle imaging (diceCT, Gignac et al., 2016)

with marker-based XROMM (Brainerd et al., 2010), fluo-
romicrometry (FMM, Camp et al., 2016), and EMG to
improve the accuracy of muscle length and velocity
measurements synchronized with muscle activity. The
precision of the method is sufficient to study the kine-
matics of the macaque hyoid and hyoid musculature,
including both linear and angular velocity. The methods
described are particularly useful for musculoskeletal sys-
tems like the primate hyolingual apparatus where multi-
ple muscles underlie movements that cannot be
observed using standard reflected-light motion capture
technology.

Hyolingual Functional Morphology

The lines of action of many hyolingual muscles are
not parallel to the sagittal plane; consequently, the func-
tional morphology of the hyolingual apparatus must be
studied in three dimensions (German et al., 2011). Our
preliminary findings corroborate prior 2D work that
found similarities between chewing and swallowing
hyoid kinematics in a mandibular but not cranial coordi-
nate system (Palmer et al., 1992; Hiiemae and Palmer,
1999). Similarly, patterns of mylohyoid muscle length
changes between chewing and swallowing are also fun-
damentally similar despite differences in patterns of
activity. In contrast, different patterns of digastric activ-
ity may underlie the decoupling of muscle belly and ten-
don length observed in swallowing.

These preliminary results corroborate a human study
in which muscle length dynamics alone were insufficient
to explain the observed hyoid kinematics (Okada et al.,
2013). The macaque posterior mylohyoid continues rotat-
ing after it ceases to change length, and our results indi-
cate that this rotation cannot be explained by continued
shortening of the stylohyoid or hyoglossus. Enhanced
hyoid elevation velocity during swallowing IP may be
due to active shortening of the stylohyoid and hyoglos-
sus; however, analysis of these muscle’s EMG signals is
hampered by cross-talk resulting from their proximity to
other muscles in the tightly-packed space between the
mandibular rami. Continued hyoid elevation could be
due to continued shortening of the anterior digastric;
however, considering that the anterior digastric is ori-
ented primarily anteroposteriorly, its contributions to
hyoid elevation (if any) are also likely to be due to fiber
rotation that occurs as active muscle shortening takes
up slack and linearizes the three segments. Previous in
vitro work has demonstrated that increased fiber rota-
tion increases the velocity of whole muscle kinematics
but reduces force along the line of action (Azizi et al.,
2008). Therefore, given that the fascicles of key hyoid
elevators rotate as well as shorten, increased muscle
activity during swallowing may contribute to swallowing
performance by generating higher hyoid elevation veloci-
ties rather than higher superiorly-oriented forces.
Human studies demonstrating slower hyoid velocities
among individuals with dysphagia further supports the
importance of velocity in hyolingual performance during
swallowing (Wang et al., 2010; Seo et al., 2016).

The absence of activity in the anterior digastric dur-
ing its initial shortening during IP in chewing was unex-
pected given that maximum digastric force is produced
at or near minimum gape in several species of non-
primate mammals (Mackenna and T€urker, 1978; Muhl,
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1982; Anapol et al., 1987; Anapol and Herring, 1989).
However, the EMG activity of the anterior digastric,
including the differences in behavior between chewing
and swallowing, is very similar to that described by
Hylander and colleagues (1987). For the sake of argu-
ment, let us assume that the whole-fiber length-tension
curve of the primate anterior digastric does not differ
from other mammals. Given that optimal fiber length is
plastic and increases in response to either active or pro-
longed passive stretch (Williams and Goldspink, 1973;
Butterfield et al., 2005), the anterior digastric’s activity
near its assumed optimal length during swallowing but
not chewing suggests that the fiber’s optimal length is
determined by either swallowing performance require-
ments or the fact that a low gape angle also happens to
be its resting position. Being on the optimal part of the
length-tension curve during IP of intercalated swallow-
ing may mitigate the losses in force that are presumably
incurred through active anterior digastric rotation (Azizi
et al., 2008). Developing tension in a superiorly rotating
anterior digastric along with the anterior mylohyoid
may facilitate the high hyoid elevation velocities during
IP by supporting the mass of the tongue, relieving the
posterior mylohyoid of gravitational loading that would
result in higher muscle force production but lower veloc-
ity for a given level of activation.

Notably, in chewing, the anterior digastric shortens
during IP and early SO without being active. Given that
the anterior digastric is longer than its resting length
during IP in chewing, shortening may also be due to
passive tension developed during SC. In the absence of
such passive forces, posterior mylohyoid active shorten-
ing (in addition to geniohyoid, not shown) may be
responsible for the earlier, slower phases of jaw opening
that occur simultaneously with hyolingual elevation and
protrusion while the digastrics contribute to the later,
faster phases. However, such functional conclusions
require additional data about activity in the lateral
pterygoids.

The behavior of the anterior digastric suggested here
highlights the importance of integrating multiple lines
of evidence across multiple organismal behaviors when
inferring musculoskeletal design. One can calculate the
length-tension curve physiologically by experimentation
or morphologically by relating fiber length to sarcomere
length (Winters et al., 2011), but neither approach
reveals that the anterior digastric may actively produce
force closer to the optimal part of its length-tension
curve during swallowing than during chewing.

Replication in more individuals is necessary to sup-
port the generalizability of the observed fascicle kine-
matics (including rotation), eccentric activity, muscle-
tendon dynamics, and behavior-specific muscle activa-
tion patterns and to assess their contributions to feeding
performance. These findings, though consistent with
other findings in the literature, may not apply to all rhe-
sus macaques, let alone all non-human primates. Future
work (currently underway) will compare similar metrics
among at least four rhesus macaques (two male, two
female), including the two used in this study. Expansion
to additional primate species as well as non-primate
mammals and non-mammalian tetrapods would provide
an essential comparative dataset for experimentally
investigating the functional morphology and

comparative biomechanics of the mammalian hyolingual
apparatus and clade-specific behaviors, e.g., suckling.

Advantages

The integration of XROMM, FMM, diceCT, and EMG
brings high accuracy and precision to the study of
muscles that are difficult to access surgically for FMM
alone. Anatomical considerations can limit the muscles
accessible for in vivo study, and expanding beyond the
more easily accessible muscles is necessary to broaden
our understanding of how variability in musculoskeletal
form relates to variability in function and performance.
In vivo application of the described method can be used
to validate similar in silico approaches to understanding
muscle function and coordination among behaviors.

The described method is a robust means of determin-
ing muscle attachment site location for in vivo kinemat-
ics. The registration process is highly accurate (mean
error50.08 mm), and using the actual site of attach-
ment rather than relying on bony landmarks will reduce
errors introduced by manually assigning muscle attach-
ment site location. Despite the fact that precision
decreases when taking the time derivative of displace-
ment, the method’s precision is high enough to measure
velocity in this musculoskeletal system. To our knowl-
edge, this study is the first to demonstrate the precision
of absolute linear, relative linear, and angular velocity
measurements using XROMM or fluoromicrometry
(mean57.58 mm s21, 0.278 lengths s21, and 29.8 deg s21,
respectively). The precision reported here is a conservative
(i.e., worse precision) estimate, given that the refinement
features of XMALab were not used. Precision could
be improved by using these refinement features or by
utilizing higher magnification settings on the X-ray
machinery for smaller organisms. However, the
described methods are not necessarily appropriate for
different organisms with faster behaviors because veloc-
ity precision is also inversely related to frame rate.
Nonetheless, if the velocity of behavior increases propor-
tionally to the increases in system noise—i.e., if the
signal-to-noise ratio remains constant—then higher
frame rates should pose no analytical problems. Ideally,
precision tests should be conducted for each study organ-
ism and equipment specifications to determine if the
experimental design is sensitive enough for the behav-
iors of interest (Menegaz et al., 2015).

Skeletal kinematics from XROMM and soft tissue
kinematics from FMM are measured within the same
coordinate system and are therefore readily related to
one another. A key advantage of XROMM and FMM is
that they allow wireless data collection (Camp et al.,
2016), which facilitates measuring multiple muscles
simultaneously. Although similar measurements of bony
kinematics can be obtained using traditional reflected-
light motion capture methods (e.g., Reed and Ross, 2010;
Ross et al., 2012), and whole muscle kinematics (length
and moment arm) can be calculated from kinematics of
bone attachment points (e.g., Iriarte-Diaz et al., 2017),
collecting simultaneous data on fascicle kinematics from
multiple muscles remains a challenge for light-based
approaches (Dick et al., 2016, 2017).

While the example described here involves in vivo
data collection, Autodesk Maya’s powerful animation
capabilities and XROMM’s user-friendly scripts could be
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used for in silico modeling to evaluate how skeletal
motion affects whole-muscle length, orientation, and
moment arm, as has been performed with other model-
ing software (Hutchinson et al., 2005; Delp et al., 2007;
Hutchinson et al., 2015; Charles et al., 2016b). Given
that visible iodine staining is reversible by either leach-
ing or soaking in sodium thiosulfate (Gignac et al., 2016;
Morhardt et al., 2016), this method could be applied to
museum specimens with intact soft tissue without dam-
aging or destroying the specimens. Provided that vali-
dated methods of inferring joint kinematics from the
morphology of the hard and soft tissues of the joint are
used (e.g., Hammond et al., 2016), incorporating motion
to the study of morphology of organisms that cannot be
brought into the lab is an invaluable tool for testing
musculoskeletal functional hypotheses in phylogenetic
and ecological contexts (Lautenschlager, 2015). However,
the limitations of tissue penetration by iodine mean that
more expensive methods such as MRI, or destructive
methods such as traditional PCSA techniques may still
be necessary to measure pennation angle in larger speci-
mens (Li et al., 2015, 2016). Moreover, measures of sar-
comere length from muscles in known postures are still
necessary for calculating whole muscle PCSA and length
tension curves across joint excursions (Felder et al.,
2005; Eng et al., 2009; Taylor and Vinyard, 2009; Win-
ters et al., 2011). Therefore, tissue samples are required
to normalize fiber length, but these could be limited to
biopsies performed with specialized equipment (Ward
et al., 2009b). While some degree of invasive sampling is
still required to model a muscle’s length-tension curve,
in silico modeling may increase the morphological diver-
sity accessible for functional morphology research. None-
theless, such models should be validated by in vivo
research where possible.

Limitations

The dependence of XROMM on X-ray imaging imposes
several limitations. It requires access to either a dedi-
cated XROMM facility or two C-arms outfitted with cam-
eras of a sufficiently high frame rate for the behavior of
interest. The behaviors that can be studied using
XROMM are limited to those which can be executed
within the capture volume, which depends on the size of
the image intensifiers and magnification settings (Brai-
nerd et al., 2010). Many intraoral feeding behaviors are
compatible with XROMM, but locomotion poses signifi-
cant challenges. For example, the organism may need to
locomote on a treadmill or similar device within a con-
strained space, which may not fully recapitulate natural
behavior. Combination of traditional reflected light
motion capture with XROMM can ameliorate but not
remove this constraint.

The dependence of diceCT on iodine or other post-
mortem staining means the animal must be sacrificed
and scanned with a CT scanner with sufficient resolu-
tion to visualize fascicles of interest. If MRI is used for
in vivo imaging of muscle instead, one could use diffu-
sion weighted tensor imaging to trace muscle fascicles,
provided sufficient resolution is attainable (Gilbert and
Napadow, 2005; Gilbert et al., 2006; Taylor et al., 2015).
However, even with these data on muscle volume and
fascicle orientation, estimates of PCSA still require mea-
sures of sarcomere length in a fixed posture to normalize

fiber length (Anapol and Barry, 1996; Anapol and Gray,
2003; Anapol et al., 2004; Felder et al., 2005). Without
these data, estimates of PCSA, and therefore muscle
force, are fundamentally flawed.

The whole muscle and whole fiber lengths estimated
using our method do not provide information on sarco-
mere length dynamics, which impairs our ability to esti-
mate muscle force. Fascicles and sarcomeres exhibit
strain heterogeneity, the functional consequences of
which are unclear (Ahn et al., 2003; Konow et al., 2010;
Wentzel et al., 2011; Holman et al., 2012; O’Connor
et al., 2016; Moo et al., 2016). Muscle morphology may
contribute to strain heterogeneity, as the more periph-
eral fibers in fusiform muscles may have different strain
patterns than more central fibers (Pappas et al., 2002;
Blemker et al., 2005; Zatsiorsky and Prilutsky, 2012).
The extent to which non-uniform sarcomere lengths
affect in vivo function and models of muscle kinetic
dynamics or average out across the length of the muscle
remains to be established. Additionally, some muscles,
such as styloglossus, exhibit curvature of their long axis.
Therefore, the Euclidean distance between attachment
points is likely an inaccurate measure of muscle length
for nonlinear muscles. Some authors have resolved this
problem using muscle wrapping features in programs
like OpenSIM (Hutchinson et al., 2005; Hutchinson
et al., 2015; Charles et al., 2016a,b), and the develop-
ment of similar scripts in Autodesk Maya would allow
XROMM users to readily incorporate similar compensa-
tions to the XROMM workflow.

Although EMG data provide estimates of relative
number of motor units and firing rates through time, its
use in inferring the timing and magnitude of force pro-
duction is currently limited. The timing of force onset
and offset is delayed relative to EMG onset and offset,
and the magnitude of these delays varies with muscle
fiber type (Norman and Komi, 1979; Ross et al., 2005;
Roberts and Gabald!on, 2008) and velocity (Cavanagh
and Komi, 1979; Hylander and Johnson, 1989, 1993;
Roberts and Gabald!on, 2008; Zatsiorsky and Prilutsky,
2012). As reviewed in the introduction, force magnitude
is a dynamic product of activity level and fiber length,
rotation, velocity, and history. Poorly understood interac-
tions among all of these variables currently confound
accurate predictions of dynamic muscle force when all of
these variables are known, let alone when only activity
is measured. Force can be more directly measured in
individual muscles with tendons by buckle transducers
(Barnes and Pinder, 1974) or fiber optic sensors (Komi
et al., 1996); however, such methods cannot be applied
to the many muscles with external tendons too short for
these implants. The void in our knowledge about force
production of multiple individual muscles may be filled
in the future by in silico approaches such as inverse
dynamics, in which individual muscle forces are pre-
dicted from kinematics, PCSA, and output forces such as
ground reaction forces (Erdemir et al., 2007; Basafa
et al., 2014; Russo et al., 2014). However, until kinetic
predictions are validated by direct measurements of
muscle force production, hypotheses generated by
inverse dynamics models must still be interpreted with
caution rather than confidence.

Lastly, XROMM and diceCT data are laborious to ana-
lyze because of the amount of time spent processing the
data. The described method is excellent for studying
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motion with high spatiotemporal resolution over a rela-
tively small number of trials, but obtaining sufficient
intra-individual sample sizes to compare musculoskele-
tal function across multiple behaviors and conditions
currently poses a significant temporal challenge. This is
particularly true for primate feeding—cycle-to-cycle dif-
ferences account for a majority of the kinematic varia-
tion during mastication across species and food types,
presumably due to changing bolus material properties
over the course of the feeding sequence (Reed and Ross,
2010, 2012). Continued advances in semi- and fully-
automated marker tracking (Kn€orlein et al., 2016) are
necessary for these methods to be practically applied to
orders of magnitude more trials, as has been done for
skeletal kinematics and whole muscle length change
with Vicon (Reed and Ross, 2010; Ross et al., 2012;
Iriarte-Diaz et al., 2017). Using more automated meth-
ods to segment fascicles from diceCT data sets may
reduce post-scanning processing time and would make
the segmentation step of this method more replicable
(Kupczik et al., 2015; Dickinson et al., 2018). Such tem-
poral challenges must be surmounted before these meth-
ods are a practical and efficient means of testing
functional hypotheses in more depth, such as comparing
muscle function across multiple behaviors and condi-
tions, as well as with the taxonomic breadth necessary
to robustly argue that a structure has emerged through
natural selection to endow an organism with a func-
tional adaptation.

CONCLUSIONS

Musculoskeletal function is the product of tradeoffs
and interactions among several biomechanical processes.
Some of these processes, such as elasticity and variable
gearing, decouple fiber length from muscle-tendon unit
length and have frequently been ignored for the sake of
simplifying morphological models. However, in vivo
research suggests that these phenomena can be biome-
chanically significant. Techniques that capture many of
the dynamic components of muscle can be used to test
hypotheses about their contributions to organismal per-
formance, to probe underlying assumptions about mus-
culoskeletal functional morphology, and potentially to
validate morphological correlates with dynamic pro-
cesses that amplify force or velocity performance. Motion
is an essential element of musculoskeletal design, and
dynamic approaches continue to advance the field of
musculoskeletal functional morphology. Application of
these methods will help determine how organisms navi-
gate the redundant routes of tuning power, force, and
velocity in functional systems to improve ecologically-
relevant performance through musculoskeletal design.
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