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Synopsis Kinematic analyses of mandibular movement in humans demonstrate that the mandibular instantaneous center

of rotation (ICoR) is commonly located near the level of the occlusal plane and varies in its position during a chewing

sequence. Few data are available regarding the location of the ICoR in nonhuman primates and it remains unclear how

the position of the ICoR varies in association with mastication and/or gape behaviors. ICoR was quantified throughout

the gape cycle in five species of nonhuman primates (Macaca mulatta, Cebus apella, Chlorocebus aethiops, Eulemur fulvus,

and Varecia variegata). The ICoR is commonly located below the mandibular condyle close to the occlusal plane and

varies considerably both superoinferiorly and anteroposteriorly through the gape cycle. The path of the ICoR, and by

inference condylar movement, in Macaca and Chlorocebus differs from humans whereas movement in Cebus resembles

that of humans. Similarities between humans and Cebus in articular eminence and occlusal morphology may explain

these resemblances. Food material properties had little influence on ICoR movement parameters.

Introduction and background

The primate temporomandibular joint (TMJ) is a

complex synovial joint with a moveable socket

formed by the condylar head of the mandible and

the mandibular fossa of the squamous temporal bone

(Hylander 2006). During feeding the condyle of pri-

mates experiences large amounts of anteroposterior

(AP) translation, similar to those seen in many non-

primate omnivores and herbivores (Noble 1973;

Aiello and Dean 1990; Wall 1995; Crompton et al.

2006). High degrees of mobility in the TMJ mean

high mobility of the mandible during mastication

(Crompton et al. 2006; Hylander 2006). In contrast,

the TMJ of many carnivores is shaped in such a way

as to make the joint more stable; the postglenoid and

preglenoid processes are enlarged and wrap around

the mandibular condyle, prohibiting mandibular

translation (Noble 1973; DuBrul 1974). This in-

creased stability is thought to minimize the risk of

TMJ dislocation associated with the use of the

masticatory apparatus in capturing and subduing

struggling prey (Maynard Smith and Savage 1959).

Differences in the degree of condylar translation

during feeding are associated with differences in the

location of the center of rotation (CoR). In carni-

vores, the CoR is hypothesized to pass through the

mandibular condyle and 100% of jaw gape is

achieved via condylar rotation. In contrast, in pri-

mates, the CoR does not pass through the condyle

and, instead, the condyle translates during jaw open-

ing and closing and some amount of jaw gape is

achieved through condylar translation (approxi-

mately 23% of jaw gape as measured in humans

[Ferrario et al. 2005]). Thus, the location of the

CoR provides an indirect measure of condylar move-

ments during feeding.

Many authors have attempted to quantify the lo-

cation of the CoR of the mandible. As early as 1908,

Bennett (1908: 92) suggested that both angular rota-

tion and translation occur at the TMJ during
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opening and closing of the jaw in humans, the com-

bination of which results in a constantly changing

instantaneous CoR (ICoR) that is commonly located

‘‘behind and below the condyle.’’ Further analyses

have confirmed this finding in humans, rabbits,

and pigs (Grant 1973; Weijs et al. 1989; Lindauer

et al. 1995; Wall and Hylander 1999; Sun et al.

2002). These data further suggest that there is con-

siderable variation in the position of the ICoR both

among and within subjects (Lindauer et al. 1995).

Most commonly, the path of the ICoR in humans

has been described as lying just posterior and inferior

to the mandibular condyle at the start of jaw open-

ing, traveling inferiorly and anteriorly during jaw

opening (Bennet 1908; Grant 1973), to lie slightly

anterior to the TMJ prior to maximum gape.

During jaw closing, the ICoR reverses along this

path, coming to lie just posterior and inferior to

the condyle prior to minimum gape.

More recently, Gallo et al. (1997, 2000, 2006) cal-

culated the finite helical axis (FHA) of the mandible

in humans. This axis summarizes movements of the

mandible in three-dimensions (3D) and can there-

fore be used to evaluate differences in working side

versus balancing side condylar movements. Gallo

et al. (1997) found that the FHA position shifts con-

siderably during opening and closing of the jaw, and

on average is positioned �50 mm from the condyle

(usually inferior and posterior to the TMJ, often out-

side of the mandible). Gallo et al.’s data further sug-

gest that mandibular and condylar movements differ

on the working and balancing sides, with more

movement of the balancing side condyle in associa-

tion with lateral deviation of the mandible toward

the working side. Furthermore, these researchers

found that the path of the FHA during jaw closing

is more variable than the path during jaw opening

and that movements of the FHA are highly variable

within and among subjects (Gallo et al. 2000, 2006).

Several investigators have proposed explanations

for the functional significance of the location of the

ICoR, and more generally why condylar translation

occurs at all. Moss (1959) suggested that the location

of the ICoR is coincident with the mandibular fora-

men thereby reducing stretch of the inferior alveolar

neurovascular bundle. Later analyses have not refuted

this hypothesis, but instead found stronger support

for alternative hypotheses (Smith 1985; Weijs et al.

1989). For example, the airway-impingement hy-

pothesis (DuBrul 1964; Smith 1984, 1985) suggests

that if the mandible rotated about a CoR running

through the condyles then the increased height of the

TMJ above the occlusal plane (hereafter referred to

simply as TMJ height) would cause the mandible to

impinge on the airway during opening of the jaw.

Anterior translation of the condyle during opening

avoids this impingement. However, this hypothesis

cannot explain why condylar translation occurs in

mammals with TMJs at or near the occlusal plane,

and there is no convincing evidence in humans that

the airway would be obstructed in the absence of

translation (Hylander 1992, 2006). Alternatively,

Hylander (1978, 2006) and Carlson (1977) proposed

that condylar translation minimizes changes in the

length of sarcomeres in the masseter and medial

pterygoid muscles at wide gapes. By having the

CoR positioned below the condyle, the mandibular

condyle translates forward and/or down onto the ar-

ticular eminence (AE), and the masseter and medial

pterygoid are stretched less than would be the case if

the CoR lay in the condyles. As the force output of

muscle fibers is inversely proportional to the amount

they are stretched once they are beyond their optimal

length on the length tension curve, this decreased

stretch during translation allows for increased force

output at a wider variety of gapes. Support for this

hypothesis was subsequently found in rabbits (Weijs

et al. 1989). However, this hypothesis does not ex-

plain the presence of condylar translation at low gape

angles, when the masseter and medial pterygoid are

likely to be at or near the optimal part of their length

tension curves (Anapol and Herring 1989). One ex-

planation for condylar translation at low gape angles

is Crompton et al.’s (2006) proposal that, in animals

with the condyle positioned above the occlusal plane,

condylar translation maximizes simultaneous occlusal

contact during jaw closing by allowing the lower

teeth to move vertically into occlusion.

It is notable from this review of previous calcula-

tions of the ICoR and FHA that few published

data regarding either of these variables exist for

nonhuman primates. It is therefore unclear how

mandibular and condylar movements compare

across primates. However, kinematic and behavioral

data suggest that chew cycle and sequence duration,

chewing frequency, volume of food processed, and

daily feeding time (among other variables) vary con-

siderably across primates, mammals, and vertebrates

(e.g., Hiiemae 1978; Herrel et al. 1996; Buschang

et al. 2000; Throckmorton et al. 2001; Wainwright,

2006; Ross et al. 2009a, 2009b, 2010; Reed and Ross

2010). Some of this variation may be related to food

material properties (FMPs) and/or body size of the

organism in question (Anderson et al. 2002; Meyers

et al. 2002; Bhatka et al. 2004; Wall et al. 2006;

Wintergerst et al. 2008; Ross et al. 2009b). In turn,

these kinematic differences have important implica-

tions for variation in feeding behavior and a major
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goal of every living organism: meeting their metabol-

ic needs (e.g. Ross et al. 2009b).

A major goal of this study, therefore, is to present

some of the first data for ICoR position in

nonhuman primates. Building on previous work

(Grant 1973; Hylander et al. 1987; Weijs et al.

1989; Wall 1995; Vinyard 1999; Sun et al. 2002),

we predicted that the ICoR would be located well

inferior to the mandibular condyle, and its position

would vary throughout opening and closing of the

jaw. We further hypothesized that, as was found by

Lindauer et al. (1995) and Gallo et al. (1997, 2000,

2006), a large portion of variation in ICoR position

would be among gape cycles within a particular

chewing sequence. While the location of the ICoR

doubtlessly has functional significance, we hypothe-

size that it is not a kinematic variable that animals or

humans actively control. Rather, active control is

more likely exerted over variables such as position,

velocity, and acceleration of specific points (i.e., the

occlusal surfaces of the teeth); the magnitude and

orientation of joint reaction, bite, and muscle

forces; and the length, and rate of change in length

of chewing muscles. Passive control is exerted by the

stiffness of the jaw muscles (Ostry and Munhall

1994) and bony morphology of the temporomandib-

ular joint (Wall 1995; Vinyard 1999). The location of

the ICoR is of interest to the extent that it reflects or

summarizes control over these kinematic or kinetic

variables. By summarizing masticatory movements in

this way, we can then begin to generate hypotheses

for how and why jaw kinematics vary across pri-

mates, mammals, and vertebrates.

Materials and methods

Subjects

We quantifed ICoR throughout the gape cycle in five

species of nonhuman primates: Chlorocebus aethiops,

Macaca mulatta, Cebus apella, Eulemur fulvus, and

Varecia variegata (Table 1). Animals were housed

and studied at Stony Brook University and

University of Chicago in accordance with relevant

Federal regulations and approved IACUC protocols.

Data collection

Data for Chlorocebus, Eulemur, and Varecia were col-

lected using digital videofluoroscopic methods de-

scribed by Ross et al. (2010). Briefly, radio-opaque

markers were fixed to the mandibles and teeth and

lateral view videofluoroscopy was used to track their

movements during chewing. Marker positions were

digitized using MiDAS motion analysis software

(Xcitex, Boston MA, USA). Data for Macaca and

Cebus were collected using 3D motion-capture meth-

ods described by Reed and Ross (2010). Reflective

markers were coupled to the mandible and cranium

using bone screws, their positions relative to the

teeth measured with a 3D digitizer (Immersion,

Microscribe G2), and their movements measured in

3D using 6-camera and 10-camera Vicon systems.

The 3D movements of the mandible were calculated

in the local coordinate system of the cranium using

methods described in Iriarte-Dı́az et al. (2011).

Briefly, the position of the cranial markers at mini-

mum gape was defined as the reference position and

the displacement of the mandibular markers was cal-

culated with respect to the fixed-cranium coordinate

system. The XY plane of the cranial coordinate

system corresponds to the sagittal plane of the cra-

nium, so that the X- and Y-coordinates correspond

to a lateral view of the marker’s displacement. These

data represent what would be obtained in an exactly

lateral X-ray video and are therefore comparable to

the data for Chlorocebus, Eulemur, and Varecia.

Finally, the XY data were centered at the TMJ by

matching the position of the teeth from the 3D dig-

itizer with the position of the teeth from 3D models

for Cebus and X-rays for Macaca.

Preliminary calculations of ICoR position demon-

strated considerable variance, some of which is at-

tributable to sources of error: (1) errors in

Table 1 Data set used in this study

Species Experiments/individualsa Sequences Cycles Food items

Chlorocebus aethiops 2 (1 male, 1 female) 9 80 Apple, almond, prune, grape

Eulemur fulvus 1 (female) 3 24 Apple, raisin

Varecia vareciab 1 (male) 3 14 Apple, raisin

Macaca mulatta 2 (females) 15 419 Potato, kiwi, almond, zucchini, yam, apple, blueberry, carrot

Cebus apella 1 (male) 8 149 Hazelnut, almond, grape, apple, walnut

aEach experiment involved a separate individual; therefore, in this instance individual and experiment are synonymous. All individuals were

adults.
bNo data on timing of the gape phase were available for Varecia; these data were only included in the qualitative analyses.
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measurement of markers’ locations during data col-

lection (e.g., error inherent in the Vicon and ciner-

adiographic equipment); (2) digitizing error (e.g.,

how reliably are landmarks identified during digiti-

zation); (3) rotation of the sagittal planes of the an-

imals away from a position parallel to the

image-intensifier screen (Wall 1995); and (4) insta-

bility of the ICoR at low angular velocities (Gallo

et al. 1997). Error in data collection cannot be elim-

inated: for the 3D capture of motion, markers’ po-

sitions were precise to �40 mm (Reed and Ross

2010), and for the 2D videofluoroscopic data preci-

sion was �200 mm. Errors arising from the collection

and digitizing of data were reduced by filtering the

data prior to analysis (low-pass Butterworth filters

with cutoff frequencies of 11 and 15 Hz for the 2D

and 3D data, respectively). To minimize effects of

out-of-plane rotation in the 2D data, we eliminated

all frames in which the head was rotated greater than

158 out of plane (Miller and Petak 1973). Error due

to low angular velocity was minimized by calculating

ICoR across large windows in time (a minimum

of every 20 ms [e.g., 5 frames at 250 frames/s]),

and by excluding from analysis data in which angular

velocities of the mandible were 5758/s (Gallo et al.

1997, 2000, 2006). We also defined an envelope

of interest for our analyses at �100 mm from the

TMJ in all directions; this envelope encompasses

the skull and mandible as well as the upper cervical

vertebrae, and is what we consider to be the biolog-

ically relevant region for analysis of this kinematic

variable.

Data analysis

The position of the ICoR was calculated in IGOR

Pro 4.0 (WaveMetrics, Inc.) from the Cartesian co-

ordinates of the maxillary and mandibular markers

using the method of Bennett (1908) and Weijs et al.

(1989). All data were transformed into a coordinate

system centered at the top of the mandibular condyle

at rest, with the occlusal plane parallel to the X-axis

and the rostrum of each animal oriented to the left

(Fig. 1). Gape angle, angular velocity of the mandi-

ble, and out-of-plane rotation angle (for the 2D data

only) were calculated to define gape cycles and min-

imize error. Plots of the mandibular markers and

ICoR coordinates during each chewing sequence

were visually inspected; then the average position

of the ICoR during the four phases of the gape

cycle [fast close (FC), slow close (SC), slow open

(SO), and fast open (FO) (Hiiemae 1978)] was cal-

culated. Plots of these averaged coordinates

were used to qualitatively describe the path of

the ICoR during the phases of the gape cycle.

These observations were then quantified by calculat-

ing the number of times the ICoR shifted anteriorly/

posteriorly and superiorly/inferiorly from one phase

to another (e.g., the percentage of cycles in which the

average vertical position of SC is lower than in FC).

To identify sources of variance in ICoR, variance

in phase-averaged ICoR positions was analyzed using

a series of random effects (Model II) hierarchical

ANOVAs (Vinyard et al. 2008). Five hierarchical cat-

egories were used: suborder, species, experiment/

individual, chewing sequence, and chewing cycle/

error (Table 1). Note that error is contained within

the between-cycle variance. Each of these experi-

mental factors was nested within another, such that

the lowest level, chewing cycle/error, was nested in all

other levels. This ANOVA design is unbalanced for a

number of reasons (e.g., unequal numbers of exper-

iments, sequences, and cycles), preventing exact tests

of significance (Sokal and Rohlf 1995; Searle et al.

2006). Thus, here we examine overall patterns of

variance attributed to different experimental factors

(Vinyard et al. 2008).

Separate ANOVAs were performed for the X (AP)

and Y [superoinferior (SI)] coordinates of ICoR

during each of the phases of the gape cycle (xFC,

xSC, xSO, xFO, yFC, ySC, ySO, and yFO). The ef-

fects of FMPs on ICoR position were assessed by

performing these ANOVAs for all food items, and

also separately for more resistant (which included

carrot, potato, almond, yam, and hazelnut) and less

resistant (which included apple, raisin, prune, grape,

kiwi, zucchini, and blueberry) food items. (Not all

animals were willing to eat all food items, resulting

in an unbalanced distribution of these food items

Fig. 1 Method of calculation for ICoR used in this study. ICoR

was calculated as the intersection of the lines perpendicular to

the vectors between each mandibular marker in two successive

frames.
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across experiments and species. Specifically, strepsir-

rhines were unwilling to eat more resistant foods.

Thus, we ran separate hierarchical ANOVAs for

more and less resistant foods, thereby eliminating

the suborder level from these analyses.) Attribution

of food items to these two categories was based on

FMPs calculated by Williams et al. (2005) (although

FMPs for all of these food items are not yet docu-

mented). All of the nested ANOVAs were performed

in the program StatGraphics (version 16.1, Statpoint

Technologies, Inc.).

Results

As predicted, the ICoR in our primate sample was

distributed inferior to the TMJ, close to the level of

the occlusal plane. In few instances was the ICoR

positioned at the TMJ, suggesting that the condyle

translates AP during the gape cycle in all species

studied. There was considerable variation in the AP

and SI positions of the ICoR among gape cycles and

chewing sequences, although to different extents in

different species. In both of the macaque experi-

ments, the X- and Y-coordinates of the ICoR were

strongly linearly correlated, such that ICoR position

was oriented along an oblique axis just below the

TMJ and crossing the occlusal plane (Fig. 2) (this

correlation was also present in the other species ex-

amined, but to a lesser degree). In both of the ma-

caque experiments, there is considerable AP and SI

variance in ICoR position. In contrast, the position

of the ICoR in Cebus was more constrained, lying

mostly within a �15–20 mm region just inferior to

the TMJ (and above the occlusal plane) (Fig. 2).

Further differences in the position of the ICoR are

apparent in Chlorocebus, Eulemur, and Varecia. In

Chlorocebus, as in macaques, the ICoR is arrayed

along the occlusal plane just inferior to the TMJ;

however, ICoR position in Chlorocebus tends to be

more anterior than in macaques. Similarly, the ICoR

is also more anteriorly positioned in Eulemur and

Varecia than in Chlorocebus. Furthermore, ICoR po-

sition in the strepsirrhines (and especially Eulemur)

is superoinferiorly constrained, with most of the var-

iation in ICoR position occurring in the AP

direction.

The path of the ICoR during opening and closing

of the jaw also varies among taxa. In Macaca and

Chlorocebus (Table 2) the ICoR moves anteriorly

(�56% of the cycles) and superiorly (70% of the

cycles) from FC to SC. Between SC and SO the

ICoR moves anteriorly in 61% of the cycles, and in

all but one experiment (Chlorocebus 2) the ICoR

consistently (80% of cycles) moves inferiorly.

During jaw opening the pattern of ICoR movement

in Macaca and Chlorocebus is more consistent than

during jaw closing (Gallo et al. 2000): from SO to

FO the ICoR position moves posteriorly (�77% of

cycles) and superiorly (81% of cycles). Thus, in

Macaca and Chlorocebus the ICoR moves superiorly

during jaw closing, shifts inferiorly and sometimes

anteriorly from SC to SO, then moves posteriorly

and superiorly from SO to FO (Fig. 3).

The pattern of movement of the ICoR in Cebus

and Eulemur differs considerably from the pattern

described for Macaca and Chlorocebus. In Cebus,

the pattern is opposite of that found in Macaca

and Chlorocebus, with ICoR position in SC rarely

being anterior to the ICoR during FC (e.g., only in

24% of cycles). As the gape cycle shifts from SC to

SO, the ICoR shifts further anteriorly and inferiorly

(78 and 82% of cycles, respectively). From SO to FO

the ICoR moves anteriorly in only 53% of the cycles

but consistently superiorly (83% of cycles). This

results in the ICoR most commonly moving pos-

teriorly and superiorly during jaw closing, shifting

anteriorly and inferiorly from SC to SO, and then

moving further superiorly during jaw opening

(Fig. 3). In contrast, in Eulemur the ICoR moves

superiorly during jaw closing (90% of cycles), shifts

inferiorly from SC to SO (80% of cycles), and then

inferiorly and anteriorly (70% and 85% of cycles,

respectively) during jaw opening (Table 3).

Hierarchical ANOVA across all food items (Fig. 4)

reveals more variance in AP position than in SI po-

sition of the ICoR at the cycle level. The AP position

of the ICoR during FO (xFO) is the only variable

showing any variance at the level of suborder or spe-

cies, which is consistent with the marked difference

in ICoR movement during jaw opening for Eulemur

and Cebus described above. In contrast, the SI posi-

tion of the ICoR shows more variance at the exper-

iment level suggesting relatively strong differences in

ICoR position among individuals of the same spe-

cies. While all portions of the gape cycle show some

variance at the suborder and/or species level, the SI

position of the ICoR during SO shows considerably

more variance at each of these levels.

ANOVA reveals that FMPs have little effect on the

distribution of variance (Fig. 4). With more resistant

foods, relatively more variance in AP position is

concentrated at the cycle level, and there is more

variance at the sequence level in the AP position of

ICoR during FC. In contrast, with less resistant foods

a larger percentage of variance occurs at the species

level.
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Fig. 2 Illustration of ICoR position throughout a single chewing sequence for Macaca (upper left), Chlorocebus (upper right), Cebus

(lower left), and Eulemur (lower right). Values presented are the average ICoR coordinate for each phase of the gape cycle. Symbols

represent the position of the top of the condyle (TOC¼ star), the phases of the gape cycle (fast close[FC]¼ red circle, slow

close[SC]¼ triangle, slow open[SO]¼ square, fast open[FO]¼ green circle), and the occlusal plane (OP¼ dotted line). Error bars

represent �1 SD. A¼ anterior, S¼ superior, P¼ posterior, I¼ inferior. Scale is in millimeters (mm).

Table 2 Results of the sign test of the consistency of ICoR movement from FC to SC, SC to SO and SO to FOa

xFC4xSC yFC4ySC xSC4xSO ySC4ySO xSO5xFO ySO5yFO

Macaca 1 70 53 80 87 90 94

Macaca 2 50 22 50 86 80 93

Chlorocebus 1 50 21 45 82 54 85

Chlorocebus 2 55 23 67 44 85 54

Macaca/ Chlorocebus Average 56 30 61 75 77 81

Cebus 24 21 78 82 47 83

Eulemur 50 10 50 80 31 15

Entire sample 50 32 55 65 75 88

aX- and Y-coordinates were tested separately. Values presented are percentage of cycles in which the greater than statement in the column

header is true. Greater than symbol (4) indicates anterior (X-coordinate) or inferior (Y-coordinate) movement between phases, less than

symbol (5) indicates posterior (X-coordinate) or superior (Y-coordinate) movement between phases.
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Discussion

Previous analyses of the ICoR in humans, rabbits,

and pigs have found the ICoR to lie well inferior

to the TMJ, approximately at the level of the tooth

row (Bennett 1908; Grant 1973; Weijs et al. 1989;

Sun et al. 2002; Gallo et al. 1997, 2000, 2006). This

ICoR position is consistent with the observation that

these taxa exhibit relatively large degrees of condylar

translation, since an ICoR situated close to the man-

dibular condyle would be indicative of increased

rotation (rather than translation) of the condyle

(i.e. less translation per unit of rotation). Less con-

sideration has been given to the AP placement of the

ICoR, but this position is important for identifying

exactly how the condyle moves during opening and

closing of the jaw. If the ICoR lies in front of the

condyle during opening, the condyle must be moving

superiorly. Conversely, if the ICoR is located poste-

rior to the condyle during opening, the condyle must

be moving inferiorly. The reverse is true during clos-

ing. Thus, AP and SI variation in the position of the

ICoR will be indicative of both AP and SI move-

ments of the condyle. For example, an ICoR situated

inferior and posterior to the TMJ during opening

will be associated with inferior and anterior move-

ment of the condyle.

Patterns of condylar movement in humans and

nonhuman primates

The ICoR in humans is located posterior and inferior

to the mandibular condyle at the beginning of jaw

opening, then shifts anteriorly and inferiorly during

opening to lie in the region of the intersection of the

occlusal plane and the ascending ramus of the

Fig. 3 Plots of ICoR position during each phase of the gape cycle for Macaca (above) and Cebus (below). Scale is in millimeters (mm).

Note differences in scale between Cebus and Macaca plots. Symbols are as in Fig. 2.
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mandible prior to maximum gape (Bennett 1908;

Grant 1973; Lindauer et al. 1995; Gallo et al. 1997,

2000). This path of ICoR movement indicates that

the human condyle first moves inferiorly and then

anteriorly during jaw opening.

The data presented here suggest that the pattern

of condylar movements varies across primates

(Fig. 5). In Macaca and Chlorocebus, the condyle

first moves anteriorly and then inferiorly during

jaw opening. In contrast, C. apella shows a more

human-like pattern of condylar movement during

jaw opening. This pattern is characterized by initial

inferior and anterior displacement of the condyle,

followed by slight anterior movement of the condyle

as the ICoR approaches the mandibular condyle

(Fig. 5).

The estimated position of the ICoR in Eulemur is

difficult to explain, since its relatively anterior and

superior position suggests movement of the condyle

superiorly into the mandibular fossa (Fig. 5), a

movement that is biologically implausible (Wall

and Hylander 1999). We can note that comparison

of the velocity of the X- and Y- coordinates of the

ICoR across all taxa indicates that the rate of change

in the X-coordinate is extremely high in Eulemur

(e.g., the ratio of change in the X versus Y ICoR

coordinate for Eulemur is approximately 8 times

that of Chlorocebus and Varecia and approximately

18 times the values for Macaca and Cebus). Thus, the

ICoR only resides at the calculated ICoR position for

a fraction of a second; as a result, condylar move-

ments at these points in the gape cycle are likely to

Fig. 4 Bar charts showing the percentage variance attributed to each of the experimental levels in the ANOVAs performed for data

from all food types (left), only more resistant foods (middle), and less resistant foods (right). Note that the ANOVAs broken down by

food resistance do not include a suborder level due to a lack of data for more resistant foods for Eulemur and Varecia. Anteroposterior

movement of the ICoR is shown on the top (X-coordinate) and SI movement of the ICoR is shown on the bottom (Y-coordinate).

Table 3 Summary of ICoR movements during jaw closing, occlusion, and jaw opening for Macaca and Chlorocebus, Cebus, and Eulemur

Jaw closing (FC to SC) Occlusion (SC to SO) Jaw opening (SO to FO)

Macaca/ Chlorocebusa ICoR can move anteriorly or

posteriorly, but usually moves

superiorly (70%)

ICoR moves anteriorly (61%) and

inferiorly (75%)

ICoR moves posteriorly (77%)

and superiorly (81%)

Cebus ICoR moves posteriorly (75%) and

superiorly (79%)

ICoR moves anteriorly (78%) and

inferiorly (82%)

ICoR can move anteriorly or

posteriorly, but consistently

moves superiorly (83%)

Eulemur ICoR can move anteriorly or

posteriorly, but consistently

moves superiorly (90%)

ICoR can move anteriorly or

posteriorly, but consistently

moves inferiorly (80%)

ICoR moves anteriorly (69%)

and inferiorly (85%)

aValues for Macaca/Chlorocebus represent the average for all four experiments.
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be very small. Additional data for Eulemur and other

strepsirrhines are necessary to fully evaluate this pat-

tern of movement.

We hypothesize at least four plausible explanations

for why we observe these differences in ICoR path

and, by inference, condylar movements: AE mor-

phology and height of the TMJ above the occlusal

plane, occlusal morphology, and muscle firing pat-

terns; these are not mutually exclusive. Inclination of

the AE probably constrains condylar movements

during opening and closing of the jaw. In humans,

the AE is markedly more inferiorly inclined (i.e., the

face of the AE is directed posteriorly) than in many

other primate species (Terhune, 2010). As a result,

this strong inclination could act to limit the extent to

which the condyle can move anteriorly, at least until

the condyle has moved out of the mandibular fossa.

The AE of Macaca and Chlorocebus, in contrast, is

relatively flat, and would therefore be less likely to

constrain anterior condylar movements.

The position of the ICoR and inclination of the

AE are also related to height of the TMJ above the

Fig. 5 Simulated mandibular movements during jaw opening for the nonhuman primate taxa included in this analysis as well as for

humans [based on previous research by Bennett (1908), Grant (1973) and Gallo et al. (1997, 2000)]. Illustrations on the left show

movement from the beginning of SO (gray mandibular outline) to the end of SO (black mandibular outline) based on the position of the

ICoR as illustrated (squares). Illustrations on the right show movement from the beginning of FO (gray mandibular outline) to the end

of FO (black mandibular outline) based on the position of the ICoR as illustrated (circles). Arrows indicate the approximate direction of

condylar movements. A star indicates the origin of the coordinate system at the top of the condyle during maximum occlusion. Not to

scale.
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occlusal plane (Wall 1995, 1999; Terhune 2010).

With increased height of the TMJ, AP movements

of the condyle (or bony measures of translation po-

tential) increase (Wall 1995, 1999; Crompton et al.

2006). By inference, these data imply that increased

height of the TMJ results in an ICoR positioned fur-

ther away from the TMJ. Our observations of an

ICoR generally situated at, or near, the level of the

occlusal plane support this inference. Furthermore,

height of the TMJ may be linked to inclination of

the AE, such that as the TMJ becomes more superi-

orly positioned the AE becomes more inclined,

thereby maintaining the same spatial relationships

among the components of the masticatory apparatus

and/or resisting nonnormal forces at the TMJ

(Spencer 1995; Osborn 1996; Terhune 2010).

Although the AE of C. apella is not as strongly

inclined as in humans, it is relatively more inclined

compared to some other primates (including M. fas-

cicularis) (Terhune 2010), and the TMJ in C. apella is

raised well above the occlusal plane. These morpho-

logical similarities between C. apella and humans

could partially account for the observed similarity

in their condylar movements. Likewise, occlusal mor-

phology in Cebus and Homo is similar in that both

taxa have relatively bunodont teeth that appear

adapted to distributing bite forces over a larger

occlusal area (Rosenberger and Kinzey 1976;

Anapol and Lee 1994; Swindler 2002; Lucas 2004;

Hillson 2005). The teeth of Macaca, Chlorocebus,

and Eulemur, in contrast, are higher cusped (Kay

1975; Hillson 2005). Thus, it is also possible that

variation in occlusal morphology is driving these ob-

served differences in ICoR position and correspond-

ing condylar movements, particularly during the SO

phase of the gape cycle when the teeth are coming

out of occlusion.

Lastly, electromyographic studies of masticatory

muscle activity in primates have demonstrated differ-

ent patterns of firing in strepsirrhines and haplor-

hines (Hylander et al. 1992, 2002, 2000, 2005;

Vinyard et al. 2007). Muscle firing patterns directly

influence mandibular movements and therefore

could also be related to the observed differences in

ICoR position between these suborders.

Future analyses of the FHA in Macaca and Cebus

will allow us to further evaluate links between 3D

mandibular movements, occlusal morphology, and

inclination of the AE. If occlusal morphology and

TMJ height are important determinants of ICoR lo-

cation, Homo and Cebus should resemble each other

most closely, especially during SC. If the morphology

of the AE is important, then Macaca and Cebus

should be most similar, or Cebus should be

intermediate to Macaca and Homo. Finally, if

Macaca and Homo share some phylogenetically relat-

ed aspect of feeding system function relevant to ICoR

location, they will most closely resemble each other.

This work is in progress.

Variance components and FMPs

The results of the hierarchical ANOVA are consistent

with the differences in the path of the ICoR as de-

scribed above. In particular, the partitioning of var-

iance across the hierarchical levels suggests important

differences in ICoR movement at the suborder,

which are consistent with the unique pattern of

movement observed for Eulemur. This analysis is

also consistent with findings from previous analyses

of the ICoR and EMG activity in the masticatory

muscles. Lindauer et al. (1995) and Gallo et al.

(1997, 2000, 2006) observed high levels of variance

among and within subjects in the position of the

ICoR and FHA, respectively. Our results are similar,

although they do further indicate that the AP posi-

tion of the ICoR is more variable than is the SI po-

sition. Similarly, data presented by Vinyard et al.

(2008) found high levels of between-cycle variance

in EMG activity and timing across primates. These

results could reflect changes in FMPs between chew-

ing cycles, as well as changes in the location of the

bite point or in muscle firing patterns.

Food material properties have been shown to in-

fluence mandibular movements (Byrd et al. 1978;

Anderson et al. 2002; Komiyama et al. 2003; Wall

et al. 2006; Reed and Ross 2010; Iriarte Dı́az et al.

2011), and by proxy, the position of the ICoR.

However, we did not observe a large influence of

FMPs. For example, if FMPs contributed significantly

to variance in ICoR position, we should have ob-

served an increase in the percent of variance attrib-

uted to the chewing-sequence level of the analysis,

since each sequence represents a different food item.

The only portion of the gape cycle for which this

holds is FC (and particularly the AP position of

ICoR during FC). This may reflect initial differences

in the size of food objects and/or the material prop-

erties of food.

The ANOVAs performed for more resistant versus

less resistant foods also found few differences in how

variance was partitioned across taxa. This finding is

consistent with Vinyard et al.’s (2008) analysis of

variance in EMG patterns. However, the increased

variance in AP position of the ICoR at the cycle

level in the ANOVAs for more resistant foods

could be indicative of stronger changes in FMPs

during a chewing sequence (Reed and Ross 2010).
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Conversely, the increased variance observed at the

species level for AP position of the ICoR could re-

flect a released constraint on mandibular movements

during the mastication of less resistant foods (e.g.,

with weaker foods, species are free to vary more in

how they go about masticating those foods).

Conclusions

The data presented here represent the first quantifi-

cation of the ICoR in nonhuman primates and sug-

gest intriguing differences in patterns of mandibular

movements across primates and between nonhuman

primates and humans. These results imply that these

differences in movement may bring the mandible

into occlusion during the power stroke in subtly dif-

ferent, but perhaps meaningful, ways. One drawback

of the technique employed here is that we have no

ability to discern mediolateral movements of the

mandible during masticatory behaviors. It is, there-

fore, unclear exactly how the teeth are coming into

occlusion in these taxa and what the magnitude of

the transverse movement of the powerstroke may be.

We are currently quantifying mandibular movements

in two of these taxa using methods similar to those

employed by Gallo et al. (1997, 2000, 2006) on

humans, enabling us to quantify differences in 3D

movement and the extent to which they are linked

to bony morphology or to firing patterns in the jaw

muscles.

The fact that the ICoR is not static during chewing

in primates, but moves throughout the gape cycle,

including during opening, calls into question Moss’

(1959) hypothesis that the location of the ICoR is

coincident with the mandibular foramen and thereby

reduces stretch of the inferior alveolar neurovascular

bundle during opening of the jaw. Clearly a mobile

ICoR during opening cannot prevent stretch of the

neurovascular bundle in the way proposed by Moss.

Additionally, if the sarcomere-length hypothesis is

valid, we would predict an ICoR situated more infe-

riorly (e.g., below the occlusal plane) during wide

gapes, particularly in taxa that have been hypothe-

sized to generate relatively large muscle forces and

bite forces at wide gapes, as is the case for C. apella

(Taylor and Vinyard 2009). Thus, additional evalua-

tion of this hypothesis in light of these results may

be warranted.
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