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ABSTRACT Mastication has been studied by cinematography with syn- 
chronized electromyography (computer quantified and analyzed), while unanes- 

thetized, freely feeding cats (Felis catus) were reducing equivalent-sized chunks of 

raw and cooked beef and cooked chicken. Cats reduce food on one side a t  a time, and 
their chewing cycles show both horizontal and anteroposterior deflections. Food 
objects are shifted from side to side by lateral jerks of the head and movements of 
the tongue. 

During the opening phase, the lowerjaw is rotated relatively straight downward, 
and the digastric muscles are active in bilateral symmetry. Near the end of 

opening, the head jerks upward, both zygomaticomandibulares start to  fire, and 
opening acceleration of the mandible decreases. Closing starts with horizontal 
displacement of the mandibular canines toward the working side, accompanied by 

asymmetrical activities from the working side deep temporalis and the balancing 
side medial pterygoid, as well as a downward jerk of the head. As closing proceeds, 

the mandibular canines remain near the working side and the working side 
zygomaticomandibularis and deep masseter are very active. Near the end of 

closing, the mandibular canine on the working side moves toward the midline, and 
adductors, digastrics, and lateral pterygoids of both sides are active. The adductors 
of the working side are generally more active than those of the balancing side. 

During a reduction sequence, the number and shape of the masticatory cycles, as 
well as movements of the head, during a reduction sequence are affected signifi- 

cantly by food type. As reduction proceeds, the duration of bite and the muscular 

activity (as characterized by number and amplitude of spikes) change significantly 
among muscles of the working and balancing sides. The adductors of the working 

side are generally most active when cats chew raw beef, less for cooked beef, and 

least for cooked chicken. In general, the adductor activity reflects food consistency, 
whereas that of the digastrics and lateral pterygoids reflects more the vertical and 
lateral displacements of the mandible. Statistical analysis documents that the 

methods of electrode insertion and test give repeatable results for particular sites 
in different animals. Thus, it should be possible to compare these results with those 

produced while other mammals are masticating. 

Much of our knowledge of the physiology of 
the neuromuscular system derives from work 
on domestic cats. Their anatomy has also been 
used extensively as a paradigm for that  of 
mammals; thus generations of medical stu- 
dents received their first training by dissec- 
tions of these animals. Cats, like other felids, 
are specialized terrestrial carnivores. Cranial 
structures characteristic of the Felidae appar- 
ently represent a single suite of adaptations for 
predation on vertebrates (Becht, '53; Ewer, '73; 

Smith and Savage, '59; Young, '62). Thus, some 
quantitative analyses of the pattern of mastica- 
tion in domestic cats seem desirable from sev- 
eral viewpoints. 

Felids show a broad range in adult body size, 
though the relative proportions of their teeth, 
skull, and masticatory musculature are re- 
markably similar among Recent species (Ewer, 
'73; Vaughan, '72; Young, '62). Two major units 
of information on mastication by domestic cats 
are already available. In the first, jaw move- 
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ments and muscular actions have been 
characterized on the basis of visual observa- 
tions of living animals, coupled with extrapola- 
tion from anatomical characteristics and the 
use of mathematical models (Arendsen de 
Wolff-Exalto, '51; Becht, '53; Brodie, '34; Gas- 
pard, '71; Hnik et  al., '78; Ryder, 1878; Smith 
and Savage, '59; Turnbull, '70; van der Klaauw, 
'52). Chewing movements are described as gen- 
erally simple, vertical, hinge, or scissor-like, 
with only a slight lateral component of motion. 
The second unit provides specific details re- 
garding the control of masticatory cycles, in 
terms of jaw reflexes, proprioceptive receptors, 
and pathways of the central nervous system 
(cf. Hiiemae e t  al.,  '78; Thexton, '76). I t  
suggests that food reduction involves rather 
complex interactions between the masticatory 
system and the food item. 

In recent years, our appreciation of the com- 
plexity of functional integration has increased, 
as has the refinement of our technical capacity. 
This has allowed a shift away from a n  interpre- 
tation of morphology based on intuition to one 
based on actual measurements of movements, 
forces, and muscular activities. We now have 
analyses of the mastication of a few reptiles and 
representatives of several orders of mammals 
(cf., list in Gans et  al., '78; Hiiemae, '78). Elec- 
tromyograms coupled with various kinds of 
movement analyses now allow us to compare 
the changes in muscular activities that  occur 
during reduction of different foods, that  occur 
within chewing sequences, and tha t  differ 
among mammals (de Vree and Gans, '76; 
Hiiemae, '78; Hiiemae et  al., '78; Hiiemae and 
Thexton, '75; Kallen and Gans, '72; Thexton 
and Hiiemae, '75). 

The present study reports on simultaneously 
recorded cinematography and electromyog- 
raphy from unanesthetized, freely feeding 
domestic cats zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(Felis catus, commonly F. domes- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
tics), ingesting equivalent-sized chunks of food, 
varying in consistency. Displacement records 
of the mandible, as indicated by the movements 
of the mandibular canines, were compared with 
electromyograms taken from standardized 
electrodes placed in well-defined locations. The 
output of such electrodes is shown here to be 
comparable among multiple individual test 
animals. The activity patterns of the major 
masticatory muscles, so obtained, have been 
converted to digital form by computer. The ap- 
proach provides a basis for quantitative com- 
parisons among muscles and among food types. 

MATERIALS AND METHODS 

Eight adult (M = 3.6 2 0.3 kg) unanes- 
thetized, freely-feeding cats (Felis catus) were 

studied using electromyography (EMG) and 
cinematography. Ten other preserved speci- 
mens and four skulls were examined for com- 
parison. Muscular morphology was examined 
in four animals freshly sacrificed for other pur- 
poses and also during autopsies of animals used 
for electromyography. Dissected temporoman- 
dibular joints were examined for the location of 
capsular ligaments and the passive limits of 
mandibular movements. Manipulations of the 
mandible were performed on three anes- 
thetized cats prior to sacrifice. 

Cats were conditioned to enter an  aluminum 
shielded enclosure (50 cm x 20 cm x 60 cm) and 
to take food from a Plexiglas shelf 12 cm above 
its floor. Mirrors permitted filming the head of 
the animal simultaneously in frontal and lat- 
eral views. 

Cats were offered cut pieces (2 cm x 2 cm x 1 
cm) of raw beef, cooked beef, and cooked 
chicken. These food types differ in texture and 
shear stress; clearly cooking affects the plastic- 
ity of the food (cf., Kumur et al., '78; Lister, '70; 
Mohsein, '70; Tuomy et al., '63). Samples of 
these foods were tested using a simple pene- 
trometer (Gadd et al., '67). The mean compres- 
sive stresses were 3.04 ? 0.32 x lo2 N/cm2 for 
raw beef, 1.93 ? 0.43 x 10' Nkm2 for cooked 
beef, and 1.49 * 0.34 x lo2 N/cm2 for cooked 
chicken. Initial trials with dry commercial cat 
foods and canned tuna resulted in only a few 
chewing cycles per food item, small displace- 
ments of the mandible, and low levels of ac- 
tivity from the adductor muscles. These com- 
mercial foods did not appear to tax the animals 
or permit comparisons of movements and mus- 
cular activities as food objects were reduced. 

Ketamine hydrochloride (Vetalar), in com- 
bination with local anesthetics, was adminis- 
tered intramuscularly prior to all surgical 
procedures. All electrodes were implanted in- 
tramuscularly through small incisions in the 
skin. Electrodes were implanted within the 
temporales and masseter muscles through an 
incision perpendicular to the zygomatic arch, 
and within the digastrics and the medial and 
lateral pterygoid muscles through ventral inci- 
sions along the medial border of each mandibu- 
lar body. Implantation to standard depth was 
tested on cadavers, and placement was later 
confrmed a t  autopsy. There were no signifi- 
cant differences in the timing or the pattern of 
EMG activity for the relatively restricted re- 
gions tested within each muscle (see Fig. 1 for 
approximate sites of electrode placement). 
Thus, recordings are identified only to major 
subdivisions of muscles. This leaves open the 
possibility that some differences could be dem- 
onstrated among peripheral bundles of com- 
plexly pinnate muscles, such as the masseter 
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(cf., Herring et  al., '79; but their "masseter" is 
here subdivided into the superficial and deep 
masseters and the zygomaticomandibularis). 

Bipolar electrodes made of 0.076 Teflon- 
coated stainless-steel wire (Medwire Corp., Mt. 
Vernon, NY) and 31.05 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& 1.56 cm long were 
used for all recordings of intramuscular elec- 
trical activities. The electrodes were twisted 
(cf., Gorniak, '77a) and had equal bare tips, 2.16 
-+ 0.166 mm long for most muscles and 1.08 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 

0.086 mm for the lateral pterygoids. 
Eight (color-coded) electrodes were ordi- 

narily implanted by 22-gauge hypodermic nee- 
dles with intradermal points during a single 
surgical session. Electrode wires were kinked 
a t  the incision site and then passed subder- 
mally to the dorsum of the neck where they 
were soldered to a minipin connector. Record- 
ing sessions always started more than 24 hours 
after electrode insertion to permit the animal to 
recover from anesthesia and surgery. After this 
interval, all cats fed freely. Comparisons with 
control cinematography of unoperated cats re- 
vealed no obvious change in feeding behavior 
as a result of the surgical procedures. 

Motion picture sequences were recorded on 
Kodak Ektachrome EF daylight film a t  be- 
tween 32 and 64 frames per second with a 
Beaulieu R16 camera, using two standard 
movie lights. Individual frame identification 
was provided by recording electrical pulses 
triggered by the shutter mechanism of the 
camera. Signals from up to 12 pairs of elec- 
trodes were amplified through combinations of 
Tektronix 26A2 and FM 122 preamplifiers and 
Honeywell Accudata 117 DC amplifiers, moni- 
tored on a Brush 481 strip chart recorder and a 
Tektronix 565 oscilloscope, and stored for later 
use on a Honeywell 5600 medium bandpass 
14-channel FM tape recorder. 

A Layafette analytical projector was used to 
analyze films of movements of the mandible, 
tongue, and head, and to project individual film 
frames for plotting of chewing cycles from fron- 
tal and lateral views. Some 800 chewing cycles 
were analyzed, including a minimum of 100 
cycles for each type of food offered. Movements 
of the mandible were recorded by plotting the 
position of the base of the lower canines with 
respect to the maxillary canines and the nos- 
trils from both frontal and lateral  views. 
Movements of the tongue were readily visible 
when the mouth was opening, when the mouth 
was wide open, and again when the mouth was 
closing. Although the tongue consistently pro- 
truded from the mouth at the wide-open posi- 
tion, one or both of the lower canines remained 
visible in each cycle. Despite this consistent 

movement by the tongue, the positions and 
movements of the food could be observed once 
the tips of the mandibular canines dropped 
below the level of the tips of the maxillary ones. 

Displacements of the mandible and head 
were measured from a scale photographed at 
the start of each recording session. Graphs of 
displacements allowed plotting of interframe 
velocities and accelerations by graphical dif- 
ferentiation (cf. Kallen and Gans, '72)*. Elec- 
tromyograms were analyzed on a modified 
Hewlett Packard 21MX minicomputer (with 
32K memory). Up to four EMG records were 
scanned simultaneously to count the number of 
spikes corresponding to each film frame and the 
mean spike amplitude for that interval. The 
conversion factor is 40 mv (positive) recorded 
on tape/ per unit, or 11.9 units/mv (peak to 
peak) at the electrode tips for our amplification 
arrangement. Noise levels were automatically 
subtracted from the zone scanned. The tape was 
marked by the computer so that multiple scans 
of simultaneously recorded EMGs could be 
compared to each other. The significance of dif- 
ferences among means was tested by the Stu- 
dent t-test for significance of two sample means 
(Simpson et al., '60). Bar graphs of the number 
of spikes and their amplitudes were correlated 
with film records of chewing movements. Sev- 
enty reduction sequences of EMGs with good 
simultaneous cine were examined in detail. 
Data were also taken from EMG records with- 
out cine by cross-correlation among muscles. 

ANATOMY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
General 

Numerous papers, manuals, and books de- 
scribe the anatomy of cats; major sources exist 
for the consideration of the teeth, skull, and 
masticatory muscles (Becht, '53; Crouch, '69; 
Gaspard, '71; Peyer, '68; Reighard and Jen- 
nings, '35; Schumacher, '61; Taylor, '76; 
Turnbull, '70). Thus, the morphology of the 
major masticatory muscles (Fig. 1) as well as 
that  of the skull and dentition (Fig. 2) are illus- 
trated but not discussed here, whereas the tem- 
poromandibular joint and possible movements 
during manipulations of the mandible are 
briefly reviewed. 

Temporomandibular joint 

Each mandibular condyle fully fills a glenoid 
fossa, which lies in the zygomatic process of the 

*It should zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAbe noted that the scales for the acceleration graphs given 
in Kallen and Gans ('721, de Vree and Gans ('761, and Gorniak ('77a) are 
low by a factor equivalent to the filming rate. 
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Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAF. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcatus. (Top) Lateral view zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof the skull showing the teeth, robust zygomatic arch, prominent coronoid 
process, and reduced angular process. (Bottom) Ventral view of the skull showing the teeth, mandibular condyles, 
and mandibular fossae. Note the horizontal separation of the teeth at the bottom right when the opposing tooth 
rows are in occlusion and the lack of bony boundaries along the medial and lateral aspects of the mandibular 
fossae. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAP, angular process, C', maxillary canine, C,, mandibular canine, M', maxillary molar; M,, mandibular 
molar; MC, metacone; MCD, metaconid; MCL, metaconule; MCN, mandibular condyle; PI, first maxillary premo- 
lar; PI ,  first mandibular premolar; P', third maxillary premolar; PC, paracone; PS, parastyle; PGP, postglenoid 
process; PRCD, protoconid; PRLD, protoconulid ZMA, zygomatic arch (Nomenclature of Osborne, cf. Kraus et al., 
'69). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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temporal bone. A prominent postglenoid proc- 
ess forms the posteromedial boundary of the 
fossa and a low bony ridge extends laterally to 
complete its posterior margin. Another low 
bony ridge, forming the anterior margin, is en- 
larged slightly at its anterolateral border. Both 
the medial and the lateral margins of the fossa 
lack bony limits that  might restrict transverse 
condylar movements. 

The posterior, medial, and lateral aspects of 
the capsule of the temporomandibular joint are 
relatively thick, but the anterior wall is quite 
thin. Almost the entire posterior portion of the 
capsule is formed by the posterior capsular 
ligament, which extends from the postglenoid 
process to the posterior aspect of the condylar 
neck. The medial and lateral ligaments form 
most of their respective capsular walls. The 
medial capsular ligament extends from the 
tympanic portion of the temporal bone just an- 
terior to the mandibular condyle to the medial 
aspect of the condyle. The lateral capsular 
ligament extends anteriorly from the lateral 
border of the zygomatic process of the temporal 
bone to the lateral surface of the condylar neck. 

An articular disc divides the joint space into 
distinct superior and inferior compartments 
and attaches peripherally to the temporoman- 
dibular joint capsule. The disc is uniform, ex- 
cept for slight thickening of its medial margin. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Manipulations 

The mandibles may rotate around three axes 
and may translate slightly along three axes as 
well. The major rotation occurs around a trans- 
verse axis through the condyles; this is the 
“opening-closing” movement of the lower jaw. 
A secondary rotation is possible about a verti- 
cal axis through either condyle; the opposite 
condyle then slides anteriorly and shifts the 
canines toward the side about which rotation 
proceeds. Finally, the lower jaws may rotate 
longitudinally, most commonly about a line 
passing through the long axis of the balancing 
mandible when the cat encounters resistant 
food on one side. The balancing side then closes 
farther than the working side and a line con- 
necting the bases of the mandibular canines 
will form an  angle to that connecting the bases 
of the maxillary ones. 

If the teeth are in full occlusion, the lower 
jaws can be moved only slightly along the an- 
teroposterior and the true transverse axes and 
barely be rotated about a vertical axis. Antero- 
posterior movements of the lower jaws and 
their rotation about a vertical axis are limited 
because 1) the tips of the lower canines override 

the premaxillary bone and abut medially on the 
3rd upper incisor; 2) the protocone of the upper 
carnassial interdigitates between the second 
mandibular premolar and lower carnassial; 
and 3) the metaconid of the lower carnassial 
articulates with the posterior buttress formed 
by the crown of the upper molar. Transverse 
movements are limited by the lower canines 
and upper incisors, as well as by the overlap- 
ping cutting blades of the upper and lower car- 
nassials. 

If the lower jaws are rotated open only until 
the tips of the lower canines lie midway along 
t h e  length of t h e  upper, anteroposterior 
movements remain limited a t  the temporo- 
mandibular joint. Transverse movements and 
rotation about a vertical axis remain limited by 
the canines and the carnassials. If the mandible 
is depressed until the canine tips clear each 
other, the mandible can move transversely. 

Each temporomandibular joint permits a 
slight transverse and an anteroposterior (prop- 
alinal) movement of its condyle, as well as rota- 
tion about the long axis of one ramus of the 
lower jaw. The jaw may be translated trans- 
versely by shifting both condyles in the same 
horizontal direction or by rotating one condyle 
anterolaterally about an axis through the op- 
posite one. In either pattern of condylar move- 
ment, the degree of transverse movement pro- 
duces unilateral contact between the tips of the 
upper and lower canines. Asymmetric down- 
ward and lateral forces at the tips of the lower 
canines or at the mandibular carnassials tend 
to rotate the lower jaw about its long axis. 
Transverse movements and rotation about the 
long axis are limited by the medial and lateral 
capsular ligaments. Anteroposterior move- 
ments may shift the tips of the mandibu- 
lar canines slightly beyond the anterior sur- 
faces of the maxillary ones; however, this 
movement is limited by the posterior capsular 
ligament. Posterior shifts of the jaw are blocked 
by the prominent postglenoid process. 

Rotation of the condyles about their long 
(transverse) axes completely separates the 
upper and lower carnassials. The downward 
movement (opening) is limited by tautening of 
the medial and lateral capsular ligaments, 
whereas upward movement (closing) begins to 
tense the posterior capsular ligament as the 
tips of the lower canines approach those of the 
uppers. 

MOVEMENT 

Ingestion 
When cats ingest food, one observes obvious 

opening and closing movements of the mandi- 
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ble, protrusive and retrusive movements of the 
tongue, and upward, forward, and sideward 
movements of the head; the movements reflect 
the size and consistency of the food. 

When large chunks of meat are picked zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAup, the 
tips of the canines impale the meat as the 
mouth closes. The mouth then opens slightly 
and the tongue simultaneously pushes against 
the lower surface of the meat, supporting it 
from below and gradually disengaging it from 
one or both lower canines. The lower jaw next 
opens rapidly, the tongue retrudes, and the 
head jerks upward and laterally. The upward 
movement of the head frees the meat from the 
upper canines, so that  the retrusion of the 
tongue and forward movement of the head 
move the food posteriorly. In addition, jerks of 
the head toward one side shift the food in- 
ertially toward the opposite side of the mouth. 
The mouth then closes rapidly and the food is 
again caught between the teeth. When small 
chunks of beef (approximately 1 ml), tuna, and 
dry commercial cat food are picked up, the head 
jerks less and the jaws stay closer together; the 
food is initially caught between the incisors and 
shifted by protrusive and retrusive movements 
of the tongue. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Mastication 
General 

Reduction of food by cats involves complex 
movements of the head, jaw, and tongue. Chew- 
ing is asymmetric; there are working (active or 
ipsilateral) and balancing (passive or contra- 
lateral) chewing sides. Each cycle of a reduction 
sequence consists of an  opening and a closing 
phase. 

The reduction sequence starts after the food 
has been grasped. The mouth is then slightly 
opened, and opened further on the working side 
than on the balancing side. When viewed from 
the front (Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA31, the mandibular canines move 
relatively s t ra ight  downward during the  
opening phase. However, at a food-specific 
frequency, this downward path may be inter- 
rupted by a slight, reversing, upward move- 
ment near the start of opening. The opening 
phase of these cycles may then be subdivided 
into a “slow” and a “fast” opening. When 
viewed from the side, each mandibular canine 
appears to move vertically downward a t  the 
start of the opening phase. One often notes a 
simultaneous anterior and dorsal displacement 
coincident with the reversing movements of 
opening. As opening proceeds, the path traced 
by the canine curves posteriorly. 

The closing phase begins with a slight hori- 
zontal movement toward the working side. As zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

FRONTAL LATERAL 
VIEW VIEW 

CLOSE 4 

- L E F T  ANTERIOR - 
 OPEN^ 

Fig. 3. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3’. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcatus. Representative chewing cycles showing 
the shifts of the left mandibular canine relative to the maxil- 
lary one in simultaneous frontal (vertical) and lateral (propa- 
linal) views when the cat is masticating cooked beef. The 
working side is left. The original film from which the record 
is plotted was recorded at 35 frames per second. Note the 
changes in mandibular displacements from the start (A), to 
the middle (B), and the end (C) of a reduction sequence. 

closing proceeds, the mandibular canine grad- 
ually reverses direction to move medially until 
the tip of the canine of the working side just 
contacts the tip of the corresponding upper ca- 
nine. The mandibular canine of the working 
side then moves sharply toward the midline; 
the canine of the working side following the 
medial border of its upper canine. At the end of 
the closing phase, the teeth of each side are 
closest to full occlusion. If food remains be- 
tween the teeth of the working side, the lower 
canine of the working side is lower than that on 
the balancing side. During the closing phase, 
the canine moves slightly anteriorly, and near 
the end of closing, rejoins and then follows the 
path of the opening phase until full closure. 
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As the size of the food object becomes smaller 
and the bolus moves posteriorly between the 
teeth, the lower jaw gradually approaches a 
fully closed position at the end of each cycle and 
the degree of longitudinal rotation gradually 
decreases. While the closing jaw continues to 
move toward the working side, the last five to 
six masticatory cycles of a sequence show least 
lateral displacement. 

Food transfer from side to side occurs by 
swings of the head and movements of the 
tongue while the mandible is depressed. The 
pattern ofjaw movement relative to the head is 
not significantly affected thereby. The degree 
of head movement changes with food type and 
as the size of the foodyobject becomes smaller 
during the process of mastication. 

Mastication of three food types 

Cats were offered standard-sized chunks of 
raw beef, cooked beef, and cooked chicken. 
Those descriptors of the masticatory sequence 
that differ are noted in Table 1, while Figures 
4-6 indicate sequential cycles of' typical se- 
quences. 

For each of the food types studied, the reduc- 
tion movements of the mandibular canines rel- 
ative to the maxillary canines differ more in 
frontal than in lateral view. Furthermore, hor- 
izontal displacements during a closing phase 
are similar for the different food types; they are 
also similar when reversal closing occurs dur- 
ing the opening phase (when the cat is reducing 
raw and cooked beef). Consequently, only fron- 
tal views of vertical displacement, velocity, and 
acceleration have been illustrated (Figs. 7-9). 

Graphs of vertical displacement for all food 
types show that the mouth remains closed for 

30 to 90 msec between successive cycles. When 
raw (Fig. 7) and cooked beef (Fig. 8) are re- 
duced, successive cycles are irregular; they 
show small and then large displacements dur- 
ing an  opening phase. Cycles for cooked chicken 
(Fig. 9) are more regular. The jaws open farther 
when cats masticate raw and cooked beef than 
when they masticate chicken. Mean displace- 
ments (& 1 SD; displacements measured from 
the start to the end of the opening phase) for an  
entire sequence are 2.57 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 0.334 cm for raw 
beef, 2.70 2 0.307 cm for cooked beef, and 2.37 
* 0.224 cm for cooked chicken. However, as the 
jaws do not close fully during early cycles of a 
sequence, mean opening displacements for 
each cycle do not differ significantly among the 
three foods. 

Maximal opening and closing velocities are 
similar for all food types. Opening velocity is 
low during initial jaw opening, when the man- 
dibular teeth disengage from the food, and 
reaches maximum just before the mouth is wide 
open. Maximal closing velocity occurs about 
midway through the closing phase. Thereafter, 
closing velocity decreases as the teeth pene- 
trate the food. 

Maximal opening and closing accelerations 
for all food types decrease toward the end of a 
complete reduction sequence, as vertical jaw 
movements decrease. Within one chewing 
cycle, maximal opening acceleration is reached 
just after the tips of the upper and lower ca- 
nines separate. Maximal closing acceleration 
occurs at the instant of reversal; acceleration 
then decreases rapidly as the tips of the oppos- 
ing canines approach each other. Maximal clos- 
ing acceleration is two to three times greater 
than maximal opening acceleration. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

TABLE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1. Comparison of masticatory sequences of cats when fed 
standard-sized pieces of three distinct foods 

Cycleslchunk 
ingestion to Interruptions 

Type of Rate (cycles swallowing Food and reversal Full 
food zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAper second) (mean zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 1 SD) transfer during opening closure 

Raw beef 3.0 30 2 4.35 1 to 2 times 
during initial 
3-5 cycles 

Cooked 3.0 19 k 2.75 2 to 4 times 
beef during initial 

10-12 cycles 

Cooked 3.5 10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf 2.20 1 to 2 times 
chicken during 

initial 5-6 
cycles 

Every 3rd to 4th By 20th to 
cycle for first 22nd cycle 
60-70% of the cycle 
strokes, fewer 
thereafter 

90% of first By 16th to 
60-70% of the 18th cycle 
strokes, fewer 
thereafter 

Rare, a 30-60 
msec. stop cycle 

By 4th to 5th 
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Fig. 4. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAF. catus. Frontal views of sequential chewing cycles showing the position of the base of the left mandibular canine 
(relative to the maxillary one) of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa cat that is reducing raw beef. The plots show progressive changes in closing and opening 
(1, displacementsfor sequential chewingcycles. Traced from films taken at  35 framesper second. The working side is left. The 
numbers refer to the place of the cycle in the sequence. The first cycle shows a closing displacement during the opening phase. 
The reversals occur intermittently at the beginning zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof the sequence. 

Horizontal displacements of the lower jaw 
are similar for the different food types. Dis- 
placement toward the working side starts with 
the closing phase (Fig. 10). As closing proceeds, 
horizontal displacement decreases gradually 
and the mandibular canine on the working side 
moves toward the midline before the mouth has 
closed completely. The transient closing dis- 
placements during the opening phase are ac- 

companied by small horizontal movements di- 
rected either toward the balancing side with 
reversal toward the working side or toward the 
working side only. 

For all food types, horizontal velocities and 
accelerations toward the working side reach 
maxima at the start  of the closing stroke, then 
decrease gradually as the jaw continues to 
close. Their magnitudes also decrease near the 
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Fig. 5. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAF. catus. Frontal views of sequential cycles when a cat is masticating cooked beef. Conventions as in Figure 4. 
Progressive changes occur in the closing (t) and opening (J) displacements during successive chewing cycles. Reversing 
displacements occur regularly during the opening phase during more than the first cycles of a masticatory sequence. 
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F .  catus. Frontal views of seauential cvcles when a 
cat is masticating cooked chicken. Co&entions"as in Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4. Progressive changes occur in the closing [t) and opening (J) 
displacements during successive chewing cycles. Reversing 
displacements during the opening phase are rare. The 
number of chewing cycles per sequence is lower than during 
the reduction of equivalent-sized chunks of raw and cooked 
beef. 

end of a reduction sequence. Although maximal 
horizontal displacements, velocities, and accel- 
erations are similar for all three foods, they are 
much smaller than those in the vertical direc- 
tion. 

Movements of the head 

The head moves both horizontally and verti- 
cally during mastication. Lateral movements 
of the head occur most frequently when cats 
chew cooked beef, less with chicken, and least 
with raw beef. Lateral movements of the head 
are fewest during the last half of the reduction 
process, as chewing then generally proceeds on 
one side of the mouth. 

Cats tend to face the balancing side during 
mastication. However, the head still moves 
horizontally during both the opening and the 
closing phases of a masticatory cycle (Fig. 11). 
The head moves farther toward the balancing 
side during the opening phase and a t  the start 
of the closing phase. The head reverses direc- 
tion and moves toward the working side as the 
teeth contact the bolus near midclosure. When 
food is transferred from one side of the mouth to 
the other, the head shifts farther toward the old 
working side at the end of closing; the snout 
then faces almost directly forward. The head 
next moves still farther toward the old working 
side during the next opening phase and contin- 
ues this lateral movement at the start of clos- 
ing. Concurrently, the food object is shifted to 
the new working side. 

The head moves vertically, upward when the 
mouth opens and downward when it closes. 
Rarely does the head show dorsal movement a t  
the start of the opening phase, although slight 
downward (ventral) movement of the head 
may accompany any interrupting reversing 
movements during opening. However, the head 
starts to move upward as the mandibles begin 
to accelerate sharply downward. Near the end 
of the opening phase, as opening acceleration of 
the mandible starts to decrease, the head accel- 
erates upward and reaches its maximal upward 
displacement at the instant that the mouth is 
wide open. The head then accelerates down- 
ward as the mandible starts to close. Head 
movement stops at the end of the closing phase. 

During jaw opening, the head moves upward 
and toward the balancing side. At the start of 
closing, the head moves downward and toward 
the balancing side and then reverses direction 
toward the working side as the canines ap- 
proach each other. Vertical head movements 
are greatest at the start of a reduction sequence 
and greater for raw and cooked beef than for 
chicken. As the chunks of food become smaller 
during mastication, the amplitude of vertical 
head movements decreases for all food types. 

Movements of the tongue 

When food is transferred between the sides of 
the mouth, the tongue is first protruded during 
the opening phase and is then retruded and 
moveddownward while the mouth is wide open. 
As the mouth closes, the tongue moves dorsally 
and somewhat laterally; it contacts the food on 
the balancing side. This combination of back- 
ward and dorsal movements of the tongue, 
coupled with lateral and sometimes forward 
movements of the head, will shift large food 
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Fig. 7. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAF .  catus. Vertical displacement (from films recorded at 35 frames per second), velocity, and acceleration ofthe base 
of the left lower canine (relative to the upper) in frontal view. Masticatory cycles when raw beef is being reduced in size near 
the middle of a reduction sequence. 

objects laterally and posteriorly. However, 
small pieces of food are positioned mainly by 
dorsal and retrusive movements of the tongue. 
When manipulating such ohjects, the dorsally 
moving tongue may twist about its long axis so 
that its dorsal surface faces the working side. 

In general, lateral transferrals of food re- 
quire one or two masticatory cycles. Transfer 
occurs from a position with the mouth wide 
open into one with the mouth just starting to 

close. However, food is generally shifted back- 
ward along the carnassials during the closing 
phase. When the mandibular canines show 
either a slight reversing displacement or a hesi- 
tation during the opening phase, the tongue 
first protrudes between the canines, moves dor- 
sally covering the upper incisors, and then re- 
trudes into the oral cavity. We are uncertain 
about other movements of the tongue during 
this interval. 
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Fig. 8. F .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcutns. Vertical displacement (from films recorded at 34 frames per second), velocity and acceleration of the base 
of the left lower canine (relative to the upper) in frontal view. Masticatory cycles when cooked beef is being reduced near the 
middle of a reduction sequence. Note the irregular displacement during near-closure for cycles 1 through 4, and the regular 
pattern for cycles 5 and 6. 

ELECTROMYOGRAPHY 

General pattern 
Electromyograms (EMGs) were obtained 

from the major jaw closing and opening muscles 
(Fig. 1) as well as from the biventer portion of 
the semispinalis capitis muscles. EMGs are de- 
scribed for masticatory cycles in which the 
working side was left. EMGs during ingestion 
are noted briefly thereafter. 

In general, the periods of activity of the major 
masticatory muscles are bilaterally symmetri- 
cal; however, the periods of activity of the me- 
dial pterygoids and deep temporales are bilat- 
erally asymmetrical (Fig. 12). Analysis of 
EMGs indicates that  each muscle shows a rela- 
tively constant and characteristic pattern of 
activity correlated with fixed phases through- 
out most cycles of the reduction sequence. 
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Fig. 9. F. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcutus. Vertical displacement (from films recorded at  35 frames per second), velocity, and acceleration 
of the base of the left lower canine (relative to the upper) in frontal view. Masticatory cycles when cooked chicken is 
being reduced near the middle of a reduction sequence. Note the regularly cyclic displacements. 

In the following analysis of general activities 
during jaw opening, jaw closing, and 
movements of the head, we use verbal terms to  
characterize the level of activity during the 
sequences. In contrast, we characterize muscu- 
lar activity in numerical terms in the section 
comparing the activities of adductors on the 
working and balancing sides and in that com- 
paring the EMGs obtained when animals were 
reducing foods of different textures. 

In a separate analysis, three standardized 
electrodes were placed in approximately equiv- 
alent sites within each side of the deep tem- 
poralis of four cats. The electrical activities 
were recorded at equivalent levels of amplifica- 
tion. The number and magnitude of EMG 
spikes during 30.5 msec intervals (defined by 
the filming rate) and the number of 30.5 msec 
intervals per bite showing electrical results 
during closing were recorded. (Analysis is for 
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Fig. 10. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAF. catus. Horizontal displacement (from films recorded a t  34 frames per second), velocity, and acceleration of the 
base of the left lower canine (relative to  the upper) in  frontal view. Masticatory cycles when cooked beef is being reduced near 
the middle of a reduction sequence. The arrows indicate instances when the jaws are wide-open (0) and closed (C). A horizontal 
displacement toward the working side (left) accompanies the closing phase. When raw and cooked beef are reduced, slight 
horizontal movements occur during opening, as shown for the first three cycles. Reduction of cooked chicken includes few 
horizontal displacements during opening; displacements then resemble those for cycles 4 and 5 of this figure. 

only those intervals, during which the muscle 
was electrically active.) The mean values ob- 
tained on the test with both deep temporales 
did not differ significantly among electrodes on 
the same side or among cats, even at levels of 
significance greater than 0.2 (in one case the 
mean amplitude gave a test less than this but 
still above 0.05; Table 2). Furthermore, the 

mean numbers of spikes and the mean spike 
amplitudes, whether for the working or the 
balancing side, did not differ significantly (P > 
0.10) if the working side was on the left or if it 
was on the right. 

One can now establish confidence limits, 
both for the mean values expected within single 
bites and within smaller intervals. For the deep 
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Fig. 11. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAF. catus. Summary ofvertical displacement of the mandible, and vertical and horizontal displacements ofthe head 
(all from films recorded a t  35 frames per second), as well as mean amplitudes zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(40 mViunit; taken from digitized slectromyo- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
grams) of the right (RSSC) and left (LSSC) biventer portions of the semispinalis capitis muscles. Records show a representa- 
tive eeries of masticatory cycles of a cat that is reducing cooked beef. (N equals the number of reduction sequences from which 
rnuwular activities were derived.) The har graph is shown stippled for EMG activities during the opening phase and solid for 
activities during the closing phase. Note the changes in displacements of the head and of muscular activity coincident with 
opening and closing of the mandible, also the changes when the working side is transferred (T) [ram the left (L) tu the right (R). 
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temporales, there is a 95% probability that the 
mean spike numbers (determined for a se- 
quence of 30.5 msec intervals) will fall within 
6.38 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAk 0.36 (mean zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 1 SE) for the working side 
muscle and 5.07 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 0.27 for the balancing side 
one. The equivalent confidence limits for the 
spike amplitudes are 18.71 -t 1.51 for the work- 
ing side muscle and 12.38 _t 0.94 for the balanc- 
ing side one. When the comparison is based on 
the number and amplitude of the spikes per 
masticatory cycle (bites rather than intervals), 
the confidence limits for the number of spikes 
are 31.23 IL 2.43 for the working side and 22.37 
* 1.97 for the balancing side one. Those for 
spike amplitudes are 93.82 -+ 11.14 for the 
working side muscle and 50.92 -t 5.19 for the 
balancing side one. These results justify the 
comparisons of the output of multiple elec- 
trodes placed into different animals. 

Activity during opening 

The periods of activity of the anterior and 
posterior digastrics are bilaterally symmetri- 
cal during the opening phase of each cycle, as 
are the periods of activity of the anterior and 
posterior bellies of the same side (Fig. 13). Low 
levels of activity coincide with the start of open- 
ing, but stop during cycles that show slight 
closing movements during the opening phase. 
As jaw opening resumes, the digastrics become 
highly active bilaterally; their activity ceases 
when the mandible reaches the wide open posi- 
tion. 

The zygomaticomandibulares and deep mas- 
seters fire bilaterally at low levels during slight 
closing displacements at  the start of the open- 
ing phase (Fig. 14); they are silent thereafter. 
The zygomaticomandibulares again become 
slightly active when opening acceleration de- 
creases near the end of the opening phase. 

Activity during closing 

As closing starts, the medial pterygoid of the 
balancing side and the deep temporalis of the 
working side become active at  low levels, and 
the activity levels of the zygomaticomandi- 
bulares increase bilaterally (Fig. 14). This 
asymmetry in the start of activity of the medial 
pterygoid and the deep temporalis accompanies 
movement of the lower jaw toward the working 
side. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAs the mandible nears its farthest dis- 
placement toward the working side, the medial 
pterygoid of the working side starts to  fire 
weakly, and the deep temporalis of the balanc- 
ing side starts to fire strongly. Simultaneously, 
the deep and superficial masseters, as well as 

the superficial temporales of both sides, become 
slightly active. Also, the medial pterygoid of 
the balancing side and both zygomaticomandi- 
bulares show a rapid rise in activity. 

Near midclosure, while the mandible is still 
displaced toward the working side, and while 
jaw closing acceleration decreases, all the jaw- 
closing muscles are active bilaterally. The ac- 
tivity levels reach a maximum in the zygomat- 
icomandibularis of the working side and the 
deep temporalis and medial pterygoid of the 
balancing side. Simultaneously, the zygomat- 
icomandibularis, deep masseter, and superfi- 
cial temporalis of the balancing side, as well as 
the deep masseter, deep and superficial tem- 
porales, and medial pterygoid of the working 
side, show increased levels of activity. 

Near the end of closing, the deep and superfi- 
cial masseters, and superficial temporales of 
both sides, as well as the medial pterygoid and 
deep temporalis of the working side, reach their 
maximal levels of activity. Zygomaticomandi- 
bulares of both sides and the medial pterygoid 
of the balancing side become less active a t  this 
time, although the zygomaticomandibulares 
are still active a t  relatively high levels. 

The digastrics remain silent through the 
start of the closing phase and then start to fire. 
The anterior and posterior digastrics of the 
balancing side are more active than are those of 
the working side, as the mandibular canine on 
the working side moves horizontally toward the 
midline near the end of closing. Both anterior 
and posterior digastics of both sides cease ac- 
tivity as full closure is approached during a 
cycle. The digastics become less active as man- 
dibular displacements decrease near the end of 
a reduction sequence. 

Both lateral pterygoids appear to be silent 
during the opening phase and at  the start of the 
closing phase of a cycle. Near the end of the 
closing phase, the lateral pterygoids become 
active simultaneously with the digastrics (Fig. 
13). The lateral pterygoid of the working side is 
more active than that of the balancing side. The 
lateral pterygoids and digastrics simultane- 
ously cease firing a t  the end of closing. Near the 
end of a reduction sequence, the lateral  
pteTygoids are active a t  low levels a t  the end of 
closing. 

When full closure is reached, the zygomat- 
icomandibularis and the deep and superficial 
masseters of the balancing side, as well as the 
superficial masseter of the working side, stop 
firing. However, the other adductors may con- 
tinue to show low levels of activity for varying 
periods of time. 
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Time zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
_ _  

Right Media l  Pterygoid I * --+&.- -4#* F ' . +  

le f t  Med ia l  Pterygoid 

Frame Markers 80 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA90 100 110 120 

Fig. 12. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAF. catus. Representative electromyograms documenting asymmetric muscular activities of the medial 
pterygoid and deep temporalis muscles at the start  of the closing phase (C). Initial horizontal movement toward the 
working side, whether left zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(L) or right (R), is accompanied by asymmetric activities of the deep temporales ofthe 
working side and the medial pterygoids of the balancing side. Digitized electromyograms were correlated with 
simultaneous movement records. 
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TABLE 2. Activity o f  the temporales of  the working and balancing side during 

reduction sequences zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof cooked beef by four different cats. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA* 

Mean number of 30.5 
msec intervals Mean zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAnumber of spikes Mean amplitude 

showing activity per interval per interval 

Working Balancing Working Balancing Working Balancing 
Cat Electrode N mean zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf SE mean k SE mean f SE mean f SE mean f SE mean k SE 

1 A 16 4.35 f 0.14 3.87 t 0.15 
B 16 4.31 f 0.18 4.06 f 0.17 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
C 16 4.62 ? 0.23 

2 A 16 4.37 f 0.13 3.81 t 0.14 
B 16 4.12 f 0.18 3.82 f 0.20 
C 16 4.42 f 0.24 3.81 f 0.18 

3 A 16 4.62 t 0.22 3.69 t 0.19 
B 16 4.75 f 0.21 3.76 t 0.19 
C 16 4.56 f 0.22 3.74 ? 0.19 

4 A 16 3.69 +- 0.18 
B 16 4.50 f 0.22 3.81 t 0.19 
C 16 4.56 f 0.18 3.62 t 0.22 

6.86 k 0.31 5.20 f 0.35 17.12 f 1.21 11.78 f 0.79 ~ ~ ~ 

6.28 f 0.29 4.94 f 0.26 19.00 f 1.46 11.01 f 0.68 
6.21 f 0.21 20.59 ? 1.19 
6.80 f 0.38 5.11 f 0.31 19.48 f 1.32 13.51 f 1.18 
6.27 f 0.33 5.29 t 0.36 19.15 f 2.23 11.91 f 0.78 
6.07 f 0.31 5.19 f 0.29 17.59 f 1.84 11.61 f 0.92 
6.29 f 0.35 4.79 f 0.28 19.86 f 0.99 10.94 f 0.82 
6.27 f 0.27 4.61 f 0.27 18.59 f 1.06 12.33 f 1.12 ~ 

6.05 f 0.28 4.84 f 0.29 19.53 ? 1.45 12.26 f 0.91 
5.17 f 0.40 11.23 f 1.22 

6.41 f 0.43 4.78 ? 0.32 17.51 f 1.48 11.57 f 1.13 
6.15 f 0.35 4.92 k 0.42 19.11 f 1.52 11.34 f 0.91 

*Records from six electrodes per cat placed into closely proximate sites in the deep temporalis of each side. Mean numbers of 
30.5 msec intervals showing activity during a bite. mean numbers of EM(; spikes, and mean spike amplitudes lin terms of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA40 

mVlunit) each per interval for different electrodes. (N  equals the number of bites.) 

Activity during movements of the head 

The biventer portions of the semispinalis 
capitis muscles are active as the head moves 
upward and sidewards (Fig. 11). When the head 
is held facing toward the balancing side, the 
semispinalis capitis of the balancing side re- 
mains active throughout both the opening and 
closing phases of a masticatory cycle. Activity 
of the muscle of the balancing side increases 
when the head moves upward and toward the 
balancing side during opening and at the start 
of closing. Activity decreases slightly as the 
head shifts toward the working side during the 
last half of the closing phase. 

The semispinalis capitis of the working side 
starts to fire a t  a low level as the head begins to 
move upward during opening. The muscle be- 
comes more active as the head jerks upward 
and opening acceleration of the mandible de- 
creases. Its activity ceases as the head jerks 
downward at  the start of the closing phase. 
However, movement of the head toward the 
working side during the last half of closing is 
coincident with marked activity of the semi- 
spinalis capitis on the working side; activity 
then stops as the head becomes still. 

If food is transferred between sides during a 
reduction sequence, the semispinalis capitis on 
the balancing side becomes much less active as 
the head moves farther toward the working 
side. At the same time, the muscle of the work- 
ing side is slightly active. This activity then 
increases as the head shifts farther toward the 
working (new balancing) side and as the head is 
lifted during the opening phase of the following 
cycle. 

Activities during ingestion 

The anterior and posterior digastrics are ac- 
tive bilaterally and symmetrically during 
opening. Low levels of activity coincide with 
slight opening of the mouth as the tongue pro- 
trudes. The digastrics then become highly ac- 
tive as the mouth opens rapidly, but activity 
ceases bilaterally when the mouth reaches the 
wide-open position. During ingestion, the di- 
gastrics and the lateral pterygoids appear to  be 
silent while the mouth is closing. 

The adductors of both sides are active in 
bilateral symmetry while the mouth closes. In 
general, these adductors are more active and 
for a longer period during ingestion than dur- 
ing chewing. Although the times of activity are 
the same, the adductors of the working side are 
more active than those of the balancing side. 
The adductors become silent when the mouth 
starts to open. 

Activity of the biventer portions of the semi- 
spinalis capitis during upward and lateral 
movements of the head agrees with that ob- 
served during mastication. Both sides of this 
muscle are highly active as the head moves 
upward during opening and less active as the 
head moves downward during closing. As the 
head moves laterally, activity occurs on the 
side toward which movement proceeds. 

Comparisons of adductor activities 

Tables 3-5 show EMG activities recorded on 
the same day from a single set of electrodes 
implanted unilaterally within the designated 
muscles of a single cat. The values are for two 
entire reduction sequences during which either 
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Fig. 13. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAF. catus. Synthetic summary of sequences of mandibular displacements and coincident mean amplitudes (40 
mvlunit) of (digitized) electromyograms of the anterior (AD) and posterior (PD) digastrics and lateral pterygoids (LPT) 
muscles. The prefix L denotes left; R, right, The bar graph is shown stippled when the EMGs occur during the opening phase 
and solid when they occur during the closing phase. The left side is working throughout the sequence. N equals the number of 
reduction sequences used to obtain mean muscular activities. See text for explanation. 

Fig. 14. F. cutus. Synthetic summary of sequences of mandibular displacements and coincident mean amplitudes zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(40 
mV’iunit} of (digitized) EMGs of the zygomaticomandibularis (ZM); deep masseter (DM); superficial masseter (SM); deep 
temporalis (DT); superficial temporalis (ST); and medial pterygoid (MPT) muscles. The prefix L denotes left; R, right. The bar 
graph is shown stippled when the EMGs occur during the opening phase and solid when they occur during the closing phase. 
The left side is working throughout the sequence. N equals the number of reduction sequences used to obtain mean muscular 
activities. See text for explanation. 
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TABLE 3. Muscular activity during mastication of cooked beef by a single cat.7 

Mean number of 30.5 
msec intervals Mean number of spikes Mean amplitude 

showing activity per interval per interval 

Working Balancing Working Balancing Working Balancing 
Muscles N mean zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf SE mean f SE mean ? SE mean f SE mean f SE mean k SE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
ST 25 3.37 f 0.16 3.24 f 0.18 5.18 f 0.35 3.94 f 0.24* 15.07 f 1.16 10.84 f 1.08* 
DT 25 4.08 f 0.16 3.28 f 0.17. 6.36 k 0.34 5.16 f 0.34* 17.96 k 1.15 12.62 f 0.84* 
ZM 25 4.17 f 0.18 4.12 f 0.18 7.12 f 0.32 6.71 f 0.35 22.14 z? 1.74 16.94 f 1.28* 
DM 25 3.59 f 0.11 3.53 f 0.10 10.14 f 0.42 8.21 f 0.35* 26.67 f 1.91 14.83 f 0.83* 
SM 25 3.13 f 0.15 3.12 f 0.11 6.26 f 0.33 4.80 f 0.27* 7.59 f 0.68 5.64 f 0.58* 

MPT 25 3 . 6 9 k  0.16 4.05 +_ 0.11 8.29 f 0.49 7.73 f 0.50 23.82 f 1.90 17.53 f 1.59* 

?Mean numbers of 30.5 msec intervals showing EMG activity per bite, mean numbers of EMG spikes per interval, and 
mean spike amplitudes (in terms of 40 mViunitl per interval for adductors on the working and balancing sides during two 
reduction sequences. (N equal3 the number of bites. Muscle abbreviations a9 in Figure 14.) 

*Significantly different from the same muscle on the working side at P zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA<0.01. 

TABLE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMuscuEar activity during mastication of 
cooked beef by a singLe cat.* 

Start Middle End 

Mean number Mean number Mean number 
of intervals of intervals of intervals 

Muscles N mean? SE mean f SE mean f SE 

WST 
BST 

WDT 
BDT 

WZM 
BZM 

WDM 
BDM 

WSM 
BSM 

WMPT 
BMPT 

10 3.90 f 0.23 3.60 f 0.16 3.09 f 0.28 
10 3.70 ? 0.21 3.45 f 0.16 3.10 f 0.24 

10 4.36 f 0.15 3.80 f 0.29 3.72 f 0.24 
10 3.80 f 0.20 3.50 f 0.22 3.20 f 0.29 

10 4.40 f 0.31 4.10 f 0.28 3.80 f 0.25 
10 4.36 f 0.21 4.09 f 0.16 3.80 f 0.20 

10 3.80 f 0.25 3.60 f 0.22 3.40 f 0.16 
10 3.72 f 0.19 3.50 f 0.17 3.20 f 0.13 

10 3.50 f 0.22 3.40 f 0.22 2.80 f 0.13 
10 3.30 f 0.21 3.18 f 0.12 2.90 f 0.25 

10 3.70 f 0.26 3.60 f 0.22 3.39 f 0.16 
10 4.30 f 0.26 3.90 f 0.23 3.72 f 0.16 

*Mean numbers of 30.5 msec intervals showing activity per bite for adductors on the 
working (W) and balancing IB) sides during the start, middle, and end of a reduction se- 
quence. (N equals the number of bites. Muscle abbreviations as in Figure 14.) 

the working or balancing side remains rela- 
tively constant. They agree well with 
recordings of the same muscles in  other cats. 

EMGs for an adductor on the working or 
balancing side for an  entire reduction sequ- 
ences may now be compared. Comparison is of 
1) the duration of the activity period for each 
bite-i.e., the mean numbers of 30.5 msec (set 
by filming rate) intervals per bite during which 
the muscle is electrically active during the clos- 
ing phase, of 2) the mean number of spikes, as 
well as of 3) the mean spike amplitudes per 

interval (Table 4). The deep temporalis is 
unique in that the mean activity period per bite 
is significantly greater when the muscle is on 
the working side than on the balancing one; in 
all other muscles this is not significantly differ- 
ent. However, the mean activity periods are 
greatest for the zygomaticomandibularis either 
on the working or on the balancing side. The 
relative durations of activity periods of each 
muscle per bite reflect the changing times of 
onset and cessation of adductor activity de- 
scribed above. 
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TABLE 5.  Muscular activities at the start, middle and end zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof a reduction 

sequence of cooked beef by a single cat.? 

Start Middle End 

Mean numbers Mean EMG Mean numbers Mean EMG Mean numbers Mean EMG 
of spikes amplitudes of spikes amplitudes of spikes amplitudes 

Muscles N meanf  SE mean f  SE meankSE meanf  SE meanf  SE meanf  SE 

WST zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 5.92 f 0.56 17.48 f2.30 5.30 f 0.60 15.02 f 1.63 4.90 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& 0.51 13.80 f 1.80 
BST 10 4.35 f 0.45 12.05 f 1.28 3.80 f 0.36 10.54 f 1.19 3.65 & 0.39 6.88 f 0.74!* 

WDT 10 7.48 f 0.51 18.80 f 2.07 6.16 f 0.46 16.80 f 1.80 5.39 k 0.52! 15.34 f 2.00 
BDT 10 5.34 f 0.41; 16.00 f 1.43 5.11 f 0.38 13.57 f 1.36 4.58 ? 0.48 12.11 f 1.04 

WZM 10 8.23 f 0.36 25.38 f 2.90 6.62 f 0.47 20.62 f 2.40 5.97 ? 0.48! 20.35 f 2.50 
BZM 10 7.36 f 0.52 21.61 f 2.90 6.87 f 0.52 14.46 f 3.10 5.75 ? 0.52 11.05 * 2.00!* 

WDM 10 11.08 f 0.73 34.85 f 3.06 9.23 k 0.63 30.05 f 2.86 8.10 +- 0.65! 24.31 f 2.39 
BDM 10 8.86 f 0.59 22.14 +1.67* 7.90 f 0.63 15.11 + 1.48!* 7.79 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf 0.55 12.60 f 0.94!* 

WSM 10 6.87 f 0.51 12.04 f 1.51 5.46 f 0.46 6.45 f 0.66! 5.19 f 0.61 5.11 f 0.56! 
BSM 10 5.30 f 0.43 5.62 f 0.59; 4.58 f 0.39 4.97 f 0.42! 4.21 0.32 3.22 f 0.28!* 

WMPT 10 9.81 f 0.65 31.58 f 3.65 7.79 f 0.55 24.19 f 2.75 7.36 & 0.69 15.75 f 2.04! 
BMPT 10 7.78 k 0.63 21.46 f 2.78 7.61 f 0.65 20.25 f 1.70 7.75 f 0.71 14.66 f 1.53 

tMean number zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof EMG spikes and mean EMG spike amplitudes (in terms of 40 mViunit) during the same intervals as those in Table 4 for 

'Significantly different from the same muscle on the working side at P < 0.01, 
!Significantly different from the start at P < 0.01. 

adductors on the working (W) and balancing (B) side. (N equals the number of bites. Muscle abbreviations as in Figure 14.) 

The deep and superficial temporales, as well 
as the deep and superficial masseters, show 
significantly greater mean numbers of spikes 
and mean amplitudes on the working than on 
the balancing side. However, the zygomatico- 
mandibularis and the medial pterygoid only 
show significantly greater mean amplitudes 
(but not spike numbers) on the working than on 
the balancing side. 

When these descriptors are used to  charac- 
terize muscular activities observed during the 
beginning, middle, and end of reduction se- 
quences, they disclose further similarities and 
differences. In general, the duration of bite, 
number of spikes, and mean spike amplitudes 
decrease during a reduction sequence. How- 
ever, only some of the regular decreases result 
in statistically significant differences (Tables 4 
and 5). In none of the adductors studied is the 
mean activity period per bite significantly dif- 
ferent when an adductor is on the working or on 
the balancing side, nor do the activity periods 
differ significantly for either muscle of a pair 
between the beginning and the end of a reduc- 
tion sequence. 

Only for the deep temporalis is the mean 
number of spikes significantly greater when 
the muscle is on the working than on the 
balancing side (and then only at  the beginning 
of a sequence). For no other adductor do the 

mean numbers of spikes differ significantly be- 
tween working and balancing sides during the 
middle or the end of a reduction sequence; how- 
ever, the values are generally greater through- 
out a sequence when the muscle is on the work- 
ing side than on the balancing side. 

For the deep temporalis, zygomaticoman- 
dibularis, and deep masseter, all of the working 
side, the mean numbers of spikes are signifi- 
cantly greater at the beginning than at the end 
of a sequence. However, in no adductor do the 
mean numbers of spikes differ significantly be- 
tween the beginning and the middle, or be- 
tween the middle and the end, of a reduction 
sequence. Still, all adductors show the greatest 
mean numbers of spikes a t  the beginning of a 
sequence and a drop thereafter. 

The superficial and deep temporales show 
greater mean amplitudes throughout a reduc- 
tion sequence when the muscle is on the work- 
ing side than when it is on the balancing side 
(Table 5) .  The mean amplitudes are greatest a t  
the beginning of a reduction sequence, and drop 
thereafter. However, the superficial temporalis 
shows a significantly greater mean amplitude 
for the working than for the balancing side at 
the end of a reduction sequence; the amplitude 
of the events on the balancing side also de- 
creases significantly between the beginning 
and the end of a sequence. 
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The mean amplitudes of the zygomatico- 
mandibularis and of the deep and superficial 
masseters are greater on the working than on 
the balancing side. However, it is only near the 
end of a reduction sequence that the amplitudes 
for the zygomaticomandibularis become signif- 
icantly greater on the working than on the 
balancing side. In contrast, amplitudes be- 
tween the working and balancing side of the 
deep masseter are  significantly different 
throughout a sequence, whereas amplitudes of 
the superficial masseter are significantly 
greater at  the start and end of a sequence. 
Amplitudes for the deep masseter on the 
balancing side and for the superficial masseter 
on both sides are significantly greater a t  the 
beginning than during the middle or a t  the end 
of a reduction sequence. However, the differ- 
ences between the start and the end of a se- 
quence are not significant for the zygomati- 
comandibularis and deep masseter on the 
working side, but the differences between the 
beginning and the end of a sequence are signifi- 
cant for the zygomaticomandibularis on the 
balancing side. The various comparisons of the 
activity of the medial pterygoids only show sig- 
nificant differences between the output of the 
working side a t  the beginning and the end of a 
sequence. 

In general, in adductors, whether on the 
working or the balancing side, the mean 
number of spikes per interval tends to  be corre- 
lated positively with the mean spike amplitude 
(r zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 0.79 at  P < 0.01; Tables zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3-5). However, a 
painvise comparison of the numbers of spikes 
with the spike amplitudes for each sampled 
interval does not yield a significant correlation. 
Mean numbers of spikes and mean spike 
amplitude also correlate positively when the 
activities of all adductors throughout an entire 
reduction sequence are compared simultane- 
ously (r = 0.84 at P < 0.01; Tables 3-5). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Variation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof EMG with food type 

When a single set of electrodes is implanted 
within the adductors on the working side of a 
single cat, the mean activity periods per bite 
(Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6) and the mean number of spikes as well 
as mean spike amplitudes (Table 7) differ when 
cats masticate raw beef, cooked beef, and 
cooked chicken. In general, these means are 
greatest for raw beef, less for cooked beef, and 
least for chicken. 

For all adductors, the mean activity periods 
are significantly greater when cats chew raw 
beef than when they chew chicken. Only the 
zygomaticomandibularis, superficial masseter, 

and the medial pterygoid show significantly 
greater mean activity periods for raw than for 
cooked beef. None of the adductors show signif- 
icantly different periods of activity when cats 
chew either cooked beef or chicken. 

The superficial and deep temporales, and the 
superficial masseter show significantly greater 
mean numbers of spikes when cats chew raw 
beef than when they masticate either cooked 
beef or chicken. However, the mean number of 
spikes for the zygomaticomandibularis does not 
differ significantly between raw and cooked 
beef, but the mean number of spikes is signifi- 
cantly greater for raw beef than for cooked 
chicken. The mean number of spikes for the 
deep masseter also does not differ significantly 
between raw and cooked beef, but the mean 
number of spikes is significantly greater for 
raw and cooked beef than for chicken. The 
mean number of spikes for the medial pterygoid 
does not differ significantly when cats chew 
either raw or cooked beef or chicken. 

For all adductors, the mean spike amplitudes 
are significantly greater when cats chew raw 
and cooked beef than when they chew chicken. 
The mean amplitudes of the superficial and 
deep temporales, the superficial masseter, and 
the medial pterygoid also are significantly 
greater for raw beef rather than cooked beef. 
However, the mean amplitudes of the zygomat- 
icomandibularis and deep masseter are insig- 
nificantly different for raw than for cooked 
beef, although they are greater for raw beef. 

For the temporales, superficial masseter, and 
the medial pterygoid of the working side, the 
mean number of intervals per bite (temporales 
and medial pterygoid only), the mean numbers 
of spikes, mean spike amplitudes, and the 
products of these means (i.e., the mean number 
of spikes times the mean amplitude) show a 
faint but significant (P < 0.05) positive correla- 
tion with the mean penetrometer values for the 
different food types offered (Table 8). Although 
the same descriptors of EMG activity for the 
zygomaticomandibularis and deep masseter of 
the working side also appear to  indicate a posi- 
tive correlation with food type, the correlation 
coefficients are insignificant. 

DISCUSSION 

Movements 
Food is reduced in the mouth between the 

moving dental arcades. Consequently, studies 
of mastication emphasize movements of the 
mandible and the muscular activities generat- 
ing them. However, movements of the whole 
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TABLE 6. Muscular activity during mastication zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  three distinct food types by a single cat.7 

Raw beef Cooked beef Cooked chicken 

Mean Mean Mean Mean Mean Mean 
number of number of number of number of number of number of 
intervals spikes intervals spikes intervals spikes 

Muscles mean zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf SE mean zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf SE N mean f SE mean f SE N mean f SE mean f SE N 

ST 3.85 f 0.10 7.79 f 0.20 63 3.37 f 0.16 5.18 f 0.35* 25 3.23 f 0.12* 4.72 f 0.35* 20 
DT 4.52 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA* 0.12 8.48 f 0.23 63 4.08 f 0.16 6.36 f 0.34* 25 3.66 f 0.14* 5.17 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 0.34* 20 
ZM 5.01 f 0.12 7.66 f 0.23 63 4.17 f 0.18* 7.12 t 0.34 25 4.45 2 O.ll* 6.31 f 0.38' 20 
DM 3.79 f 0.10 10.49 f 0.28 63 3.59 t 0.12 10.14 f 0.42 25 3.30 f 0.13* 7.79 f 0.54" 20 
SM 3.66 f 0.08 8.80 f 0.26 63 3.13 t 0.11* 6.26 f 0.32* 25 3.20 ? 0.12* 4.50 t 0.27* 20 

MPT 3 . 9 3 f  0.15 8.59 +. 0.42 63 3.30 f 0.16* 8.29 f 0.49 25 3.29 t 0.11* 8.24 f 0.45 20 
~~ 

?Mean numbers of 30.5 msec intervals showing EMG activity per bite and mean numbers of EMG spikes per interval for the working side ad- 

*Significantly different from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAraw beef at P < 0.01. 
**Significantly different from raw and cooked beef at P < 0.01. 

ductors during two reduction sequences. (N equals the number of bites. Muscle abbreviations as in Figure 14.) 

TABLE 7 .  Muscular actiuity during mastication zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof 
three distinct food types by a single cat.* 

Muscles 

Raw beef Cooked beef Cooked chicken 

mean k SE N mean f SE N mean f SE N 

ST 
DT 
ZM 
DM 
SM 

MPT 

20.71 f 1.06 63 15.07 f 1.16* 25 8.65 f 0.83** 20 
25.22 f 1.38 63 17.96 f 1.15* 25 11.91 f 1.12** 20 
27.60? 1.49 63 22.14 f 1.74 25 12.91 f 0.95** 20 
33.93 t 2.18 63 26.76 f 1.91 25 13.93 f 1.20** 20 
11.28 k 0.64 63 7.59 f 0.65* 25 4.56 f 0.31** 20 
31.50? 2.39 63 23.82 f 1.90* 25 18.98 f 1.70** 20 

?Mean EMG spike amplitudes (in terms of 40 mViunit) during the same intervals as those in Table 6 for 
the working side adductors during a reduction sequence. ( N  equals the number of bites. Muscle abbrevia- 
tions as in Figure 14.1 

*Significantly different from raw beef at P < 0.01. 
**Significantly different from raw and cooked beef at I' < 0.01. 

TABLE 8. Correlation coefficients (rl comparing penetrometer values zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof 
mean compressive stresses for three distinct food types with 

four descriptors of EMG activity of the adductors of the working side.t 

Product of the 

Muscles of intervals of spikes Mean amplitude and amplitude 
Mean number Mean number mean spike numbers 

ST 0.998** 0.991* 0.961* 0.999** 
DT 0.973* 0.996** 0.982* 0.997** 
ZM 0.818 0.936 0.924 0.941 
DM 0.939 0.797 0.920 0.911 
SM 0.920 0.990** 0.982* 0.998** 

MPT 0.965* 0.989* 0.993** 0.996** 

Trhe descriptors, each summed for 30.5 msec intervals, are the mean number of in- 
tervals per bite, mean numbers of EMG spikes, the mean spike amplitudes, and the product 
of these means. (Muscle abbreviations as in Figure 14.) 

*Significant correlation a t  P < 0.05. 
**Significant correlation at  P < 0.01. 
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head and the tongue position the food both dur- 
ing ingestion and mastication and presumably 
add energy to the process. 

In mastication, each opening movement of 
the mandible includes a simultaneous upward 
movement of the head. Thus, mouth opening 
involves not only depression of the mandible by 
action of the jaw opening muscles, but also el- 
evation of the head by action of the nuchal 
musculature. Maximal closing acceleration of 
the mandible is coincident with a downward 
jerk of the head; the inertia of the bolus lets the 
mandibular teeth contact and penetrate it. 
Similarly, the tongue supports the food while 
the canines disengage. The tongue also repo- 
sitions and maintains the food on the working 
side as the jaws close. Indeed, the tongue may 
provide sensory input on the location and the 
size of the food object when the mouth is open. 
At the end of a reduction sequence, the tongue 
is rubbed forward and back and cleans particles 
of food from the tooth row. 

Vertical, anteroposterior, and horizontal 
movements of the head are also important dur- 
ing prey capture in wild felids (Biben, '79; Bour- 
liere, '63; Eaton, '74; Ewer, '73; Hornocker, '70; 
Kruuk and Turner ,  '67; Schaller, '72; 
Turnbull-Kemp, '67). Downward movement of 
the head increases the penetrating force of the 
upper canines, while upward movement of the 
head might have a similar effect for the lower 
ones. Furthermore, movements of the head 
shift the dental arcades over uneven surfaces of 
the prey and allow meat to be torn (rather than 
bitten) from carcasses. 

Forces transmitted to the prey via the teeth 
and acting between the mandible and skull 
must be balanced, but need not be produced by 
the masticatory musculature per se. Such 
forces may be generated by the nuchal as well 
as by axial and appendicular muscles. Cats 
often hold their prey by the forelimbs. Our feed- 
ing chamber effectively precludes this action; 
the limbs cannot reach the food and the chunks 
offered were relatively small. This suggests 
that the masticatory muscles were acting a t  
much less than maximum capacity during the 
present experiments. 

Previous experimental studies suggest that  
almost all  mammals masticate by three- 
dimensional movements of their mandibles 
(Gans et al., '78; Hiiemae, '78). Most of the 
species thus far studied masticate on one side a t  
a time, although a few chew bilaterally (Her- 
ring and Scapino, '73; Weijs, '75; Weijs and 
Dantuma, '75). The main axis of each chewing 
cycle is vertical in cats; however, they, too, 
masticate on one side at a time, and their man- 

dibular cycles show both horizontal and an- 
teroposterior deflections. 

During reduction of foods that differ in tex- 
ture, there is a consequent change in the pat- 
tern of mandibular movement (de Vree and 
Gans, '76; Gorniak, '77a; Gorniak and Gans, 
'77; Hiiemae, '78; Hiiemae et  al., '78; Hiiemae 
and Thexton, '75; Thexton and Hiiemae, '75). 
Cats also show associated changes in  the 
movement of the head. Apparently, mammals 
may modify the magnitude and direction of 
movements of the head as a whole to compen- 
sate for their having limited the range of man- 
dibular movement in  order to achieve particu- 
lar occlusal patterns. 

The pattern in which the mandible moves 
changes as the pieces of food become smaller 
during a reduction sequence; for instance, the 
cycles for raw and cooked beef gradually begin 
to resemble those for cooked chicken. These late 
cycles for raw and cooked beef agree with the 
"typical" mandibular movements illustrated 
by Hiiemae ('78; Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4). The initial diversity of 
masticatory cycles emphasizes the importance 
of analyzing mandibular movements through- 
out a reduction sequence. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

The zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmasticatory cycle 

As the jaws begin to separate, the mandibu- 
lar canines appear to move almost vertically in 
lateral view; they then arc posteriorly as open- 
ing acceleration increases. Apparently, the 
mandibular condyles first rotate about their 
long axes, avoiding contact between the upper 
and lower canines, and then also translate an- 
teriorly within the fossa after the canines sepa- 
rate and the mandible approaches the wide 
open position. Indeed, the loose capsule of the 
temporomandibular joint allows the condyle to 
slide anteriorly up on the low preglenoid ridge 
as gape increases. 

Mastication in  cats (Figs. 7 and 81, and ap- 
parently opossums and treeshrews (cf., 
Hiiemae, '78; Fig. 3) includes closing reversal 
movements during the opening phase. In cats, 
these coincide with a horizontal shift. The 
lower teeth then reengage the food at a site 
medial zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAto that of the corresponding upper teeth. 
This medial penetration produces a force couple 
which moves the outer surface of the bolus lat- 
erally and its inner surface medially. Thus, 
these closing reversal movements change the 
area on the food contacted by the lower teeth 
and shift the portion previously penetrated to- 
ward the oral cavity. 

When closing starts, the canines move up- 
ward and laterally toward the working side. 



QUANTITATIVE ASSAY OF ELECTROMYOGRAMS 279 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
This upward displacement is coincident with 
1) rotation of the condyle of the working side 
about its long axis by contraction of the deep 
temporalis and zygomaticomandibularis of the 
working side, and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 )  rotation of the condyle of 
the balancing side by contraction of the medial 
pterygoid and zygomaticomandibularis of the 
balancing side. Lateral displacement involves 
1) retraction of the condyle of the working side 
by asymmetric firing of the deep temporalis of 
the working side and 2)  a medial shift of the 
condyle of the  balancing side induced by 
asymmetric activity of the medial pterygoid of 
the balancing side. 

As closing proceeds, the mandible remains on 
the working side. The jaw is held laterally by 
high level activity of the zygomaticomandibu- 
la rk  and deep masseter of the working side. 
This activity pulls the jaw dorsally and toward 
the working side. Simultaneously, high level 
activity of the medial pterygoid of the balanc- 
ing side pulls the lower jaw dorsally and away 
from the balancing side. 

Close approximation of the working side car- 
nassials and second premolars shears rather 
than bends the food. This shearing action oc- 
curs between 1) the paracone of the second 
maxillary premolar and the protoconid of the 
second mandibular premolar, 2 )  the paracone 
of the third maxillary premolar and the pro- 
toconid of the first mandibular molar, and 
3) the metacone of the third maxillary premo- 
lar and the metaconid of the first mandibular 
molar. As the cusps of the lower carnassials 
slant anteriorly and while the cusps of the 
upper carnassials slant posteriorly, their con- 
tact zone shifts posteriorly with closing. The 
food object is then sliced between the teeth. The 
coincident downward shift of the head adds to 
the force of cutting. 

Because of the differing textures of these food 
items, less force is required for teeth to pene- 
trate and reduce cooked beef than raw beef 
(,Table 1; Figs. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 and 5 ) .  Consequently, the site 
at which the teeth contact cooked beef changes 
more often than does the contact site for raw 
beef; the lower number of reversals suggests 
that this is contacted during several successive 
bites (cf. Table 1, closing reversals during 
opening and food transfer). The initial texture 
of the food influences the number of chewing 
cycles, the frequency a t  which the site of active 
food reduction changes during a reduction 
sequence, and varied aspects of the  elec- 
tromyogram; however, the degree to which the 
food is reduced after each bite exerts the most 
critical influence on the several descriptors of 
mastication. 

Contact between the teeth and food and coin- 
cident decrease of closing acceleration are ac- 
companied by asymmetric muscular activity; 
however, the adductors on both sides are very 
active. Thus, penetration of the food by the car- 
nassials involves upward forces generated by 
the adductors of both the working and the 
balancing side. Near the end of closure, as the 
lowerjaw rotates about its long axis, the closing 
forces generated by the adductors of the balanc- 
ing side are presumably transmitted through 
the symphysis menti to the teeth on the work- 
ing side. 

Near the end of the closing phase of a cycle, 
the canines approach each other, and the man- 
dibular canine on the working side completes 
its excursion toward the midline. The digastric 
muscle of the balancing side is very active and 
introduces an  additional retrusive force at the 
condyle of the balancing side, rotating the tip of 
the lower jaw toward the midline. Thus, differ- 
ential activities of the adductors and digastrics 
induce transverse forces on the mandible and 
generate medial displacement. Apparently, the 
medial movement does not result from mechan- 
ical forces generated a t  the teeth. 

Obviously, jaw closure is complex. Both 
asymmetric periods of activity of the deep tem- 
porales and medial pterygoids and the sequen- 
tial action of the adductors generate and main- 
tain lateral displacement coupled with the 
upward rotation of the mandible. Penetration 
of the food involves forces generated by the 
adductors of both sides. Near the end of closing, 
overlapping activities of adductors and abduc- 
tors accompany movements of the lower jaws 
dorsally and medially. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Muscular activity 

A recent review (Hiiemae, '78) emphasized 
t h a t  studies of mammalian mastication 
analyze muscular activity qualitatively and 
that this permits only the most generalized 
comparisons of interspecific activity. Direct 
computerized analysis of the electromyograms 
provides numerical descriptors of EMG activity 
and permits simple tests of their  repro- 
ducibility. Table 2 documents that when sev- 
eral electrodes are implanted in a well-defined 
region of a muscle, the mean numbers of spikes 
and their mean spike amplitudes are repro- 
ducible not only among electrodes, but also 
among cats. This justifies a more detailed corre- 
lation among electrical events, mandibular 
movements, and nature of the food objects. It 
should now be possible to make quantitative 
interspecific comparisons, and the tabulation of 



280 GERARD C. GORNIAK AND CARL GANS 

our results presents a baseline subject to test by 
studies in other species. 

Several studies i n  various mammals 
(Crompton et  al., '77; Gorniak, '77a; Kallen and 
Gans, '72), though not in pigs and rats (Her- 
ring, '76; Herring and Scapino, '73; Weijs and 
Dantuma, '75), show that high levels of unilat- 
eral activity from certain adductors indicate 
the side of active food reduction. In cats, the 
mean numbers of spikes and mean spike 
amplitudes for an  entire reduction sequence 
are significantly greater for the adductors of 
the working than for the balancing side (Table 
3). However, when muscular activity is com- 
pared separately during the start, middle, and 
end of a reduction sequence, one notes that dif- 
ferences in activity among the adductors of the 
working and of the balancing side are not 
always significant (Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA51, nor will the dura- 
tions of activity per bite always differ signifi- 
cantly (Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4). There remains some uncer- 
tainty about the outputs of EMG electrodes 
that are characterized only by standardization 
and automated analysis. It may well be that 
differences in EMG signals are functionally 
significant to the animal before they show 
statistical significance. 

Movements of the mandible are affected by 
the type of food being reduced; however, only a 
few reports relate this observation to changes 
in muscular activity (Thexton and Hiiemae, 
'75). The present results indicate that  the 
periods during which the adductors in  cats are 
active per bite and the activity levels of these 
muscles are influenced by the consistency of the 
food, and that the activity levels apparently 
indicate the relative magnitude of cutting and 
crushing forces involved during reduction 
(Table 8). The activities of the digastrics and 
lateral pterygoids more closely reflect changes 
in the vertical and lateral displacements of the 
mandible-i.e., changes in the dimensions of 
the bolus-than of the consistency of the food. 

The significant positive correlation between 
the mean numbers of spikes and the mean spike 
amplitudes of all the adductors suggests that 
either mean (or their products) adequately de- 
scribes changes in activity, both those accom- 
panying shifts among foods with differing tex- 
ture and those during a reduction sequence. 
However, the number of spikes for each sam- 
pled interval (one film frame) for each bite 
shows substantial variability and this var- 
iability precludes drawing any conclusions 
until further tests are completed. Although the 
spike amplitudes for each sampled interval 
more consistently reflect the relative mag- 
nitude of muscular activity, it  is now necessary 

to test for correlation among descriptors, such 
as the number of spikes, the spike amplitude 
profile and the number-amplitude products for 
single intervals, and for correlation among 
local characteristics of the muscle, such as fiber 
area, fiber arrangement, fiber histochemistry, 
tetanic tension, and fatigability (cf. Gorniak et 
al., '79). 

Table 8 shows higher correlation coefficients 
for the products of the mean numbers of spikes 
times the mean spike amplitudes than for 
either mean separately. Thus, the product of 
the means (and the mean of the products of the 
number of spikes times spike amplitude for 
each sampled interval) may be adequate de- 
scriptors to correlate muscular activities with 
compressive stress as determined from pene- 
trometer readings. 
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