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GERSTNER, G. E. AND T. CIANFARANITemporal dynamics of human masticatory sequeriRid¥.SIOL BEHAV 64(4) 457—-461,
1998.—Many motor behaviors produced by humans and other mammals are temporally segmented. That is, sequences of rhythmic or
repetitive behavior occur as a series of brief, 2- to 4-s bouts separated from each other by pauses or posture adjustments. Little is known
about the physiological mechanisms underlying temporal segmentation, although several hypotheses have been advanced. Experi-
mental and modeling studies are currently underway to gain insight into this phenomenon. One of the problems hampering
advancement is the lack of relatively simple behavior models that can be studied in both humans and other mammals. We have recently
reported that temporal segmentation occurs in guinea pig chewing sequences. Thus, it seems logical to explore whether temporal
segmentation occurs in human chewing sequences as well. Toward this end, the current study evaluated the temporal dynamics of
chewing sequences in humans. Thirteen subjects were videotaped on campus eating areas during lunch-time. Inter-occlude intervals,
i.e., time between maximum jaw closures, were calculated using a custom computer program, which also recorded whether the interval
represented a chew or a pause in chewing. Chewing rate, pause durations, and chewing burst durations, i.e., duration of continuous
chewing uninterrupted by pauses, were calculated. Median chewing burst duration for the sample was 2.91 s. This corroborates other
studies’ findings of 3-s temporal segmentation in repetitive movements. We conclude that automatic chewing sequences contain
temporal segmentation. Future work is required to gain insight into whether the physiological mechanisms of this time-based
phenomenon are similar among different species. © 1998 Elsevier Science Inc.

Mastication Chewing rate Chewing burst Temporal segmentation Human

MANY movement patterns in humans (3,15,20,24-26) and othetogical systems subserving segmentation and neural systems af-
mammals (4,5,12,16) are partitioned into 2- to 4-s segmentsfected by psychoses. Our work with guinea pig mastication, a
Movements characterized by this temporal segmentation includbehavior that manifests temporal segmentation (5,9), provides
repetitive and non-repetitive behaviors (3-5,9,12,15,16,24—26support for this hypothesis in that temporal segmentation features
28,29). The segmentation is particularly apparent in repetitiveare altered in animals injected with haloperidol or apomorphine (9;
movement patterns, like squirrel locomotion, where an otherwiseinpublished observations).
continuous movement sequence is partitioned by pauses or posture Our long-term goals are: a) to develop animal models of
adjustments into a series of 2- to 4-s bouts (3-5). temporal segmentation in order to investigate its underlying prox-
A similar 2- to 4-s structure occurs in perceptual phenomenamate mechanisms, b) to study temporal segmentation in human
(6,20—22) and short-term or working memory (1,15,21). This hadisease states to confirm that the mechanism in humans is biolog-
led to the hypothesis that perception, short-term memory, andcally similar to that seen in animals, c¢) to develop mathematical
movement patterns share a mechanism that structures the othenodels to understand the dynamics and “emergent” properties of
wise continuous processing of neural information into short-durathe mechanism generating the segmentation, and d) to determine
tion units (6,21,24,25). A related hypothesis is that 2—4 s is thewvhether temporal segmentation plays a general role in motor and
time required by the nervous system to integrate neural informaperceptual planning and sequencing (cf. 8,12,13).
tion into a “Gestalt” (24). That is, it takes 2—4 s for the nervous  Toward these ends, we have been evaluating oral behavior
system to articulate, bind, and integrate motor or perceptual elepatterns for the presence of temporal segmentation. This stems
ments into functionally coherent units. from our familiarity with oral behaviors (2,5,7,9,10). But more
The physiological nature of temporal segmentation is poorlyimportantly, because oral stereotypies accompany psychoses and
understood (20—-22). The hypothesis that temporal segmentation their treatment (3,5,6,9), and because these stereotypies appear to
disrupted in psychoses (3,5,6,9) suggests a link between physidack normal temporal segmentation (3), it seems that oral behavior
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represents a potentially useful assay for studying temporalwas ~ 97%. Inter-rater reliability at identifying maximum jaw
segmentation. Furthermore, we have already reported the exiglosures was>95%. However, data analyzed in the study repre-
tence of temporal segmentation in an animal model of oralsented those scored exclusively by only one investigator.
behavior (5).

To date, little _vvork has focused on segmentation in r_hythmicData Analysis
oral motor behaviors in humans (cf. 28,29). We hypothesized that
this was because oral motor behaviors have been studied in con- Based on observations of the videotaped data, and data we have
trived settings where natural intermittency may be overridden bypreviously obtained (7,10), we established that all chews were
conscious control. Therefore, we proposed to study human chew<1.5 s in duration and that95% of all pauses were1.5 s in
ing sequences in natural settings in order to ascertain whetheturation. Hence, 101s< 1.5 s defined chews, whereas IGis1.5 s
temporal segmentation of oral behavior would occur under suchlefined pauses. Chewing burst durations were defined as the cu-
conditions. Thus, the purpose of the current study was to determineulative duration of consecutive 10ls with valugd.5 s.
whether there was evidence of temporal segmentation in human Because data recording often began and ended in the middle of
mastication, and if so, to quantify and compare it to temporalan 10l, the initial and final IOls were excluded from mean chew or
segmentation reported in previous studies. pause duration calculations. Likewise, if a data record’s initial or
final 10l was a chew, i.e., its duratiog 1.5 s, then it was likely
that the data record began or ended in the middle of a chewing

MATERIALS AND METHODS L - :
burst. Such initial or final chewing bursts were excluded from

Subjects mean chewing burst duration calculations, because they were
. assumed to be incomplete.
The study consisted of 10 females and 3 male39—-28 years Using the 1.5-s cutoff and the exclusionary criteria just de-

of age. Subjects included undergraduate university and dentalcribed, a computer program developed in the laboratory identified
students eating outdoors at public facilities on the University ofchews, pauses, and chewing bursts in the data sequences for each
Michigan campus. Subjects were videotaped without their awaresubject. Chew durations were normally distributed; hence, means
ness. Protocols for the study were approved by the appropriatend standard deviations were calculated for these data (BMDP 2D,
institutional human subjects review board, and subjects’ anonymBMDP Statistical Software, Inc., Los Angeles, CA, USA). Pause

ities were fully protected. and burst durations were not normally distributed; hence, medians
and standard errors of the medians were calculated for these data
Experimental Setup (BMDP 2D). Standard error of the median was calculated as
follows:
Subjects were videotaped (Olympus Digital S-VHS Cam-
corder, Model VX-S405, % teleconversion lens) from upper SEMed= (X — X)) + (2\/3)

floors of campus buildings overlooking popular outdoor eating

areas. Taping occurred between 1100-1300. Taped individualgherex andx; were thei-th andj-th values of the ordered data set,
had to be facing the camera80°), and their mouths had to be respectively. The integersandj, were determined by calculating
clearly visible in the camera viewfinder. Taped subjects werethe integer part, i.e., truncating + [(n + \/3n) = 2] and 1+
engaged primarily in eating as opposed to socializing, studying, of(n — \/3n) =+ 2], respectively, whera = sample size.

other non-eating behaviors. Subjects also had to be unaware of the

camera’s presence or of the fact that they were being videotaped. RESULTS
Subjects meeting these criteria were taped continuously for at least
3 min. Videotaped chewing occurred in rhythmic bouts. Chewing

Camera aperture was stopped down to increase depth of fielthouts were typically bounded by pauses, during which times
Camera digital shutter speed was increased to minimize blur. Alsacschewing ceased and other behaviors occurred. Some of these
due to the significant magnification of the teleconversion lens, théyehaviors involved the oral apparatus, viz., swallowing, incising,
camera was attached to a tripod and not touched once tapingcking lips, talking, or using the tongue to manipulate food or
began. These procedures assured that the sharpest possible imaglean teeth. Other behaviors did not involve the mouth actively,

would be obtained for scoring purposes. viz., vigilance or cessation of all oral movements. Precise inci-
dences of these behaviors were not calculated due to ambiguities in
Data Acquisition differentiating between some of the categories. Howevei0%

of the pauses represented swallowing, incising, licking lips, or

Videotaped chewing data were digitized with software devel-using the tongue to manipulate food or clean teeth. The remaining
oped in the laboratory. Digitization methods have been describe80% represented vigilance, cessation of all oral movements, or
elsewhere (10). Briefly, videotaped data segments were observedlking.
at slow speeds, and a single investigator pressed “Return” on a Table 1 shows results reported by subject. The table shows
computer keyboard whenever subjects’ maximum jaw closureghewing cycle duration means (1 SD), pause duration medians (1
occurred on the videotape. A computer program kept track of theSEMed), and chewing burst duration medians (1 SEMed) (see
time between successive Return key strokes; this time will beMaterials and Methods). Also shown are the sample sizessed
referred to as the inter-occlude interval (I0l). Obviously, if a in calculations. The table provides an indication of the variation in
subject was chewing, then the IOl represented the duration of ¢he data among and within subjects.
chew. By the same token, if a subject had paused chewing, then the Figure 1 plots statistics of chewing cycle, pause, and chewing
101 represented the duration of a pause. Between successive Reurst durations for the entire subject group. The figure shows the
turn key strokes, the investigator could enter whether the subject'mean (1 SD) chew duration, the median (1 SEMed) pause dura-
mouth was difficult to see. Data segments containing difficult-tion, and the median (1 SEMed) burst duration for the group.
to-see chewing sequences were not analyzed. Results in Table 1 and Fig. 1 indicate that chew durations were

Intra-rater reliability at identifying maximum jaw closures longer than those reported under laboratory conditions (18,23).
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TABLE 1 30
STATISTICAL RESULTS BY SUBJECT
Chewing cycles Pauses Chewing bursts

Subject n Mean SD n Median SEMed n Median SEMed 201

1 77 113 017 13 201 061 13 5.28 236 &

2 51 120 0.15 16 2.05 0.29 12 357 1.94 §

3 30 1.01 023 21 220 033 12 1.82 0.68 &

4 31 105 023 23 258 039 10 3.12 0.49 101

5 46 1.20 0.17 13 1.75 0.79 8 242 4.89

6 43 093 0.22 12 354 2.50 8 433 1.39

7 51 1.10 0.18 10 242 1.98 8 5.97 2.80

8 38 104 022 19 1.82 059 13 233 0.44

9 41 118 0.27 18 2.68 0.65 12 3.26 1.00 0'_hD_hcmcmew:,mc’,m:mC,‘,,o,no,m:,,hc,,fzce,h‘ce,,zo.,,zo.,,?,,2

10 71 115 018 11 228 079 9 967 434 S—-ddmadsnnoorrsoanggiiddrdadyuug gy

11 39 118 0.18 21 1.73 0.27 14 255 0.93
12 16 1.09 0.38 15 2.01 1.26 6 294 1.07

13 37 107 018 17 198 162 13 140 061 FG. 2. Frequency histogram of chewing burst durations of all subjects
combined.

burst duration (s)

Pauses have not been reported in the masticatory literature; hence, ) ) )
quantification of this feature is new. The median chewing burst andniC Or repeating human behaviors characterized by temporal seg-
pause durations (Table 1, Fig. 1) were similar to the mediarmentation show a phenomenon termed pre-syntactical motor plan-
duration of other temporally segmented behavior units previouslying (12,16). Pre-syntactical motor planning occurs when the
reported in human (3,15,20,22,24-26,28,29) and animal (4—6,9)umber of repeating behavior units in a burst minimally affects
12,16) studies. burst duration. This occurs because the frequency of the rhythmi-
Figure 2 is a frequency histogram of chewing burst durationscally recurring units is modulated to compensate for the number of
Analyzable chewing bursts were found in all 13 subjects’ dataunits in a burst (12,16). If pre-syntactical planning existed in
records (Table 1). This meant that rhythmic chewing bursts wergnastication, then a considerable increase in the number of chews
typically bounded by pauses, during which time chewing ceasedin a burst should be accompanied by only a slight increase in burst
The shortest “bursts” were made up of single chews. Single-chewgyration. The exponential function drawn in Fig. 3 approximates
occurred 27 times. The longest burst consisted of 22 consecutie curvilinear path along which data points should be scattered if

chews. About 67% of the sampled chewing bursts we#es in  re_syntactical motor planning were an integral part of chewing
duration and made up of 1-4 chews each. bursts.

Figure 3 shows a scatterplot of burst duration versus the num- In the absence of pre-syntactical motor planning, chewing rate

ber .Of chews me_1king up the g_iven burst. The pIoF pools data for alEhould be independent of burst duration. Consequently, burst du-
subjects. Note linear regression results, top of figure. Most rhyth-

ration and the number of chews making up the burst should be
directly correlated. The linear relationship evident in Fig. 3 indi-

cates that pre-syntactical motor planning did not occur in this
masticatory data.

@ 30
o y =0.20382 + 0.85345x r%=0.982
o
=
& 201
el %)
=
Q
=
Q (]
* 101 3%
chew pause burst o
category o
0 r T
FIG. 1. Mean chew duration, median pause duration, and median chewing 0 10 20 30
burst duration. Error barss 1 SD for chew duration and 1 SEMed for .
pause and burst durations. Results based on pooled data from all 13 burst duration (s)

subjects, viz., 571, 209, and 138 observations, respectively (Table 1).
Abbreviations: SD= standard deviation, SEMed standard error of the  FIG. 3. Scatterplot and linear regression analysis results of burst duration
median (see Materials and Methods). vs. number of chews in the respective burst.
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DISCUSSION (28,29) and vigilance (6). Because some of the pauses documented
) in our current sample represented “bouts” of talking or vigilance,
This study evaluated and analyzed temporal aspects of humafe issue emerges as to whether the temporal segmentation in
mastication under uncontrolled conditions. Mastication under SUCQhewing was simply the result of chewing’s association with other
conditions occurs in complex sequences with other behaviors, e.ginatyrally” segmented behaviors. Although this is a legitimate
talking, drinking, swallowing, incising, etc. How such sequencing gjternate hypothesis, at least three lines of reasoning refute it. First,
affects chewing parameters has not been evaluated, because c@@ymentation in our chewing samples was associated with at least
trolled studies reduce the probability that non-masticatory behaviye other behaviors aside from talking and vigilance (see Results).
iors will occur. However, neural mechanisms governing mastica{; seems unlikely that all of these behaviors would be naturally
tory burst onset, maintenance, and cessation must integralggmented, and that chewing would be the only one not naturally
mastication with other behaviors to create complex behavior Sesegmented.
quences. The importance of understanding the physiology of be- "second, chewing and some of the behaviors, e.g., vigilance,
havior sequencing has long been appreciated (13); however, thgere not physically mutually exclusive. That is, they did not use
mechanisms governing sequencing remain poorly understood. Wehe same muscles or articulations in mutually exclusive ways.
therefore, argue that an evaluation of mastication under routingsjven the massively parallel neuromotor systems of humans, it is
conditions provides insight regarding the nature and control ofintriguing that behaviors that are not mutually exclusive occurred
complex motor sequences. _ _ _serially instead of in parallel. This implies that there are constraints
The results revealed that temporal segmentation or intermitpn the information and motor production capacity of the nervous
tency was common to all subjects’ data sets. This differs fromsystem, and that temporal segmentation is a manifestation of these
results obtained under controlled laboratory settings (e.g., 14,27honstraints. Several previous papers have presented similar argu-
where complete and relatively long-duration0 s) masticatory  ments (3,8,24). Future studies will need to evaluate this issue more
sequences begin with food acquisition and end when the foo@|ose|y.
bolus is swallowed. In the current study, chewing sequences were Thijrd, it is important to recognize that chewing is a motor
often interrupted by other behaviors. Most often, these interruppehavior that must be actively produced by brain stem mechanisms
tions were probably associated with tongue repositionings of foodand modulated by suprabulbar inputs (11,14). In other words,
pauses in oral movements, and swallowing a piece of the foo@hewing must be actively switched on and off. Hence, behavior
bolus. But occasionally speaking bouts and other rarer behavsequences that alternate between chewing bouts and other behav-
iors intervened. Under such conditions where complex behaviofors must either be actively controlled or be an emergent property
pattern sequences emerged, chewing bursts were relativelyf a mechanism that plays a role in organizing such sequences.
short (~ 3 s). Therefore, chewing probably does not simply fill in gaps, because
To our knowledge, this temporal segmentation is a new reportit must be actively inserted and articulated with other behaviors.
ing for human mastication. However, similar segmentation hasuture modeling and experimental studies (see Introduction) will
been reported for a variety of rhythmic or repetitive behaviors inevaluate these issues more fully.
humans (3,24-26,28,29). It has also been found in over 160 Previous studies have reported a coupling between the rhyth-
behavior patterns in at least 23 mammalian species (4-6,8,9,1icity of a given motor act and the number of times the motor act
16, also unpublished observations). Temporal segmentation is al§g repeated in a given burst (12,16). This coupling, referred to as
found in deaf-blind children, providing evidence for an endoge-pre-syntactical motor planning (12), is such that the number of
nous mechanism that controls behavior burst onsets and offsetgpetitions of a motor act in a given burst does not affect the
(15). Thus, 3-s segmentation appears to be a common feature @liration of a burst in a linear way (12,16). Rather, the more
mammalian behavior patterns, including human mastication.  repetitions of a motor act within a burst, the faster the rhythmicity
Obviously, humans and animals can perform a given motolof the act. Interestingly, pre-syntactical motor planning appears
behavior for time periods> 3 s. However, during such extended only in human and chimpanzee behaviors and does not appear in
repetitive motor acts, segmentation frequently remains evident asther primates or mammalian species (5,12,16). However, the
“very slight changes in the movement patterns or very shortresults reported in this paper suggest that human masticatory bursts
interrupting pauses” (3). We suggest that the equivalent in humado not possess pre-syntactical motor planning either.
chewing sequences would be: a) shifting the chewing side from Most human behaviors characterized by pre-syntactical motor
left to right or vice versa; b) repositioning the food bolus with the planning are voluntary behaviors as opposed to automatic behav-
tongue or cheeks; or c) cleansing teeth with the tongue. Suclors (3). Because chewing is largely automatic under routine con-
movements would protract a given chew’s duration, cause a brieflitions (14,17—-19), perhaps this is a reason why pre-syntactical
pause, or possibly change the movement pattern in detectablaotor planning was not observed in our study. However, our
ways. Our observations of the videotaped data demonstrated thahpublished findings suggest that voluntary mastication possesses
this was, indeed, the case. This is the reason it was practical to useither pre-syntactical planning nor temporal segmentation.
the 1.5-s cutoff to differentiate chews from pauses (see Materialslence, automatic and voluntary mastication may represent behav-
and Methods). iors that are unique in the human repertoire with respect to pre-
Our investigations of humans chewing under laboratory con-syntactical motor planning and temporal segmentation.
ditions suggest that segmentation rarely occurs here. We have used In summary, the current study found evidence of temporal
the 1.5-s cutoff on data obtained from subjects=(60), who were  segmentation in human mastication under routine conditions. This
asked to chew gum in a laboratory-based study. Temporal segemporal segmentation, like the temporal segmentation reported in
mentation was almost undetectable in these data sets, occurrimgher human behaviors, was characterized by rhythmic chewing
only 1-2 times in< 25% of the subjects (unpublished observa- bouts of~3-s duration separated from each other by brief “paus-
tions). This indicates that temporal segmentation may be sensitives.” Although the physiological nature of temporal segmentation is
to some environmental conditions. These unpublished findingsinknown, physiological studies into its nature will require a useful
may also explain why segmentation has not been reported ibehavior model. Because much is known about the bulbar mech-
previous mastication studies. anisms that generate chewing (11,14), and because many diseases
Previous work has reported temporal segmentation in talkinglisrupt oral movements and temporal segmentation in oral behav-
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ior (3,9), we believe chewing represents such a potentially useful ACKNOWLEDGEMENTS
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