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Abstract
Several age-related oral health problems have been associated with neurodegenerative diseases such as Alzheimer’s
Disease (AD), yet how oromotor dysfunction in healthy aging differ from those found in pathological aging is still
unknown. This is partly because changes in the cortical and biomechanical (“neuromechanical”) control of oromotor
behavior in healthy aging are poorly understood. To this end, we investigated the natural feeding behavior of young and
aged rhesus macaques (Macaca mulatta) to understand the age-related differences in tongue and jaw kinematics. We
tracked tongue and jaw movements in 3D using high-resolution biplanar videoradiography and X-ray Reconstruction
of Moving Morphology (XROMM). Older subjects exhibited a reduced stereotypy in tongue movements during chews
and a greater lag in tongue movements relative to jaw movements compared to younger subjects. Overall, our findings
reveal age-related changes in tongue and jaw kinematics, which may indicate impaired tongue-jaw coordination. Our
results have important implications for the discovery of potential neuromechanical biomarkers for early diagnosis of AD.
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Introduction
Human feeding relies on the coordination of tongue and
jaw movements and the precise control of the generation
of tongue and bite forces during chews and swallows.
Dysfunctions in chewing and swallowing are prevalent in
neurodegenerative diseases such as Parkinson’s Disease (PD)
and Alzheimer’s Disease (AD), with incidence and severity
increasing with age (Dominy et al. 2019; Paganini-Hill et al.
2012; Rogus-Pulia et al. 2015; Seçil et al. 2016; Watanabe
et al. 2015). However, age-related effects on the sensorimotor
control of feeding behavior is still largely unknown because
of a fundamental knowledge gap on the neuromechanical
principles that underlie this complex and vital function.

Mastication is a sensorimotor activity essential for
preparing food for swallowing. It consists of rhythmically
occurring gape cycles, with each cycle consisting of a jaw-
opening phase followed by a jaw-closing phase. Although
mastication has a typical form and rhythm, it is nevertheless
adapted to various properties of food, such as hardness
(Hiiemae and Palmer 1999), bite size (Hiiemae et al.
1996), and texture (Schindler et al. 1998), for efficient food
breakdown and digestion. The rhythmic activity in chewing
is orchestrated by the masticatory central pattern generator
(CPG), a network of neurons located in the brainstem
(Kohyama et al. 2002; Lund and Kolta 2006; Mistry
and Hamdy 2008; Morquette et al. 2012; Nakamura and
Katakura 1995). The sensorimotor cortex is also involved in
planning and executing precise motor actions, providing the
necessary control for dynamic adjustments required during
chewing and swallowing. The basal ganglia contributes to the
regulation of movement initiation and amplitude, while the
cerebellum integrates sensory feedback to fine-tune motor
output. Altogether, these brain regions work together towards

adaptability and accuracy of masticatory actions in response
to varying food properties and external stimuli (Avivi-Arber
and Sessle 2018; Lund and Kolta 2006; Morquette et al.
2012; Sessle 2006).

In healthy aging, there is a higher incidence of tooth
loss (Ueno et al. 2008), decreased bite force (Bakke et al.
1990; Hatch et al. 2001; Helkimo et al. 1977), loss of jaw
muscle area and density (Newton et al. 1993), and weakened
orofacial muscles (Newton 1987). Behavioral changes, such
as decline in tongue motor skills (Koshino et al. 1997)
and masticatory efficiency (Kohyama et al. 2002; Österberg
et al. 1996; Wayler and Chauncey 1983), increase with age
(Peyron et al. 2004). These age-related changes impact bolus
formation, chewing, swallowing (Logemann 1990; Prinz
and Lucas 1997; Daniels et al. 2004), and the ability to
clear residual debris in the mouth and throat (Yoshikawa
et al. 2005). Sensorimotor changes in the periphery are
accompanied by age-related changes in brain activity (Lenz
et al. 2012; Sebastián and Ballesteros 2012; Brodoehl et al.
2013; Kalisch et al. 2009; Talelli et al. 2008; Bhandari
et al. 2016; Ward and Frackowiak 2003; Heuninckx et al.
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2008; Hutchinson et al. 2002; Seidler et al. 2015; Cheng
and Lin 2013; Heise et al. 2013; Cheng et al. 2015; Rueda-
Delgado et al. 2019; Fujiyama et al. 2012; McGinley et al.
2010). From a sensorimotor control perspective, these may
impact the ability of neurons in the orofacial sensorimotor
cortex to control coordination of the tongue and jaw
movements (Arce-McShane 2021). Brain areas that play an
important role in executive functions (memory, decision-
making, attention, learning) such as the prefrontal cortex
(PFC), striatum, and cerebellum, are sensitive to aging (Raz
et al. 2003; Salat et al. 2004; Sullivan and Pfefferbaum 2006),
as is the white matter connecting these areas (Raz et al.
2005).

Understanding changes in masticatory and swallowing
performance in healthy aging is crucial for probing brain
functions of aged individuals with cognitive impairment or
dementia who also present with chewing and swallowing
difficulties. Here, we study the effects of healthy aging on the
tongue and jaw kinematics during natural feeding behavior
in young and aged rhesus macaques. To do this, we precisely
quantify 3D tongue and jaw movements using hi-resolution
biplanar videoradiography.

Methods
Subjects: Feeding experiments were performed on four male
rhesus macaques (Macaca mulatta), of which three were
young (age: Y = 7, R = 8, B = 11 years) and one old (E =
19 years), with each individual weighing between 9− 12 kg.
All protocols were approved by the University of Chicago
Animal Care and Use Committee and complied with the
National Institutes of Health Guide for the Care and Use of
Laboratory Animals.

Behavioral task: During the experiments, the subjects
were seated on a primate chair with a restraint to avoid head
movements during recording. The subjects were presented
with food items, such as half grapes and gummy bears,
attached to the end of a long stylus held by the experimenter.
The food items differed in their liquid content and texture,
with grapes being juicy while gummy bears being soft but
dry and chewy. Each feeding trial lasted for a duration of
10 s, starting at food ingestion.

Kinematics: To record the tongue and jaw movements
during natural feeding behavior, radio-opaque tantalum
beads (1 mm diameter) were implanted in the tongue,
mandible and the cranium while the subjects were under
isoflurane anesthesia (2− 5%) (Laurence-Chasen et al.
2023). A superficial marker network of seven tantalum beads
was placed just under the mucosal surface of the anterior
two-thirds of the tongue, and a deep marker network of
eight markers was placed deeper into the tongue (> 10mm).
After the minimum recovery period of 2 weeks, the 3D
position of jaw and tongue markers were recorded using
high-resolution biplanar videoradiography (200 Hz). The
data was then reconstructed using X-Ray Reconstruction of
Moving Morphology (XROMM) workflow (Brainerd et al.
2010; Laurence-Chasen et al. 2020), which afforded a highly
accurate and detailed analysis of the feeding behavior.

Data analysis: Feeding trials were divided and categorized
based on gape cycle type, such as manipulation, stage 1
transport, left chew, right chew, stage 2 transport, intercalated

swallow, and terminal swallow. This categorization was
performed with the aid of X-ray videos, light camera videos,
and XMALab’s biplanar marker tracking software (Knörlein
et al. 2016). The 3D position of the anterior tongue and
jaw markers were analyzed to determine differences in
tongue and jaw movements between young and old subjects.
Position data was calculated using an orthogonal coordinate
system where the x-axis runs along the anteroposterior axis
in the midline, the y-axis runs along the supero-inferior
axis and the z-axis is oriented along the medio-lateral
plane running through both the condyles (see (Olson et al.
2021) for more details). To remove the outliers from the
data, we calculated the mean trajectory for each individual
and removed the trajectories outside 5 standard deviations
from the mean trajectory. Statistical analysis was performed
to determine the significance of any observed differences
in feeding behavior between the young and the old. The
computational analysis was performed in MATLAB 2022b
(Mathworks) and Python.

Gape Cycles: A gape cycle is defined as a complete
jaw elevation-depression cycle measured in this study from
maximum to maximum gape (Supplementary Fig. 1). A
typical gape cycle is made up of four different gape cycle
phases (Hiiemae et al. 1995). The gape cycle phases are
determined by comparing the trajectory of superio-inferior
position of the jaw (Jy) with its second-derivative, jaw
acceleration (J̈y). The gape cycle begins with the fast close
phase (FC) when jaw acceleration hits maximum value,
marking the start of maximum gape position. In this phase,
the jaw is rapidly closed onto the food item. As the lower
teeth meet either the food item or the upper teeth, jaw
acceleration decreases to a minimum value. This is the
beginning of the slow close or the power stroke (SC). During
the SC phase, bite forces are applied on the food item. The
SC phase ends when jaw position hits a maximum value,
which marks the minimum gape. Towards the end of the
SC phase, jaw acceleration also hits a minimum. After the
minimum gape is achieved, the slow open phase (SO) begins,
during which the jaw is slowly depressed to bring the tongue
into contact with the food. SO phase ends and fast open (FO)
phase begins as the mandible opening velocity increases
again. FO ends as jaw acceleration hits the maximum value
again, marking the end of maximum gape position.

Results

Tongue trajectories exhibit stereotypic patterns
The tongue plays a crucial role in positioning the bolus
on the teeth row as the lower jaw moves up and down.
As food is chewed and the bolus is formed, the tongue
constantly adjusts its position within the oral cavity while
maintaining its coordination with jaw motion (Palmer et al.
1997; Taniguchi et al. 2013). Tongue trajectories in younger
subjects exhibited stereotypical movement patterns across
hundreds of chew cycles (Fig. 1a-c). In contrast, they were
considerably less stereotyped in older subjects (Fig. 1d).
Moreover, the stereotypic tongue trajectories exhibited tight
clustering. Therefore, to evaluate the degree of stereotypy
of tongue trajectories, we calculated the frame-by-frame
percentage of 3D tongue positions that fall within ±1 SD
of the mean 3D position across all chew cycles. A high
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Figure 1. Stereotypic tongue motions during chews. 3D trajectories of the tongue tip are plotted ±0.5 s relative to minimum gape
(red circles). Shown for younger subjects (a-c) and an older subject (d). Blue and yellow dots represent the maximum gape start
and maximum gape end points, respectively, in each chewing cycle.

percentage represent tight clustering, and thus a greater
stereotypy (Fig. 2a). We found that the clustering of tongue
trajectories was modulated as a function of gape cycle.
Tongue position showed tight clustering around minimum
gape and both the start and end of maximum gape, as
depicted by peak percentages in Fig. 2a. After the start of
maximum gape, the trajectories initially spread out spatially
then began to converge as the jaw approached minimum
gape position. After minimum gape, the trajectories diverged
again before clustering as the jaw reached the next maximum
gape. This pattern was consistent across all subjects,
suggesting a certain degree of stereotypy during chew cycles
regardless of age. Peak values of tongue positions within ±1
SD of the mean 3D position ranged between 50− 70% in all
young subjects and 40% for the aged subject at the minimum
gape. Interestingly, there was a progressive decline in the
clustering of tongue trajectories with increasing age of the
animal, implying a progressive reduction in stereotypy (Fig.
2b, Pearson’s Correlation coefficient: 0.5126, p < 0.001).

Characterization of tongue velocity during
feeding
Next, we assessed the impact of aging on the velocity
of tongue movements during chews as slowed movement
has been associated with aging (Steele and Van Lieshout
2009). Tongue velocity exhibited significant modulation,
i.e., difference between minimum and maximum velocities
(Table 1, Fig. 3). Modulation and peak velocities were
significantly higher in younger subjects than in the aged
subject (Kruskal Wallis One Way ANOVA, p < 0.001, post-
hoc paired comparisons: R vs E: p < 0.05, B vs E: p <
0.05). Peak velocities flanked the onset of minimum gape

Subject Minimum Maximum Modulation
Velocity (cm/s) Velocity (cm/s) Index

Y 0.0160 (0.0233) 0.2189 (0.8444) 0.2029
R 0.0703 (0.0658) 0.2969 (0.1871) 0.2266
B 0.0691 (0.0420) 0.2775 (0.1654) 0.2084
E 0.1140 (0.0563) 0.2043 (0.0984) 0.0903

Table 1. Mean and ±1 SD of minimum and maximum velocities
of tongue tip across gape cycles and their corresponding mean
modulation index.

across all subjects. In younger subjects, tongue velocity
reached first peak around 0.13− 0.15 ms prior to minimum
gape, followed by deceleration as the jaw approached
minimum gape, then by a fast acceleration to reach second
peak velocity around 0.10− 0.15 ms after minimum gape.
This temporal profile of modulation remained consistent
across younger subjects. However, in the older subject, the
peak velocities were more separated in time and minimum
velocity occurred earlier.

Coordination between tongue and jaw
movements
To evaluate tongue-jaw coordination, we first examined the
relationship between tongue and jaw positions during chew
cycles. Figure 4a shows the rostro-caudal position of the
tongue tip (i.e, protrusion-retrusion) and the supero-inferior
position of the jaw (i.e, elevation-depression) as a function
of percentage chew cycle. This normalization was necessary
because of the variable duration of chew cycles within
and across subjects. Different temporal profiles were found
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Figure 2. Clustering of 3D tongue trajectories during chew
cycles. (a), Frame-by-frame percentage of 3D tongue positions
within ±1 SD, shown for each subject as mean across chew
cycles centered at minimum gape (0 s). (b), Percentage of 3D
tongue positions within ±1 SD (data from Fig. 2a) plotted as a
function of subject’s age. Solid line represents the linear fit.

between young and aged subjects (Fig. 4a-d), suggesting a
high degree of inter-subject variability. Nevertheless, across
all subjects, peak tongue protrusion always lagged minimum
gape. The mandible reached minimum gape around 50% of
the chew cycle while the tongue reached its most protruded
position around 60− 75% of the chew cycle. The temporal
lag between peak position of the mandible and tongue was
noticeably shorter in 2 out of 3 young subjects compared to
the older subject (Kruskal Wallis One Way ANOVA, R vs
E, B vs E, p < 0.05). Similar results were obtained when
using mandible pitch (Supplementary Figure 4), but roll
and yaw did not show considerable variations during chew
cycles. In all subjects, there was a high correlation between
tongue and jaw positions (Fig. 4e-h). However, the lag when
peak correlations occurred differed between young and old
subjects (Kruskal Wallis One Way ANOVA, p < 0.001);
peak correlation was closer to zero lag (−35 to −25ms, Fig.
4e-g) in young subjects and was at −90 ms lag in the aged
subject (Fig. 4h).
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Figure 3. Average velocity of the tongue tip during chew cycles.
The plots are centered ±0.5 s around minimum gape. Minimum
average velocity is marked by green points and maximum
average velocities before and after the minimum gape are
marked by blue, and red points, respectively. Shaded regions
denote ±1 SD. Shown for younger (a - c) and older (d) subjects.

Characterization of gape cycle phases

We also evaluated the impact of aging on the frequency
of gape cycles characterized as manipulation and/or stage I
transport cycles, or cycles when swallows (both intercalated
and terminal) occurred. Aging exerted a noticeable influence
on the number of manipulation cycles and the swallow
frequency; the older subject exhibited significantly higher
average number of manipulation cycles compared to the
two younger subjects when feeding on grapes (Fig. 5a),
two-tailed t-test, R: p < 0.001, B: p < 0.01). While feeding
on grapes, the older subject displayed increased variance
in the average number of manipulation cycles compared
to younger subjects (F-test, grape: Y and B: p < 0.01;
gummy bear: R: p < 0.01, Y: p < 0.05). With swallows,
the older subject exhibited a higher frequency compared to
the younger subjects with gummy bear only (t-test, R vs
E: p < 0.01, Y vs E: p < 0.001; F-test, p < 0.05). Lastly,
the duration of chew cycles was higher in grape and more
variable in both food types in the aged subject compared to
most younger subjects (Fig. 5e, grape: R and Y, t-test, and
F-test: p < 0.001 ; Fig. 5f, gummy bear: Y, t-test: p < 0.001,
B, p < 0.01).

To understand how the gape cycle phases were affected
by aging, we measured the normalized relative duration
of the four gape cycle phases (Fig. 5g). The relative
phase of the older subject differed significantly from the
younger subjects. Specifically, the relative duration in the fast
close and slow open increased significantly and the relative
duration of the fast open reduced significantly in the older
subject. We noticed that the relative increase in slow open
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Figure 4. Relationship between tongue and jaw positions during chew cycles. (a-d), Mean tongue tip position in the rostro-caudal
axis (left y-axis increases anteriorly) and mean mandible position in the supero-inferior axis (right y-axis increases superiorly) are
plotted as a function of percentage chew cycle. The gape cycles start from maximum gape and the minimum gape around 50% of
the cycle. The length of the double sided arrow indicates the lag between the time to peak tongue and mandible positions marked
by dashed lines. (e-h), Correlation between tongue (rostro-caudal) and jaw (supero-inferior) movements. Plots show the
cross-correlation coefficients at specific lags. Shown for each subject separately. Shaded regions denote ±1 SD.

was the largest in magnitude of all the changes in the older
animal.

Discussion

The aim of this study was to evaluate the impact of
healthy aging on 3D tongue and jaw movements during
natural feeding behavior in rhesus macaques. While feeding
behavior was not severely impaired in our old subject, our
analyses of tongue and jaw motion in 3D during feeding
revealed important aspects in which feeding performance
differed between our young and old subjects.

First, we found a substantial reduction in stereotypy of
tongue trajectories as individuals age. Stereotypic movement
patterns have been observed in arm reaching, walking, and
skilled movements (Chiovetto and Giese 2013; Corbetta
and Spencer 1996; Grillner and Zangger 1975a,b, 1979;
Konczak´johannes et al. 1997; Marder and Calabrese 1996).
It may be indicative of a mechanism to simplify the control
of moving various joints as a synergy which requires a

higher-level control of a movement pattern as opposed to
controlling individual joints or muscles (Mussa-Ivaldi et al.
1985; Mussa-Ivaldi and Solla 2004). Younger individuals
may demonstrate greater stereotypy when eating because of
a more efficient motor control and coordination. Potential
factors that may contribute to a reduced stereotypy are age-
related changes in orofacial musculature, such as alterations
in muscular strength, tone, endurance (Robbins et al. 1995;
Welford 1984) and coordination (Steele and Van Lieshout
2009).

Our study also found a reduction in the modulation of
tongue velocity with age, suggesting a lack of ability to fine-
tune velocity. Past studies have found that fatigue and muscle
weakness are associated with loss of muscle mass, speed, and
strength found in aging (Cullins and Connor 2017; Welford
1984). Despite a reduction in tongue velocity with aging, the
characteristic velocity curve patterns were preserved. This
suggests that this may be an invariant aspect of chewing that
is unaffected by aging.
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Figure 5. Frequencies of manipulation and swallow cycles shown per food type. (a-b), Number of manipulation and/or stage I
transport cycles, prior to the onset of rhythmic chewing for grape and gummy bear. (c-d), Swallow frequency, as measured by
number of swallows per 10 gape cycles for grape and gummy bear. (e-f), Chew cycle duration for grape and gummy bear,
respectively. (g), Relative duration of gape cycle phases. FC is fast close, SC is slow close, SO is slow open, and FO is fast open
phase. Since there were no significant food type effects, chews on both grapes and gummy bears were pooled for this analysis.
Results of a two-tailed t-test and F-test of equality of variances (compared to the old subject) are indicated by asterisks and
crosses, respectively: ⋆, † p < .05; ⋆⋆, †† p < .01; ⋆ ⋆ ⋆, † † † p < .001.

Our research identified a high correlation between antero-
posterior tongue and supero-inferior jaw movements in
younger subjects, occurring close to zero lag. However,
in older subject, the peak correlation shifted significantly
away from zero lag, indicating reduced coordination between
tongue and jaw movements. This deviation from zero lag
is an important marker of healthy aging, highlighting age-
related alterations in the coordination between tongue and
jaw, crucial for functional activities such as speech and
mastication (Masapollo et al. 2023; Thies et al. 2023).

Aging showed a food-dependent effect on swallow
frequency, consistent with previous studies that reported
age-associated decline in feeding performance Donini et al.
(2003); Madhavan et al. (2016); Ney et al. (2009); Payne
and Morley (2017, 2018). There were no significant changes
in the swallow frequency during grape feeding. However,
during gummy bear feeding, the older subject exhibited
significant variance in swallow cycles compared to the
younger subjects. It is interesting to note that the older
subject had no difficulty in handling grapes with high liquid
content whereas it had difficulty in dealing with chewy food
type like the gummy bear. Diminished dental occlusion,
tooth wear, or tooth loss may necessitate more extensive
chewing to achieve adequate bolus breakdown (Peyron et al.
2018; Yven et al. 2006). Furthermore, alterations in tongue
and jaw coordination, as well as reduced muscular efficiency,

may contribute to the need for additional manipulation
cycles to achieve optimal bolus consistency for swallowing.
The difference in results observed for different food types
illustrates the importance of including multiple food types in
future studies.

The results of this study are to be interpreted with the
following limitations in mind. Our study did not explore
potential confounding factors such as individual variations in
behavior, which could impact masticatory performance and
coordination in aging individuals. Addressing this limitation
in future research will provide a better understanding of the
complexities of age-related changes in masticatory function.

In conclusion, the knowledge gained from the study has
important implications for the neuromechanical underpin-
nings of pathological aging such as in AD. Additionally, our
findings may offer valuable groundwork for understanding
earlier identification of individuals with chronic oral health
issues who may be at risk for developing AD and other age
related dementias (ARD) and for the development of effec-
tive interventions aimed at improving oral health outcomes
in this group, with the potential to prevent the onset or the
progression of AD/ARD.
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Supplementary Figure 1. Illustration of the four phases of a
gape cycle. Cycle duration is measured from maximum gape to
the next maximum gape, shown as green circles on the jaw
displacement (Jy). The boundaries of the four chew phases,
i.e., fast close (FC), slow close (SC), slow open (SO), and fast
open (FO), are defined by jaw acceleration (J̈y). The transition
from FC to SC (blue circle) is identified as the largest negative
peak of (J̈y), between the start of maximum gape and minimum
gape (red circle). The second blue circle on Jy represents
SO-FO transition based on the largest negative peak between
minimum gape and maximum gape.
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Supplementary Figure 2. Average tongue velocity during
grape chew cycles. The plots are centered ±0.5 s around the
minimum gape. Minimum average velocities and maximum
average velocities before and after the minimum gape are
marked by green, blue, and red points, respectively. Shaded
regions denote ±1 SD. Shown for younger (a - c) and old (d)
subjects.
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Supplementary Figure 3. Average tongue velocity during
gummy bear chew cycles. The plots are centered ±0.5 s
around the minimum gape. Minimum average velocities and
maximum average velocities before and after the minimum gape
are marked by green, blue, and red points, respectively. Shaded
regions denote ±1 SD. Shown for younger (a - c) and old (d)
subjects.

0 25 50 75 100
Percent of Cycle

30

40

50

60

R
os

tr
o-

C
au

da
l P

os
iti

on Subject Y - 7 Years(a)

Tongue

20

10

0

M
an

di
bl

e 
Pi

tc
hMandible

0 25 50 75 100
Percent of Cycle

30

40

50

60

R
os

tr
o-

C
au

da
l P

os
iti

on Subject R - 8 Years(b)

Tongue

20

10

0

Pi
tc

h

Mandible

0 25 50 75 100
Percent of Cycle

30

40

50

60

R
os

tr
o-

C
au

da
l P

os
iti

on Subject B - 11 Years(c)

Tongue

20

10

0

M
an

di
bl

e 
Pi

tc
hMandible

0 25 50 75 100
Percent of Cycle

30

40

50

60

R
os

tr
o-

C
au

da
l P

os
iti

on Subject E - 19 Years(d)

Tongue

20

10

0

Pi
tc

h

Mandible

Supplementary Figure 4. Relationship between tongue and
jaw positions during chew cycles. Mean tongue tip position in
the rostro-caudal axis (left y-axis increases anteriorly) and
mean mandible pitch are plotted as a function of percentage
chew cycle. The gape cycles start from maximum gape. Shaded
regions denote ±1 SD. The length of the double sided arrow
indicates the lag between the time to peak tongue and mandible
positions marked by dashed lines.
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