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1 | INTRODUCTION

| Fritzie I. Arce-McShane? | Nicholas G. Hatsopoulos® |

Abstract

Background: Individuals with impaired oral sensation report difficulty chewing,
but little is known about the underlying changes to tongue and jaw kinematics.
Methodological challenges impede the measurement of 3D tongue movement and its
relationship to the gape cycle.

Objective: The aim of this study was to quantify the impact of loss of oral somatosen-
sation on feeding performance, 3D tongue kinematics and tongue-jaw coordination.
Methodology: XROMM (X-ray Reconstruction of Moving Morphology) was used
to quantify 3D tongue and jaw kinematics during feeding in three rhesus macaques
(Macaca mulatta) before and after an oral tactile nerve block. Feeding performance
was measured using feeding sequence duration, number of manipulation cycles and
swallow frequency. Coordination was measured using event- and correlation-based
metrics of jaw pitch, anterior tongue length, width and roll.

Results: In the absence of tactile sensation to the tongue and other oral structures,
feeding performance decreased, and the fast open phase of the gape cycle became
significantly longer, relative to the other phases (p<.05). The tongue made similar
shapes in both the control and nerve block conditions, but the pattern of tongue-jaw
coordination became significantly more variable after the block (p <.05).

Conclusion: Disruption of oral somatosensation impacts feeding performance by in-

troducing variability into the typically tight pattern of tongue-jaw coordination.
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movements depends on the integration of information from a dense

array of sensory receptors in the oral mucosa.*

Mastication involves complex sequences of jaw and tongue move-
ments. Cyclic jaw elevation brings the teeth together to reduce
the food item into smaller particles while the tongue positions the
food between the teeth, forms it into a bolus and transports it into

the pharynx.}™® Effective coordination of these jaw and tongue

When oral sensory feedback is disrupted—the hallmark of tri-
geminal neuropathies—patients may experience difficulty chew-
ing.s'6 The most common source of trigeminal neuropathy is
iatrogenic dental trauma, but many other aetiologies may contribute

to loss of oral sensation;® in one study, oral numbness was found
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to be the most common long-lasting symptom in patients who had
experienced non-iatrogenic maxillofacial trauma.’

Despite the prevalence of oral numbness, there are few quanti-
tative studies upon which rehabilitative therapies can be based; the
basic response properties of the oral cavity's rich array of mecha-
noreceptors are known,® but the kinematics resulting from loss of
feeding performance following trigeminal nerve damage are not well
understood. In particular, methodological challenges make it diffi-
cult to quantify intraoral 3D tongue kinematics.’?

Lateral-view videofluoroscopy studies have demonstrated the
basic sagittal pattern of tongue-jaw movements during chewing in
macaques: anteroposterior tongue ‘cycles’ coordinated with vertical
jaw movements.>'° This kinematic profile emerges from a brainstem

)11

central pattern generator (CPG)™* whose output is modified by sen-

sory feedback from mechanoreceptors in the tongue, teeth, tem-
poromandibular joint and jaw muscles.}?7%4

It has long been known, however, that the tongue variably de-
forms along transverse axes to help position and control food on
the working side teeth.*>"Y” These mediolateral movements are not
captured by traditional lateral-view videofluoroscopy and are not
well understood. Thus, the extent to which the tongue movements
crucial to feeding are affected by loss of oral sensation is virtually
undocumented in primates. In a recent study on pigs, unilateral
transection of the lingual nerve altered the kinematic pattern of
tongue-jaw coordination, but had an inconsistent impact on man-
dibular kinematics across individuals.*®*® The extent to which this
result generalises to mediolateral tongue movements in humans and
non-human primates is unclear. Moreover, given the density of oral
innervation, disambiguating the roles of various types of oral mech-
anosensory feedback, in particular tactile versus proprioceptive af-
ferents, is challenging.

The anatomy of the mouth offers a unique opportunity to se-
lectively disrupt orolingual tactile sensation without impacting
motor signals; afferent axons from proprioceptive and tactile mech-
anoreceptors of the tongue enter the CNS on different nerves.
Specifically, tongue muscle efferent and spindle afferents leave and

20.21 \while afferents of su-

enter the CNS on the hypoglossal nerve,
perficial tactile mechanoreceptors in the oral mucosa (gums, cheeks,
palate and anterior 2/3 of the tongue) travel along sensory branches
of the trigeminal nerve.??2% This anatomical organisation means that
oral tactile sensation can be perturbed by an injection-based nerve
block with no impact on the efferent motor or proprioceptive signals
from the tongue. Moreover, trigeminal nerve blocks, such as those
deployed in the dentist's office, are minimally invasive and rapidly
acting, minimising the impact of surgery and long-term compensa-
tion strategies on results.'®2*

Here, we employ a nerve block to temporarily silence oral tactile
signals during feeding in macaque monkeys (Macaca mulatta), leav-
ing motor and proprioceptive signals from tongue and jaw muscles
unaffected.?®> We precisely quantify 3D jaw movements and tongue
deformations using XROMM (X-ray Reconstruction of Moving

Morphologyzf’), an innovative imaging workflow for the study of
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hyolingual and jaw kinematics.?>?” We compare feeding perfor-
mance, jaw and tongue kinematics, and tongue-jaw coordination
before and after the nerve block. Our results quantitatively demon-
strate the impact of the loss of oral sensation on the coordination
and performance of feeding.

2 | MATERIALS AND METHODS

2.1 | Subjects

Experiments were performed on three adult male rhesus ma-
caques (monkeys R, Y and B; Macaca mulatta, 9-10 kg). All proto-
cols 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.

2.2 | Behavioural task

Subjects sat calmly and received and consumed food items
while head-fixed and seated in a standard primate chair in the
University of Chicago XROMM Facility. The experimental para-
digm involved two feeding conditions: natural feeding and feeding
after an oral tactile nerve block (see below). Each monkey served
as its own control and treatment condition; a control data col-
lection session was conducted either one day before or one day
after the nerve block session for each monkey. In both conditions,
experimental food comprised half grapes and half gummy bears
of equal size presented directly to the monkey's mouth via a long
stylus. We chose these two foods because both are relatively
soft—a common characteristic of foods used in oral rehabilitation-
-and they possess differential liquid content; grapes have large
amounts of liquid, whereas gummy bears have virtually none. The
presence of liquid poses an additional challenge in intraoral bolus
management. Both foods are also palatable to our study animals,
so were likely to be consumed. Food was introduced in semi-
random order. Frequent switching was attempted, but at times
the monkeys refused a specific food type, necessitating use of
the other. Sample sizes of the different food types are provided
in Table S1

2.3 | Oraltactile nerve block

To temporarily silence tactile signals from the mouth (while
sparing efferent motor and afferent proprioceptive signals from
tongue and jaw muscle spindles), a nerve block of sensory fibres
was performed via bilateral bupivacaine (2% with 1:100000
epinephrine) injections to multiple branches of the trigeminal
nerve (lingual, inferior alveolar, buccal, palatine; see Appendix
S1 methods for specific details of approach). The nerve block
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was performed while the subjects were under full sedation, and
all experimental data were collected within 90 minutes of the
nerve block (well within the effective duration of bupivacaine).
Consistent syringe placement was enabled by the creation of
individual-specific, 3D-printed needle guides (Figure S7). Nerve
block effectiveness was assessed via both behavioural obser-
vation (lack of responsiveness to touch in anaesthetised areas),
and a global decrease in baseline firing rates of somatosensory
neurons recorded using multi-electrode arrays implanted in the
primary motor and primary somatosensory areas of the oro-facial
cortex (Figure Sé6).

24 | Sham

To rule out sedation as a possible source of confounding effects
on tongue and jaw kinematics, we performed a sham nerve block
with monkey Y on a separate day. During the sham, the subject was
sedated and the nerve block procedure was performed with saline
instead of bupivacaine. There were no significant changes to jaw kin-

ematics following the sham nerve block (Figure S2).

2.5 | XROMM

During feeding, biplanar high-speed (200Hz) videoradiography
data were collected to visualise the movements of 24 radiopaque
beads (tantalum, 1 mm diameter) that had been surgically implanted
into the tongue, mandible and cranium following our previously de-
scribed methods.?”?8 The 3D positions of the tongue beads as well
as the rigid body transformations of the cranium and mandible were
reconstructed using XMALab?? following the XROMM workflow
(see Appendix S1 Methods for a full description). Kinematic data
were processed using a modification of the XROMM workflow that
incorporates machine learning through DeepLabCut.3° This yielded
what is, to our knowledge, the largest number of frames (by a factor
of 10) ever analysed in an in vivo XROMM feeding study.

2.6 | Neural data and electromyography

Jaw and tongue muscle electromyographic (EMG) activity and oro-
facial sensorimotor cortical neuronal activity were recorded using
chronically implanted EMG electrodes and multi-electrode arrays,
respectively. EMG electrodes were implanted bilaterally into the
masseter, temporalis and digastric (anterior belly) muscles, as well
as multiple intrinsic and extrinsic tongue muscles using our pub-
lished methods?’” Muscle electrode positions were confirmed with
post-mortem CT scans, and only masseter EMG activity was used
in the final analysis. Multi-electrode arrays were implanted unilater-
ally (left hemisphere in all animals) in the oro-facial regions of the

primary motor and somatosensory cortices (see Ref. [24,29] for

details).25’31 Here, cortical neural data were used only to confirm the
success of failure of the nerve block, and EMG data were used to

quantify number of gape cycles in a feeding sequence.

2.7 | Data analysis

Prior to computational analysis, all trials were inspected and gape
cycle types were manually identified using XMALab's biplanar
marker tracking interface. Each gape cycle was individually catego-
rised, based on X-ray and light camera video, as either manipulation,
stage 1 transport, left chew, right chew, chew (unknown side), stage
2 transport, intercalated swallow or terminal swallow. All subse-
quent analysis was performed in MATLAB 2020a (Mathworks).

Ecologically relevant®?

feeding performance metrics were calcu-
lated following a formal feeding assessment.®® Based on masseter
EMG data and the gape cycle categorisation, we quantified over-
all feeding sequence duration (from the initial ingestion to terminal
swallow) in terms of number of gape cycles, number of manipulation
gape cycles prior to the onset of rhythmic chewing, and frequency
of swallowing.

Kinematic analysis was performed at the level of individual jaw
gape cycles, and gape cycle phases (fast close, slow close, slow
open, fast open) were calculated from mandibular pitch following
previously established definitions.®* Mandibular pitch itself was
measured using a temporomandibular joint coordinate system--a 6
degree of freedom measure of joint motion.3>3¢

Three tongue kinematic variables (length, width, roll) were com-
puted from the anterior tongue 3D marker positions (Figure 1). Tongue
length and width were, mathematically, the Euclidean (straight line)
distances of the midline or lateral markers, respectively, and capture
deformation of the anterior 1/3 of the tongue (Figure 1A). Roll was cal-
culated as the angle made by the height difference of the two lateral
markers, when projected onto a frontal plane (Figure 1B). Importantly,
roll represents an inherently mediolateral motion that is important to
the tongue's function during feeding.*>*® To minimise the impact of
differences in marker placement between animals, roll angle was ze-
roed based on a rest frame (after a terminal swallow) for each monkey.
Cross-correlation analysis was performed with the MATLAB function
xcorr, with inputs being the mean-subtracted jaw pitch and tongue
signals, for a given sequence (see Appendix S1 Methods for more in-
formation). For an example of baseline (control) jaw and tongue kine-
matics, see Figure S8.

Previous studies have found large inter-subject kinematic vari-
ation in the effect of and compensatory strategies after oral nerve
blocks;*®1%% thus all analyses were performed at the individual
level. Unless otherwise noted, significant differences in magnitude
and variance between conditions were assessed with a two-tailed
t-test and F-test of equality of variances, respectively. Sample sizes
are provided in Table S1. Data were separated by food type when
there were significant food type effects (Two-factor ANOVA, with
individuals and food type as factors; p>.1).
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FIGURE 1 Kinematics extracted from XROMM data. (A) Jaw
pitch (orange line) is the angle made by theoretical planes fitted

to the upper and lower teeth using a joint coordinate system

(see Appendix S1). (B) Anterior tongue length and width are the
instantaneous Euclidean (straight line) distances between anterior
tongue markers. (C) Tongue roll angle (blue line) was derived from
the height difference of the two anterior lateral markers projected
onto a coronal (frontal) plane. Positive roll is counter-clockwise
when looking at the tongue from the front (thus the tongue is
negatively rolled as depicted)

3 | RESULTS

3.1 | Impaired feeding performance

We first quantified the effect of loss of oral tactile sensation on
overall feeding performance®**—in terms of feeding sequence dura-
tion (i.e. number of gape cycles from food ingestion to terminal swal-
low), number of manipulation cycles and swallow frequency. Feeding
performance was adversely impacted by the loss of tactile sensa-
tion (Figure 2). Across all animals, it took significantly more gape cy-
cles to eat a grape as compared to the control condition, resulting
in a 70% average increase in sequence duration (Figure 2A, p<.05,
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FIGURE 2 Effects of nerve block on feeding performance
variables for three animals eating two food types. Left halves of
hemi-violins (black) are control and right halves (red) are nerve
block for a single food type for an individual. (A) Total number of
gape cycles (all cycle types) per food item, from initial ingestion of
food to terminal swallow. (B) Number of gape cycles, manipulation
and/or stage | transport, prior to the onset of rhythmic chewing.
(C) Swallow frequency, as measured by number of swallows per
10 gape cycles. Results of a two-tailed t-test and F-test of equality
of variances (within each subject) are indicated by asterisks

and crosses, respectively: *Tp <.05; **1Tp < .01; ***tTp < 001.
Horizontal solid lines are means and horizontal dashed lines are
medians. Sample sizes are provided in Table S1

independent two-tailed t-tests; same for significance results that
follow). Monkeys R and Y showed significant changes in sequence
duration for gummy bears; monkey R's average sequence duration
increased with nerve block, and monkey Y's decreased. A significant
increase in the variance of number of gape cycles for both foods was
seen in monkeys R and B (Figure 2A, p <.05, F-test of equal variance).
The increase in total number of gape cycles was driven in some cases
by changes to the number of manipulation cycles before the onset of
rhythmic chewing (Figure 2B). Monkeys R and Y showed significant
changes to number of manipulation cycles, and, notably, there was
a significant increase in variance of number of manipulation cycles
for all animals for both foods. These results corresponded to qualita-
tive observations of oral incoordination upon receiving a food item;
the animals appeared to find handling the food challenging and took
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longer to position it from the ingestion point onto the post-canine
teeth (stage 1 transport).

After chewing began, there were also significant changes to the
frequency of swallowing (Figure 2C). When feeding on grapes, swal-
lows occurred significantly less frequently in all animals after the
nerve block. The baseline swallow frequency for gummy bears was
substantially lower relative to grapes in all animals, and no consis-
tent pattern of nerve block effect was observed; monkey Y exhibited
a significantly higher swallow frequency, and monkey B exhibited

higher variance in swallow frequency.

3.2 | Changes to gape cycle kinematics

To understand the source of the marked decrease in feeding
performance we measured changes to the gape cycle, the kin-
ematic ‘framework’ of mastication.®* All animals exhibited a sig-
nificant increase in chew cycle duration following the nerve block
(Figure 3A; p< .5). The longer cycles were found in all subjects
when eating gummy bears and in two of three subjects when
eating grapes. Moreover, all subjects also showed increased vari-
ance in cycle duration while feeding on gummy bears following
nerve block. In four of the five cases where there was a signifi-
cant change in mean cycle duration, there was also a significant
increase in cycle duration variance. Thus, not only did the animals
chew slower after the nerve block, but cycle durations were more
variable. This finding held both for chew cycles pooled across
sequences, and for sequence-level means (Figure S1; p<.05). To
ensure the increased cycle durations were not a side-effect of
the sedation required for the nerve block, we performed a sham
procedure (see Methods) and found that cycle durations were un-
changed (Figure S2, p>.10).

To assess how changes to gape cycle duration were effected at
the cycle phase-level, we measured the relative duration, in terms of
percent of cycle, of the four gape cycle phases (fast close, slow close,
slow open, fast open; sensu ref. 34). Relative phase durations after
nerve block differed significantly from their counterpart in the con-
trol (Figure 3B); specifically, the relative duration of slow close de-
creased significantly and the relative duration of fast open increased
significantly in all animals. The relative increase in fast open duration
was the largest in magnitude of all the changes, and we noted a gen-
eral pattern of increase in fast phase durations and decrease in slow

phase durations.

3.3 | Changes to 3D tongue kinematics

The majority of tongue deformation during chewing occurs in the
anterior tongue, and most of that deformation occurs during the fast
phases of the gape cycle.!®> Accordingly, we measured changes to
anterior tongue length, width and roll during right-side chews, from
minimum gape to minimum gape (Figure 4A). Overall, the mean tra-
jectories of three tongue kinematic variables remained consistent
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FIGURE 3 Effect of nerve block on jaw kinematics. (A) Chew
cycle duration. Left halves of hemi-violins (black) are control and
right halves (red) are nerve block for a single food type for an
individual. Results of a two-tailed t-test and F-test of equality of
variances (for each food type, within each subject) are indicated

by asterisks and crosses, respectively: *fp<.05; **Tp <.01;
=+111p < 001. Horizontal solid lines are means and horizontal
dashed lines are medians. (B) Relative duration of gape cycle
phases. Grey-scale bars are control durations and red-scale bars are
nerve block durations. FC is fast close, SC is slow close, SO is slow
open, and FO is fast open. See Methods and ref. 34 for definitions
of gape cycle phases and rhythmic chews. Asterisks and signs (+/-)
indicate the significance level and the direction of a significant
change, respectively. There were no significant food type effects,
thus chews on both grapes and gummy bears were pooled for the
phase analysis. Sample sizes are provided in Table S1

across the two experimental conditions (Figure 4B-D). We found no
significant variation between food types in terms of mean trajec-
tories, and thus pooled foods for this analysis. The most consistent
and substantial nerve block effect was on tongue width; in all three
animals the tongue was narrower during jaw opening after nerve
block (Figure 4C). In 8 out of 12 measured variables (jaw pitch and
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FIGURE 4 Effect of nerve block on
tongue deformation trajectory during
rhythmic right chews. See Figure 1 for
definitions of shape variables. (A) Jaw
pitch, for reference. (B) Anterior tongue
length. (C) Anterior tongue width. (D)
Anterior tongue roll, where positive

roll is the rotation of the dorsum of the
tongue to the right. Lines are mean+1 SD
for right chews; black is control and red
dashed is treatment (nerve block). Cycles
are from minimum gape to minimum gape,
and scaling was performed independently
on opening and closing phases to control
for shifting phase durations (see Methods
section and Figure 4); thus, 50% of cycle
is always maximum gape. Sample sizes are
provided in Table S1

FIGURE 5 Representative kinematic
traces of tongue movement relative to
jaw pitch in control (A, black) and nerve
block (B, red) conditions. The upper ball-
and-stick plots depict the lag of jaw pitch
(black lines) and anterior tongue length
(i, orange), width (ii, teal) and roll (iii,
pink). Lags correspond to the maximum
of the cross-correlation function of

the two signals for a 300-frame range
centred at that position. Note that in

A, the correlation between jaw pitch

and tongue width remains temporally
consistent over the course of 10 chews
and two intercalated swallows. In B,

the initial lags are similar to A, but then
shift substantially at ~2.5 s. Swallows are
indicated by black arrows.
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3 tongue variables in 3 animals), the variance of the trajectory in-
creased significantly after the nerve block (Figure S3). Only monkey
Y's tongue length and monkey B's tongue width showed significant
decreases in variance. In short, the tongue moved and deformed in
similar ways after the nerve block, but there was increased variation
in the shape trajectories.

3.4 | Strength and consistency of tongue-jaw
coordination

We quantified tongue-jaw coordination with event and cross-
correlation-based analyses. In our event-based analysis, we used a
conventional metric of tongue-jaw coordination®: the temporal lag
between the anterior-to-posterior reversal of tongue-tip move-
ment and the preceding minimum gape, that is tongue-tip reversal
(Figure S4). To account for changing gape cycle duration (Figure 3A),
we measured lags in both milliseconds (Figure S4A) and in percent of
cycle (Figure S4B). Results were consistent between the two differ-
ent measurement approaches; after nerve block, tongue-tip reversal
relative to minimum gape was more variable, but the magnitude or
direction of the lag was not consistent.

We used cross-correlation analysis as a second means of quan-
tifying tongue-jaw coordination. Figure 5 depicts representative
sub-sequences from monkey Y in which we calculated, on a rolling
basis, the relative lag of jaw pitch and anterior tongue length, width
and roll (lag corresponding to maximum value of cross-correlation
function). In the control condition (Figure 5A), all dimensions of
tongue movement remained consistently temporally correlated with
jaw pitch over the course of 10 chews and 2 swallows. After the
nerve block (Figure 5B), patterns of temporal correlation were less
consistent over the duration of sequences. During the chews at the

beginning of the sub-sequence, tongue-jaw lag appears to resemble

A IMean  Con B
(A) EMZZir;n Bk%( )

the control, but then at approximately 3 s, the lags of jaw pitch and
tongue width and length changed substantially. Noticing these shift-
ing patterns of coordination, we quantified the mean tongue-jaw lag
(via cross-correlation) for bouts of 3-10 rhythmic chews (Figure 6).
Half of the measured correlation lags showed significant shifts in
magnitude; however, the direction of the changes was not consis-
tent; sometimes the tongue shifted earlier relative to the jaw after
the nerve block, sometimes it shifted later. In contrast, 10 of 18 lags
exhibited a significant increase in variance after the nerve block,
with no significant decreases. Thus, between bouts of rhythmic
chews, the pattern of tongue-jaw coordination was more variable
after the nerve block.

Was this change in temporal correlation reflected in a change
in strength of correlation? We took the magnitude of the maximum
(absolute value) correlation coefficient for the same chewing sub-
sequences (Figure S5). Interestingly, there were no consistent pat-
terns in change to correlation strength or variance in correlation
strength. Of the 18 correlations, 5 exhibited a significant change
after the nerve block, and the direction of the changes was not con-
sistent. Thus, lack of tactile sensation changes the consistency of
the pattern of tongue-jaw coordination during feeding, but not the

instantaneous strength of that pattern.

4 | DISCUSSION

The goal of this study was to quantify the impact of loss of oral tac-
tile sensation on 3D tongue movement and tongue-jaw coordination
during feeding. We found that, after the loss of tactile feedback, all
animals exhibited impaired feeding performance and more tempo-
ral variability in the pattern of tongue deformation and tongue-jaw
coordination, though the average trajectory of tongue deformation

during chews remained largely unchanged.
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FIGURE 6 Effects of nerve block on temporal correlation of jaw pitch and anterior tongue (A) length, (B) width and (C) roll. Violins depict
the lag (in ms) corresponding to the maximum cross-correlation coefficient for bouts of 4-10 rhythmic chews. Thus, a positive lag indicates
the tongue variable follows jaw pitch when optimally correlated. Top halves of hemi-violins (black) are control and bottom halves (red) are
nerve block for a single food type for an individual. Results of a two-tailed t-test and F-test of equality of variances (for each food type
within each subject) are indicated by asterisks and crosses, respectively: *'Tp<.05; **'ﬁp<.01; ***’”Tp<.001. Vertical solid lines are means

and vertical dashed lines. Sample sizes are provided in Table S1
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4.1 | Feeding performance

We used ecologically relevant metrics drawn from comparative
studies and a recently formalised feeding assessment®?%3 to quan-
tify feeding performance. We found that feeding sequence duration
increased after the nerve block (Figure 3A), except in the case of
one food type for one individual (monkey Y, gummy bears), where it
decreased. While an increase in sequence duration is consistent with
previous findings,38 we propose that deviation from normal values in
either direction is indicative of impaired performance; more chews
on a food item indicates difficulty in processing or difficultly sensing
when processing is sufficient, while fewer chews on a given food
item could indicate that the item is not adequately processed be-
fore swallowing. The latter presents a particular concern in regard to
swallowing safety39 but can also affect digestive efficiency. Analysis
of the material properties of the swallowed bolus would be neces-
sary to determine whether the increased sequence durations were
driven by incoordination (bolus would be under-chewed), or poor
estimation of bolus properties (bolus would be over-chewed). Given
the effect of loss of tactile feedback on tongue-jaw coordination
and swallowing, it seems likely that a combination of the two is re-
sponsible for the change in feeding sequence durations. The marked
increase in number and variance of manipulation cycles (Figure 3B)
suggests that tactile feedback plays an especially important role in
the initial ingestion stages of the feeding sequence.

The nerve block had a food-dependent effect on swallow fre-
quency (Figure 3C). For grapes, swallows occurred significantly
less frequently after the nerve block. For gummy bears, there was
no consistent change to swallow frequency. Notably, grapes had
a higher baseline swallow frequency, which after the nerve block
decreased to approach that of gummy bears. A higher frequency
of intercalated swallows with foods that have a liquid component
has been noted previously,40 thus, we infer that the reduction in
swallowing events reflects an impaired ability to sense or handle
the liquid component of the food in the oral cavity sensu stricto.
Importantly, sensory feedback from the valleculae was preserved
in our study, so the effects reported here reflect decreased effi-
ciency of bolus handling and/or changes in the impact of oral sen-
sations on reflexive components of jaw and tongue movement.*! As
many foods differ in their material properties and demand different
jaw kinematics,*2 this result illustrates the importance of including
multiple food types in future nerve block and transection feeding
studies.

4.2 | Jaw kinematics

We found that chew cycle duration increased after the loss of tac-
tile sensation (Figure 3A). This result is consistent with clinical find-
ings that in neuromuscular disorders impairments to sensorimotor
integration can result in slowing of movement.*344 Relatedly, both
computational and in vivo experiments have shown that CPGs oper-

ate at lower frequencies in the absence of sensory feedback.384°-47
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Our results corroborate these results, showing that tactile feedback
is important for the maintenance of the natural chewing frequency.

The increases in chew cycle duration are not evenly distributed
across the gape cycle phases; the relative duration of the fast open
phase increased after the nerve block (Figure 3B). During fast open,
the tongue performs one of its principle sensorimotor tasks: the
gathering of new information about bolus properties while simul-
taneously repositioning it onto the tooth row.” An elongation of this
phase after the loss of tactile feedback suggests that performance of
this task depends heavily on ongoing tactile feedback. Additionally,
fast open is immediately followed by the closing phases of the gape
cycle, where the risk of a tongue bite is highest. Thus, in a situation
where stereognosis and manipulation of the bolus is impaired, a pro-
longing of the opening phase could reduce the chance of the tongue

being bitten while those processes are still occurring.

4.3 | Tactile feedback enables consistent tongue-
jaw coordination

Our findings suggest that tactile feedback from the oral cavity plays
a key role in regulating the pattern of tongue-jaw coordination, but
not necessarily in the generation of the pattern itself. After the
nerve block, there was more variation in the correlation lag between
the tongue and the jaw (Figure 6). This result held for multiple di-
mensions of tongue kinematics—both internal deformation (length
and width) and positional change (roll). While the example sequence
depicted in Figure 5B contains a shift in coordination corresponding
to the first intercalated swallow, we did not find statistically signifi-
cant (p>.1) patterns in the change of temporal coordination related
to swallows or to any particular time point in the feeding sequences;
the increased variance in tongue-jaw temporal correlation was dis-
tributed throughout the feeding sequence. Importantly, in two of
three animals this increased temporal variance was not reflected
in a change to the strength of the correlations (Figure S5). In other
words, the tongue and jaw were not ‘less’ tightly synchronised, but
rather differently synchronised.

How did this difference in coordination relate to the tongue
movements themselves? We found an increased variance in the tra-
jectory of tongue deformation (Figure S3), as well as some changes
to the average trajectory of tongue deformation during chews—in
particular anterior tongue width (Figure 4). But those changes were
minimal, in that the tongue assumed approximately the same shapes
at the same times in the gape cycle. This result stands in opposition
to the findings of a recent study that observed differential hand pos-
tures in subjects with a chronic loss of tactile feedback.*® We believe
this difference could be due to the inherent differences between
chewing and grasping—both in terms of cyclicity and role of vision in
the behaviour. Given that cycle-to-cycle variation in tongue kinemat-
ics is expected as the tongue responds to changing bolus properties,
how does the increase in variance after the loss of tactile feedback
relate to impaired feeding performance? We suspect that deviations
from the tongue's average kinematic trajectory in normal feeding
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are relatively subtle in magnitude, in part so they do not disturb the
overall masticatory rhythm in which they are contextualised. Indeed,
responses to perturbations or changing extrinsic factors in limbed
locomotion are often rapid and result in little change to the overall
gait cycle.*” Thus, while some variation in kinematics is required to
account for a dynamic environment (or bolus, in the case of feeding),
it seems that temporal resilience of the overall motor pattern in the
face of changing external factors is a hallmark of coordinated, cyclic
behaviours in mammals.’®>! Our results demonstrate that when the
tongue and jaw are deprived of tactile feedback that consistency is
impaired. That the strength of the correlations between the tongue
and jaw is not degraded suggests that the generation of the pat-
tern itself does not depend on tactile feedback. Further studies
are needed to test whether proprioceptive feedback from muscle
spindles is involved in the emergence of the motor pattern, as has
been found in locomotion.>? Finally, our understanding of the role
of the sensorimotor cortex in the control of tongue-jaw coordination
is still rudimentary and constitutes an important avenue for future
research.>

4.4 | Comparison with previous studies

Several previous studies have used nerve blocks or transections to
clarify the role of sensory feedback in mastication. Inoue and col-
leagues®® found that bilateral transection of the maxillary and infe-
rior alveolar nerves in rabbits resulted in increased and more variable
feeding sequence duration, slower chewing cycles and irregular pat-
terns of jaw movements. Similarly, Huang and colleagues®* reported
that, in minipigs, a unilateral block of the superior and inferior al-
veolar nerves induced increased variance in feeding sequence dura-
tion, slower chewing cycles and an overall reduction in the ability
to ‘regulate muscle force and the coordination of jaw movements’.
These results are consistent with several findings reported here
(Figures 2A,B & 3A). At the level of individual chewing cycles, how-
ever, our finding of a decrease in relative slow close phase duration
and a commensurate increase in fast open (Figure 3B) have not pre-
viously been documented. Montuelle and colleagues'® unilaterally
transected the lingual nerve in pigs but noted wholly inconsistent
changes to relative gape cycle phase durations at the individual level.
Their study highlighted the high incidence of inter-subject variation
in oral perturbation experiments. Future work that builds upon the
present study would but ideally involve a larger number of subjects
to account for this phenomenon. However, logistical constraints
(i.e. cost, time investment) render large-sample non-human primate
studies challenging to execute.

In a separate study Montuelle and colleagues” also quantified
changes to tongue-jaw coordination after unilateral lingual nerve
transection in pigs. They found that, on average, anteroposterior
movements of the tongue occurred earlier in the gape cycle, but
they did not provide an analysis of the variance in these altered pat-
terns of the coordination. We did not observe a consistent shift in
the relative timing of tongue and jaw movement across individuals

in this study (Figure S4), but we did find consistent increases in the
variance of tongue-jaw timing (Figure 6). Whether or not other oral
structures in addition to the tongue are anaesthetised is likely an
important factor in emergent motor changes.”® On the whole, dif-
ferences in experimental design (unilateral vs. bilateral treatment;
lingual nerve vs. inferior alveolar nerve, etc.) abound in the literature
and complicate interpretation. That oral tactile feedback plays a key
role in mastication is incontrovertible; disruption of oral tactile af-
ferents leads to changes in jaw kinematics, tongue kinematics and
tongue-jaw coordination in various taxa. But the manner in which
the central nervous system integrates altered sensory information
into ongoing motor commands (to the tongue, in particular) remains

challenging to parse.

5 | CLINICAL IMPLICATIONS

Impaired oral tactile sensation, a hallmark of trigeminal neuropathy,
is highly prevalent® and may result in difficultly chewing and swal-
lowing. In most but not all clinical cases, numbness is unilateral and/
or localised. For this reason, many previous studies have used uni-
lateral nerve transection or blocks in their experimental design. A
consequence of unilateral perturbation is that subjects typically
chew on the unaffected side, ostensibly relying on the intact sen-
sory afferents to safely process food. Such experimental paradigms
are clinically plausible and provide insight into compensatory mas-
ticatory kinematics after nerve damage. But the fact that, in unilat-
eral perturbation, at least half of the oral cavity retains its sensory
function introduces confounds that limit our ability to relate results
to a broader, mechanistic framework of sensorimotor integration
during feeding. Such a framework is crucial for understanding the
consequences of oral neuropathy, and for informing therapeutic
approaches.

This study provides evidence for the key role of oral tactile
feedback in supporting the tight patterns of tongue-jaw coordi-
nation that underlie the performance of feeding. Consequently,
for patients experiencing disrupted oral sensation, foods that re-
quire the rapid modulation of tongue and jaw kinematics may be
inadvisable. A general category that fits this description is hard
foods, which fragment into many small pieces demanding rapid
modulation of tongue kinematics to form and control the bolus.
Furthermore, at higher chewing frequencies variance in the rela-
tive timing of tongue-jaw coordination may result in greater risk of
tongue bites. In sum, our data suggest that slower chewing, with
an emphasis on homogenous, minimally fragmenting food may be
beneficial for rehabilitation of patients experiencing oral anaesthe-
sia or paraesthesia.
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