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Abstract

Objectives The tongue-to-palate distance influences the
volume of the in-mouth air cavity (IMAC), thus condition-
ing the entry of aromatic compounds to the olfactory
mucosa site. This study was set out to record the IMAC
volume by measuring tongue-to-palate distance at rest.
Materials and methods Twelve young adults in good
general health were tested—Ilips contacting, with at-rest
posture of the tongue and jaw during a silent reading task.
Observations in this study were limited to pre- and post-
swallowing sequences. The tongue-to-palate distance was
measured using three electromagnetic sensors placed on the
tongue upper surface. IMAC volume was evaluated from a
geometrical model, taking into account the tongue-to-palate
distance, the IMAC transversal distance measured from
dental casts and historic data giving the anterior—posterior
distance of the oral cavity.

Results (1) In the at-rest posture, the tongue-to-palate dis-
tance was significantly greater at the posterior sensor level.
(2) A vertical shift in tongue posture at rest frequently
appeared following deglutition. The upward shifts were of
larger amplitude and more frequent than the downward
shifts. (3) Evaluation of the IMAC volume gave an approx-
imate value of 12 ml at rest. (4) The chin sensor at rest was
2.8+0.8 mm below its position when in occlusion.
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Conclusion The tongue and mandible contribute to shaping
the IMAC volume. Clinical relevance: These and other
results suggest that deglutition changes tongue-to-palate
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Introduction

Aroma perception depends on expired nasal aromatic com-
pounds reaching the olfactory mucosa. Aromatic com-
pounds are released during mastication and deglutition via
the retronasal route. It is known that changes in the air
volume of the oral cavity and fluctuation of airflow towards
the nasal pharynx are major factors in carrying aromatic
compounds to the olfactory mucosa [1]. Large interindivid-
ual variations have been observed when recording nasal
aromatic compounds [2]. These variations may be
explained, at least partly, by parallel individual changes in
both oral air volume and movements. Fuller knowledge of
the volume of the in-mouth air cavity (IMAC) and of its
individual and functional variations would improve our
understanding on the transport of aromatic compounds dur-
ing eating. Although there are data based on imaging tech-
niques that give quantitative values for the tongue volume
[3, 4] and qualitative description of tongue movements
[5-7], only preliminary data are available on the determina-
tion of IMAC volume during mastication and deglutition
[8]. To determine the available volume of the IMAC for
aromatic compound transport, the tongue position was eval-
uated via a direct quantitative measure of the distance be-
tween tongue upper surface and hard palate taken as a fixed
reference. The tongue-to-palate distance, by reflecting the
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vertical variations in the tongue position, appears to be the
predominant variable of the in-mouth air content volume
[1, 8-11]. The present experiment was designed to evaluate
the tongue-to-palate distance at rest during tongue habitual
posture and so determine the habitual volume of the IMAC
at rest irrespective of its variations. This work precedes a
study of the swallowing events, which will be observed in
the same sample.

There are other methods to visualise the upper part of the
tongue such as the magnetic resonance imaging [3] or
videoradiography [12]. They are appropriate for visualising
solid structures but do not suit the visualisation of empty
space like IMAC. In addition, the articulograph allows
monitoring of the tongue-to-palate distance fluctuations
during a complete recording sequence without exposing
the patient to X-rays (AG 101®; Carstens, Gottingen,
Germany). The recordings were made outside spontaneous
deglutition, i.e. deglutition of saliva or dry swallow. The
IMAC values calculated from these tongue—palate distance
measures are discussed in the context of an evolving eating
process.

Materials and methods
Subjects

Twelve subjects aged between 22 and 25 years (six males
and six females, mean age 23.2+1.1) were recruited among
the students of the Dental Faculty of the University of
Auvergne (Clermont-Ferrand, France). They all displayed
good oral health with normal interarch relationship and
complete dentition except for the third molars. Crowns,
bridges, and other fixed restorations were accepted. None
had undergone any orthodontic or dental treatment in the
3 months before experimentation. They had a score below
10 in the Hospital Anxiety and Depression Scale [13]. Oral
breathers were excluded. The subjects were not receiving
any psychotropic treatment that could have influenced sali-
vation or deglutition. None had a deep sagittal groove along
the dorsal surface of the tongue that would hinder the sensor
placement. Written informed consent for participation in the
trial was obtained from all the subjects, who received a
financial compensation. Approval was obtained from the
Local and National Ethical Committees (DGS2008-0031).

Movement recordings

The articulograph was developed to record tongue move-
ments in speech and language research (AG 101®). It has
been validated to record jaw movements during chewing
[14, 15]. Each subject sat with their head in a sustainable
individual position to accept relative corporal immobility
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during a maximal recording sequence of 45 min. The sub-
ject’s head was placed in the middle of a magnetic field
generated by three coils (Fig. 1a). Three miniature magnetic
receiving sensors (Self SMS2-220J®; TDK, Corel Electro-
nique, France) embedded in biological silicone were glued
with cyanoacrylate adhesive (Cyanolite®) to the dorsal sur-
face of the tongue on the sagittal midline (Fig. la). The
anterior sensor was 15 mm from the tip of the tongue, and
each sensor was 15 mm from the adjacent one. The sensor,
when embedded, formed a sphere 3 mm in diameter. Dis-
placements of the sensors in the magnetic field generated a
current that allowed evaluation of the corresponding vertical
and anterior—posterior positions and movements, i.e. two
dimensions. Two supplementary embedded sensors were
used. One was glued to the chin to monitor jaw movements,
and another was glued to an upper central incisor to record
head movements to subtract them from jaw and tongue
movements. The sensors were connected to wires crossing
the dental arch at the level of the anterior teeth. Swallowing
was recorded by capturing the Adam’s apple displacement

Solenoid

®©

.. Tongue sensors

Upper incisor sensor

®©

Solenoid

Solenoid

Chin sensor

Lateral view Frontal view

Upper view

Fig. 1 Schematic representation of the articulograph recording with
the three coils (solenoids) generating a magnetic field and miniature
magnetic receiving sensors glued on the tongue, central incisor and
chin (a). Upper, lateral and frontal views of the geometrical model used
to calculate IMAC (b)
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with a piezoelectric sensor (KPE-165®) fixed to the cricoid
protuberance with adhesive tape. Signals were recorded and
analysed using Spike® 2 software (C.E.D.®). The acquisi-
tion frequency was 100 Hz (Fig. 2).

Experimental design

The subjects took part in two recording sessions beginning
between 9:30 and 10 a.m. to avoid spontaneous change in
cortical levels due to daily rhythms. The subject was com-
fortably seated, looking in front at eye level with the head
centred in the magnetic field. Feet were isolated from the
ground to reduce background noise during recordings. The
first session was devoted to familiarising the subject with
the experimental environment, and the corresponding
recordings were not analysed. To train the subject to achieve
good control of the tongue position, several tasks were
performed during the first session. Several successive
tongue positions against the palate were followed by tongue
resting positions in which the subject was relaxed and
comfortable.

During the second session, the tongue position was
recorded while the subject read silently, for 3 min, a text
they had chosen. This reading task was performed to distract
the subject from the experimental conditions by focusing
their attention on the meaning of the text. No instructions
were given concerning the interarch relationship during the
recording process except at the beginning and end of each

AAD ] .1

sequence, when subjects were asked to close their mouth
and place their tongue against their hard palate to record
both the mandible uppermost position and palate outline as
references.

Data extraction and analysis

Our goal was to determine the habitual or most frequent
position of the tongue at rest by monitoring the distance
separating tongue sensors from the palate. All acquisition
values were averaged for each 5-s block, giving one value
(in millimetres) for the vertical dimension (Fig. 3) and
another for the anterior—posterior one. These values were
measured by reference to the position of each tongue sensor
when in contact with the palate and, at the same time, in its
highest and most forward position at any time during the
whole session. For each tongue sensor, the vertical and
anterior—posterior values were calculated for each 5-s block
as follows:

vertical value per block (V) = measured vertical value for

each block — vertical value of reference position;

anterior—posterior value per block(AP) = measured anterior
—posterior value for each block — anterior—posterior

value of reference position.
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Fig. 2 A 170-s sequence recording of the anterior—posterior and
vertical displacements of the four sensors glued on the tongue and
chin. The first upper line indicates swallowing events (44D) recorded
by capturing the Adam’s apple displacement. The second line repre-
sents (in millimetres) the anterior posterior mandibular position (4P
Mand) recorded by a sensor glued to the chin. The next three lines

T
80
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100 120 140 160 S

represent (in millimetres) the anterior—posterior displacements of the
tongue recorded by three sensors (4P Ant, AP Cent, and AP Post:
denoting anterior, central, and posterior parts of the tongue, respective-
ly). The next four lines represent the vertical displacements (Vert) of
the corresponding previous sensors. A 5-mm increment scale unit on
the left indicates displacement amplitude
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Fig. 3 Three individual
examples of tongue position 0
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recording while reading for
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It is important to consider the anterior—posterior distance
because the hard palate slopes. Any anterior—posterior shift
of the tongue therefore had an effect on the tongue-to-palate
distance. To compensate for anterior—posterior palatal slope,
the corrected vertical tongue-to-palate distance was calcu-
lated as the sum of the vertical value (V) and the vertical
outcome of the anterior—posterior shift (V5p) of the tongue,
derived from the formula V,p=AP.tgcr, where « is the angle
made by the hard palate with the occlusal plane. This angle
was determined from an elastomeric impression of the plas-
ter cast of the maxillary dental arch previously obtained
from each subject. When the palate presented different
changes in the sagittal outlines, different slopes were deter-
mined to take into account the location of the different
sensors. Finally, the vertical tongue-to-palate distance was
V4 Vap.

To track the position of the mandible, the postural inter-
arch distance was inferred from the position of the sensor
glued to the chin and calculated by reference to the highest
chin position, generally reached at the time of a swallowing.
The parts of the recorded sequence corresponding to the
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swallowing events were discarded from 1 s before and after
the onset and offset of the accompanying motor events seen
from the cricoid movement recordings.

Determination of tongue-to-palate contacts

The tongue was considered as contacting the hard palate
when the measured distance between the tongue and palate
lay between 0 and 2.5 mm. This value was chosen, taking
into account the thickness of each silicone-embedded sen-
sor, to obtain a cylindrical shape 3 mm in diameter by
2.5 mm in length.

Estimation of the mean IMAC volume at rest

The IMAC value calculated outside swallowing time was
evaluated from a geometrical model formed by a pyramidal
shape placed on a horizontal lozenge base (Fig. 1b). Three
dimensions had to be determined. The height of the model
viewed in the median sagittal plane is maximal at the level
of the first molar, and its value was given by the third sensor.
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It reduces to zero at the anterior limit of the IMAC, consid-
ering that the anterior part of the tongue contacts the poste-
rior face of the incisors and canines. It also reduces to zero at
the posterior limit of the IMAC, considering that the velum
rests on the rear part of the tongue. This is the normal
position of the tongue and surrounding tissues at rest during
nose breathing. The width of the lozenge is also maximal at
the level of the first molar, and its value was measured from
dental casts of our 12 subjects as described previously [16].
The anterior—posterior dimension of the IMAC corre-
sponded to the length of the lozenge base. It was obtained
from another experiment by using an acoustic pharyngom-
eter device [8]. The volume as defined above is a fourth of
the parallelepiped volume in which the above lozenge-based
pyramid is included.

Statistical analysis

The measured variable was the calculated sensor—palate
vertical distance. The explicative variables were the sensors
and the subjects. One-way or one-way repeated measure
analyses were performed using SPSS software (version
11.5 for Windows, 2002) with general linear models for
analysis of variance (ANOVA). A post hoc Student—
Newman—Keuls test was carried out for comparison of
means (with a risk of 5 %). Values are given as mean (in
millimetres)+*SEM. The Pearson’s correlation coefficients
were calculated between anterior—posterior and vertical
distances of the sensors glued to the tongue and chin.

Results
Tongue posture during reading

The time course of tongue position during the 3 min of the
reading task ranged widely from one subject to another.
Figure 3 gives several examples of the position of the three
sensors. Letters inside white circles show the highest instan-
taneous position extracted from the raw recording. The
figure shows that most parts of the tongue contacted the
palate at the beginning and end of the session when the
subjects were asked to place their tongue against their hard
palate. At swallowing time, there was a tongue—palate con-
tact at one sensor site but never at all three sites. In some
cases, the swallowing movement was not upwards as gen-
erally observed, and the change in the mean tongue-to-
palate distance triggered by swallowing was not always
the same: it could be upward, downward or with no change,
depending on both the sensor and the subject. The mean
distance (+SEM) between the palate and the anterior central
and posterior sensors were 7.6+£0.8, 8.5£1.3 and 16.5+
4.1 mm, respectively (n=12). The distance at the posterior

sensor was significantly different from the two others (p<
0.05, one-way ANOVA). Hence, most of the time, there was
a space between the tongue and palate at rest.

Change in tongue and mandible postures
before and after swallowing

Swallowing is frequently preceded and followed by a
change in tongue posture. Considering the tongue’s steady
posture before and after swallowing, the mean vertical shift
amplitude of the tongue observed during the 170-s recording
was 3.84+1.6 mm calculated from the three sensors in 23
swallows (n=69). The values were different for the three
sensors, i.e. 2+0.4, 3£0.6 and 6.4+2.6 mm for anterior,
central and posterior sensors, respectively. Although these
large variations occurred in both upward and downward
vertical directions, the shifts upwards were of larger ampli-
tude (3.34+1.6 mm) and more frequent (n=34 out of 69) than
the shifts downwards (1.3+£0.2 mm, n=19 out of 69) (p>
0.05). In some cases, the tongue sensors (n=16 out of 69)
did not appear to move vertically. As shown in Fig. 3, the
tongue positions did not always vary in the same vertical
direction at the different tongue loci.

Anterior—posterior movements of the three tongue sen-
sors were intercorrelated and were associated with the man-
dible vertical displacements (Table 1). For instance, an
anterior tongue displacement corresponded to a mandible
elevation, and a posterior tongue displacement corresponded
to a mandible downward movement (Table 1). The vertical
movements of the three sensors did not occur at exactly the
same time, as suggested by the significant mild or weak
correlations between vertical movements of the three sen-
sors (Table 1). This vertical tongue movement organisation
was probably related to the time interval separating the
vertical movements of the three sensors.

The postural interarch distance recorded from the chin
sensor did not vary with time except during swallowing, an
effect that is to be the subject of another experimental study.
Swallowing apart, the mandible adopted a slight downward
posture, which amounted to a mean value of 2.8+0.8 mm at
the level of the chin sensor. This downward position never
exceeded 5 mm.

Estimation of the mean IMAC volume at rest

The mean length of the in-mouth cavity from the central
maxillary gingival limit to the uvula was taken as 70 mm
[8], and the palatal vault width that we measured at the level
of the posterior sensor, i.e. middle of second molar, was 42+
0.92 mm. The highest tongue—palate distance at the poste-
rior sensor was 16.5 mm. The calculation described in
“Materials and methods” section gave an estimated IMAC
volume of 12.13 ml.
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Table 1 Correlation coefficients between sensor movements. Correlation coefficients between tongue—palate distances recorded at the different
sensors for both vertical and anterior—posterior directions during the complete recording sequences

Mandible Anterior Central Posterior Mandible V' Anterior Central Posterior
AP tongue AP tongue AP tongue AP tongue V' tongue V tongue V'
0.10* —0.15%** —0.13** —0.36** AAD
0.38** 0.15%* —0.28** Mandible AP
0.75%* 0.67** —0.54** —0.34%* —0.11* —0.14%* Anterior tongue AP
0.87** —0.79%* 0.09* —0.20%* Central tongue AP
—0.8%* 0.16%* —0.19%* —0.13** Posterior tongue AP
—0.14%* 0.13%* 0.15%* Mandible V'
0.12%* 0.38%* Anterior tongue
0.25%* Central tongue V'

AP anterior—posterior, V vertical, A4D Adam’s apple displacement, Mandible chin sensor

£p<0.05; **p<0.01

Discussion
Advantages and limits of the study

This study is based on an accurate, quantitative measure of
displacements of the anterior part of the tongue observed in
real time relative to a fixed structure, the palate. Mandible
displacement was also recorded relative to its uppermost
position. This offers an advantage over most of the common
imaging techniques, which do not allow quantitative meas-
ures and movement recordings without superimposition of
neighbouring structures. Articulography has been extensively
used in the study of tongue movements during speech and oral
articulation for its accuracy and reliability [17—-19]. For the
same reasons, its use has been extended to mastication and
swallowing studies, in which its reliability has been repeatedly
demonstrated [14, 15, 17]. However, in the present experi-
ment, we did not repeat the recording session but instead
averaged a long recording of about 170 s.

In our experiment, the presence of the sensors could have
influenced the position of the tongue and mandible and
possibly hindered tongue positioning or movement. The
introduction in the mouth of solid objects, such as small
coils or sensors, is known to increase the freeway space
[20]. The wires in the mouth could have had such an effect.
However, the fact that the final freeway space was similar to
the values usually reported suggests that this was not the
case. The sensors may have been partly absorbed by the
median depression of the tongue, frequently forming a sag-
ittal groove. The sensors could also have been caught in the
uppermost hollow part of the hard palate sagittal band and
prevented intimate contact between tongue sensors and palate.
No sensors were positioned on the rear part of the tongue
upper surface because of (a) poor accessibility for sticking on
the sensors and (b) nausea reflex in the subjects. In addition,
the sensor locations chosen in this study focusing on the
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midsagittal line corresponded to the most active portion of
the tongue in terms of precision, force control and palatal
contacts during swallowing initiation [17, 21-25].

Tongue and jaw positions in habitual postures

This study shows that the tongue is distant from the palate in
most of the circumstances studied except for deglutition and
that the tongue—palate distance is greater at the median/
posterior part of the tongue than in the front part. Although
in this study large interindividual and intra-individual var-
iations of tongue position were seen, a space between the
tongue and the palate was the most frequent occurrence.
However, full tongue—palate contact was reported [16] in
ten out of 50 subjects in a survey based on lateral radio-
graphic cephalograms.

Recording of the mandible position confirmed the pres-
ence of a postural interarch space (or freeway space). The
near 3-mm freeway space value found in this study is close
to those reported in many previous studies [26, 27].

Influence of tongue positions and displacements on IMAC
values

Our geometrical model of IMAC is a rough approximation
for several reasons. The IMAC is not a solid. The mouth is
not bounded by straight lines either in its frontal part or in its
rear part. There are, however, extreme anterior and posterior
points of IMAC with the maxillary incisor papilla and the
uvula, respectively. The dorsal surface of the tongue and the
hard palate are not plane but curved. The model, however,
fits the dihedral shape of the IMAC external limits formed
by the tongue margins against the dental and palatal walls
and by the rear part of the tongue against the soft palate.
Although at rest, the tongue and the cheeks lay on the mouth
floor and against the dental arches; IMAC varies from zero
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to a very large volume [16] because of the motility of the
jaw, tongue and velum, even at rest. Because the intra-
individual variations far exceed the interindividual varia-
tions, we have not considered variations due to gender,
age or individual.

Because of this marked variability, we devised three
simultaneous studies. In addition to the present experiment
based on tongue movement recording, a second one was
based on anatomical measures [16] and a third on acoustic
pharyngometer recording [8]. The three experiments must
be considered simultaneously to provide information on the
IMAC and possible inference for involvement in aroma
perception. The volume of 12 ml found in this study can
be compared to the 8.5 ml in that of Bourdiol et al. [16],
determined by anatomical measurements, and the 11.18 ml
recorded 27 s after empty deglutition in a parallel experi-
ment [8]. However, in this last experiment, the IMAC was
22.82 ml for a first subgroup of subjects who lowered their
tongue after an empty swallow. The subjects in the second
subgroup had almost no IMAC, as they kept their tongues
against their palate. Taking into consideration only the sub-
jects who displayed an IMAC, the value of 8.5 ml obtained
with the anatomical method was also underestimated when
deduced (volume of oral cavity—tongue volume) from the
magnetic resonance imaging studies [3]. This is because the
tongue was observed while the jaws were in interarch contact
position. Conversely, the value of 22.82 ml was overesti-
mated, because the lips were held apart by the mouthpiece
of the measuring device. In another study, Hodgson et al. [10]
integrated the expired nasal air volume with and without
ongoing mastication: the difference of 13 ml was considered
to represent the IMAC. Land [9] proposed a range of 5—15 ml.
A value of IMAC volume in the range 10—18 ml can, thus, be
inferred from these several studies.

A major implication of the IMAC is its possible role in
the transport of aromatic compounds during eating. Recently,
two modes of aroma release during a mastication/deglutition
sequence were described [2]. In one mode, the aromatic
compounds released at the nostrils were continuous during
mastication, whereas it was observed only for the degluti-
tion time in the second mode. When studying on the release
of aromatic compounds during chewing, the air volume that
can be transferred from the mouth to the pharynx is crucial.
At mastication/swallowing time, the odorants come from the
oral cavity, and their access to olfactory mucosa depends on
tongue and velum relationships. The two patterns of change
in IMAC after saliva deglutition that were observed closely
parallel to the two modes of aroma release that were de-
scribed [8]. It was suggested that the two main types of
deglutition pattern (tongue elevation of the first pattern and
tongue hollowing of the second and third patterns) observed
by Dodds et al. [12] corresponded to two different modes of
aroma release.
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