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Abstract

An Individual’s oral capability in perceiving food texture influences greatly food
appreciation and preference. While there is no doubt that one’s ability of texture
discrimination depends on various oral physiological characteristics of the individual,
it is not yet clear how tongue surface temperature affects the sensitivity of texture
discrimination. This study was designed to test the effects of tongue surface
temperature on oral tactile sensitivity and viscosity discrimination. A total of twenty
healthy subjects (ten females and ten males; mean age: 25 + 1 yrs, mean body mass
index: 20.5 + 2.9 kg/m?) participated in this study. Water at different temperatures (0,
20, 37, and 45 °C) and capsaicin solutions (5, 10, and 20 ppm) were used as physical
and chemical stimulations to alter tongue temperature, respectively.
Semmes-Weinstein monofilaments, Bio-Thesiometer, and Touch-Test®*Two-point
discriminator were respectively applied to assess the tongue’s sensitivity of light
touch, vibratory perception and two-point discrimination before and after treatment
with both physical and chemical stimuli. Maltodextrin solutions were used for oral
viscosity discrimination. Tongue’s vibratory perception thresholds varied significantly
(P < 0.01), indicating an increase of 0.6 10 °cm in vibratory perception threshold
when tongue surface temperature decreased from 33°C to 20 °C, while light touch and
two-point discrimination thresholds remained unchanged. The application of
capsaicin (5, 10, 20 ppm) produced an increase in tongue surface temperature but did
not affect oral tactile sensitivity. Viscosity discrimination increased both after rinsing
the mouth with water and capsaicin application (20 ppm). Capsaicin (20 ppm)
increased tongue temperature by 1.3 °C and lead to a change in viscosity
discrimination threshold decreased from 34.7% to 20.2%. After stimulation with
water at 37 °C and 45 °C, the tongue temperature increased by 3 °C (from 34.2°C to
37.2°C), while threshold of viscosity discrimination decreased from 28.1% to 23.1%.
When water was used to change tongue surface temperature, a positive correlation
was found between vibratory perception sensitivity and viscosity discrimination

2



52
53
54
55
56

ability, suggesting the capacity of discriminating viscosity might depend on vibratory

perception sensitivity.
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1. Introduction

Texture is a crucial sensory feature that influences consumers’ appreciation and
preferences toward foods (Conti-Silva, Ichiba, Silveira, Albano, & Nicoletti, 2018;
van Vliet, van Aken, de Jongh, & Hamer, 2009). The definition of the term ‘texture’
has evolved over the decades. A currently accepted definition is that food texture is a
sensory attribute derived from the food structure (at molecular, microstructure, and
macroscopic levels), which involves one or many stimuli working in combination,
including visual, audio, touch, and kinaesthetic (Bourne, 1975; Chen, 2009; Matz,
1962; Szczesniak, 1990). In contrast to taste, smell, vision or hearing, food texture is
considerably less well understood (Kilcast, 1991). Although the physiological
mechanism of texture perception is still an ongoing research, a number of scientific
studies have been published and have suggested that tactile sensations may be a
dominant factor in perceiving food texture during food oral processing (Booth, 2005;
Bourne, 2002; Chen & Engelen, 2012; Engelen & van der Bilt, 2008; Guinard &
Mazzucchelli, 1996; Lawless & Heymann, 2013; Nederkoorn, Jansen, & Havermans,
2015; Stokes, Boehm, & Baier, 2013; Strassburg, Burbidge, & Hartmann, 2009; van
der Bilt, 2009).

The mouth, as Mountcastle (1974) concluded, is one of the most sensitive organs of
the body because of its densely innervated nerve fibers and receptors (i.e.,
mechanoreceptors, thermoreceptors, nociceotors, proprioceptors, periodontal
receptors, etc.). That probably is also a major reason why the mouth is exquisitely
sensitive to chemical and tactile stimulations (Ringel & Ewanowski, 1965; Van Boven
& Johnson, 1994). The physiology and morphology of orofacial mechanoreceptors
have been characterized using the technique of microneurography and
photomicrograph (Capra, 1995; Trulsson & Essick, 1997). Within the oral cavity, oral
contact with foods can occur through the lips, tongue, palate, cheeks, and teeth, all of
which provide textural information. It also has been demonstrated that there are
several types of oral mechanoreceptors in the mouth, including SA1(slowly adapting
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1), FA1(fast adapting 2), and SA2 (slowly adapting 2) (Chen et al., 2012). These oral
mechanoreceptors most likely work together to relay information about touch,
pressure, vibration, slip, and movement taking place in the mouth and hence play an
essential role in both the sensation and perception of food texture (Trulsson &
Johansson, 2002). During oral processing, textural features of the food are identified
as three different modalities: mechanoreceptors in the superficial structures (hard and
soft palate, tongue and gums), mechanoreceptors in the periodontal membrane (root
of the teeth) and mechanoreceptors of the muscle spindles and tendons that are
involved in mastication (Fujiki et al., 2001; Guinard et al., 1996). However, it remains
unclear whether a specific textural feature (for example: viscosity) is produced by one
mechanoreceptor or by the combined effects of several mechanoreceptors (Engelen et
al., 2008). Further experiments, therefore, have been performed to explore the
relationship between texture attributes and tactile sensitivity during perceiving liquid,
semi-solid and solid foods. For example, Kutter, Hanesch, Rauh, and Delgado (2011)
reported that the proprioception of the tongue has no influence on perceiving the
thickness of semi-solid foods, but that the mechanoreceptors of the mouth contribute
significantly to this sensation. Aktar, Chen, Ettelaie, and Holmes (2015a, 2015b)
examined tactile sensitivity (using touch detection and two-point discrimination) and
suggested that the capability to discriminate sensory attributes (i.e., viscosity, firmness,
and elasticity) are seldom linked to an individual’s tactile sensitivity. The extent to
which tactile sensitivity is related to texture discrimination requires further
investigation.

Capsaicin (trans-8-methyl-N-vanillyl-6-noneamide), a naturally occurring alkaloid, is
the primary chemical substance extracted from the hot pepper plant that causes a
strongly pungent flavor (Misery, 2016; Srinivasan, 2016). Few studies have explored
the effects of capsaicin on taste, thermal perception, touch sensitivity, and
desensitization as well as other sensory qualities (Drummond & Blockey, 2009;
Karrer & Bartoshuk, 1995; Moon, Lee, Yoo, & Jahng, 2010; Nasrawi & Pangborn,

1989; Sizer & Harris, 1985). In particular, locally applied capsaicin on the human
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tongue had little effect on gustatory and tactile sensitivity but resulted in an elevated
threshold of warm discrimination (Szolcsanyi, 1977). With the help of an infrared
thermal imager, we have demonstrated in our previous work that capsaicin can elevate
tongue surface temperature by 1.3 °C (Lv, Wang, Chen, Yang, & Fisk, 2019). An
interesting scientific question arising from the previous study is whether an elevated
tongue surface temperature has an impact on sensory perception. In this context, this
study aims to investigate the effect of tongue surface temperature on tactile sensitivity
and ability to discriminate viscosity. Experiments were designed in three parts: 1)
tongue temperature change as a result of different stimulation; 2) effects of tongue
temperature on the tactile sensitivity; and 3) effects of tongue surface temperature on
viscosity discrimination. To achieve this, both physical stimuli (hot and cold water)
and chemical stimuli (capsaicin solutions) were used to vary tongue surface
temperature. Tactile sensitivity of the tongue were assessed for sensation threshold of
light touch detection, longitudinal vibratory perception, and two-point discrimination.
A series of maltodextrin solutions with known viscosity was prepared and used for
viscosity discrimination assessment. We believe that the findings from this study will
improve our understanding of the mechanisms of oral texture sensation and its

potential influencing factors.

2. Materials and methods
2.1 Subjects

A total of twenty subjects (ten females, ten males) volunteered to participate in each
session of the sensory tests. All subjects were nonsmokers and healthy. Subjects
reported no medical complications related to their oral cavity, which might have
influenced the test results. They were aged between 22 and 26 years (average age:
25+1) and mean body mass index of 20.5 + 2.9 kg/m?. All subjects were postgraduate
students recruited from the university campus. Written consents were obtained from
each subject prior to the test. During the introduction session, assessors were

instructed about the procedure of the test. However, they were not told of the purpose
6
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of the investigation.

2.2 Oral stimuli

Physical stimulus: Bottled water (Nongfu Spring 550 mL, Zhejiang, China) was
purchased from a local supermarket and used for tongue temperature stimulation.
Before sensory testing, the bottled water was equilibrated at four different

temperatures: cold (about 0°C), cool (20 °C), warm (37 °C), and hot (45 °C).

Chemical stimulus: Capsaicin was used as a chemical stimulus to change tongue
surface temperature. Food grade capsaicin (Sigma-Aldrich, Missouri, USA) was
dissolved in 95% food-grade alcohol to prepare a 1% stock solution (10,000 ppm).
The final stimulating solutions were diluted from the stock into 5, 10, 20 ppm.
Besides, 1 mL of food-grade alcohol was dissolved into 500 mL of drinkable water as
the control solution (0 ppm). To keep the initial tongue surface temperature the same
and to reduce the physical (temperature) effect of applied stimuli, all solutions were
kept in a water bath at 34 °C, which is the normal tongue surface temperature at rest,

before the experiments.

2.3 Experimental procedure

Subjects attended two sessions of approximately 1 h each. In one session water was
used as the stimulus to change tongue surface temperature and in the other capsaicin
solution was used. Tests were conducted in a purposefully designated human study lab
with appropriate ventilation and lighting, as well as temperature and relative humidity
control. Subjects were requested to refrain from eating at least 2 hours prior to the test.
During tests, subjects sat in a prearranged soft seat and rested their lower chin on the
preset platform with their tongue stretched naturally out of the oral cavity for both
physical and chemical stimulation and tactile assessment. Subjects were blindfold to

avoid any visual cues.
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2.3.1 Determination of tongue surface temperature

An infrared thermal imager (Testo 875-1i, Testo Instruments International Trading Co.,
Shanghai, China) was used for recording the baseline tongue surface temperature
prior to stimuli application. Detailed procedures of temperature measurement can be

found in our previous study (Lv, et al., 2019).

2.3.2 Stimuli application

Participants were subjected to physical stimuli and chemical stimuli on separate days.
At the beginning of the test session, subjects were asked to clean the mouth with water.
For the treatment with physical stimuli, subjects rinsed the mouth with bottled water
at four temperatures (0, 20, 37, and 45 °C). Subjects held the water in the mouth for 10
s (a stopwatch was used for timing), then expectorated and sipped again. This process
was repeated for 3 to 5 min until 550 mL of water was used. The four different
temperatures were presented to the subjects randomly.

Concerning chemical stimuli, ImL of capsaicin solution (5, 10, 20ppm) was applied
evenly to the anterior tongue surface (around 2x2cm) with a cotton swab (see Figure
1). The capsaicin solutions at three different concentrations were applied in random
order. A 5-min pause was taken in which subjects consume crackers and rinse the
mouth with water. Then the infrared thermal imager was instantly applied to record
subjects” immediate tongue surface temperature either after physical stimuli
application or after chemical stimuli application. The process of measuring the tongue

surface temperature took approximately (2-5 s).

2.3.3 Assessment of tongue tactile sensitivity

After stimuli application and subsequent tongue surface temperature determination,
three different thresholds related to tactile sensitivity were immediately quantified
using Semmes-Weinstein filaments (light touch detection threshold, taking around 15
s), Bio-Thesiometer (vibratory perception threshold, taking around 30 s), and
two-point discriminator (two point discrimination thresholds, taking around 15 s).

8



202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227

228
229
230

However, the test areas for tactile threshold measurement were different. For light
touch detection and two-point discrimination, the tongue tip was selected as the test
area (Figure 1a). For vibratory perception measurement, a circle’s area (the diameter:
1.2 cm) at the anterior tongue surface was selected as the test area since the diameter
of the vibrator button was 1.2 cm (Figure 1b). The area of the circle was kept the
same as that of the vibrator button because of possible effects on vibrotactile

thresholds caused by contactor area and contactor configuration (Verrillo, 1963).

2.3.3.1 Light touch detection

Touch-Test® Semmes-Weinstein monofilaments (North Coast Medical, Inc., Gilroy,
CA.) were selected for touch sensitivity tests (Figure 2a). This kit contained 20
monofilaments and its target force ranged from as low as 0.008 g to a maximum value
of 300 g, arranged in logarithmic intervals. Light touch detection thresholds were
determined using the up-down method with six calibrated monofilaments (target force
of 0.008, 0.02, 0.04, 0.07, 0.16 and 0.4 g). Monofilaments of different force ratings
were used in succession; if a response was elicited, then the next higher rated filament
was used. The monofilament was pressed in a perpendicular direction against the
tongue surface, as shown in Figure 3a, the pressing force continued to increase until it
reached to a maximum when the monofilament started to bend (Aktar et al., 2015a,
2015b). Starting with 0.008 g, the monofilament was applied for approximately 1 s
within the test area. If the subject failed to detect the stimulus, then the next higher
force monofilament was applied. When the subject detected the presence of the
stimulus, the monofilament was considered for the threshold calculation. The whole
process was repeated three times. Between each test, the monofilament fiber was
cleaned with an antibacterial wipe before and after measurements.

2.3.3.2 Vibratory perception tests

A Bio-Thesiometer (Bio-Thesiometer, Inc, USA) (Figure 2b) was used to determine
vibratory perception thresholds, which produced a vibration of constant frequency
(100 Hz). It consisted of a standard electrical vibrator and an amplitude-measuring
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device fastened directly to the vibrator button. The vibrator amplitude could be varied
continuously over a considerable range from zero to full vibration by adjusting the
control knob. A scale selector on the voltmeter provided a means of monitoring this
vibration over the complete range.

The vibrator handle was firmly secured on a stand (see Figure 3b). Subjects were
asked to firmly attach their tongue to the surface of the vibrator button. For each
subject, an ascending order and a descending order were included for the
measurement of vibratory threshold (Gregg, 1951). The ascending threshold was
determined by starting from 0 volts and gradually raising the voltage (vibratory
amplitude) until subjects felt a vibratory sensation. The descending threshold was
determined by starting from 15 volts (with apparent vibrant feeling) and gradually
lowering the voltage (vibratory amplitude) until the subject could not feel the
vibratory sensation. The voltage was increased or decreased 1volts every 2 s. Subjects
reported the on and off of the vibration and the corresponding values of the vibratory
voltage (and then vibratory amplitude) were recorded by the investigator. The
vibratory threshold was then calculated as the arithmetic mean value of these two
values. This procedure was repeated three times and the average of three observations
was considered as the vibratory perception threshold of the subject. Between each test,

the vibrator probe was cleaned with an antibacterial wipe.

2.3.3.3 Two-point discrimination

A Touch-Test® two-point discriminator (Figure 2c) (North Coast Medical, Inc.,
Gilroy, CA.) was selected for the determination of two-point discrimination sensitivity.
The two-point discriminator was designed to measure the narrowest distance that can
be sensed as two distinct pressure points. Base on a pre-test, two-point discrimination
thresholds were determined using eight calibrated distance (0.25, 2, 3, 4, 5, 6, 7, and 8
mm). Static and dynamic methods are two applicable types of two-point
discrimination threshold measurement. In this study, the static method was used
because of its reported feasibility and reliability for the determination of the nerve
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integrity (Aktar et al., 2015b; Dellon, Mackinnon, & Crosby, 1987; Ferreira,
Rodrigues, & Fels, 2004).

During the test, subjects were asked to stretch out their tongue, and the two-point
discriminator with a preset distance between the two points was lightly pressed in a
perpendicular direction against the tongue surface (see Figure 3c). Pressure applied
should be just light enough so that the subjects could sense the stimulus. For each
subject, the test included two ascending orders and two descending orders (Engelen,
van der Bilt, & Bosman, 2004; Minato et al., 2009; Sato, Okada, Miyamoto, &
Fujiyama, 1999). The ascending threshold was determined by starting from 0.25 mm
and gradually increasing the distance of two points by an interval of 1 mm until the
subject perceived two stimuli points. The descending threshold was determined by
starting from 8 mm and gradually decreasing the distance of two points by an interval
of 1 mm until the subjects identified the stimuli as one point. The threshold of each
test was taken as the point where participants’ sensation changed from one point to
two-point detection or vice versa. Then the mean threshold of the two ascending
orders and two descending orders was calculated as the tongue tip threshold. The
contacting points of discriminator were cleaned with antibacterial wipes between

subjects.

2.4 Viscosity discrimination

A series of maltodextrin samples (Glucidex IT6, Roquette, France) was used for
viscosity discrimination assessments (Table 1). Target viscosity was chosen between
50 and 100 mPa-s (Camacho, Dop, de Graaf, & Stieger, 2015). All samples were
prepared on the day of the sensory session in a lab designated as safe for food
consumption.

2.4.1 Rheology measurements

The dynamic viscosities of maltodextrin samples were measured using a rheometer
(TA Instruments, Ltd., USA.). Measurements were conducted at 25 °C using a cone

plate geometry (HR2 geometry, 40-mm cone diameter, 2.008° cone angle and 56-pm
1
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truncation). The viscosity of maltodextrin solutions should remain steady and little
changed over a wide range of shear rate due to it being close to Newtonian behavior.
Viscosity values were determined three times at shear rates ranging from 1 to 1000 s

and the averages calculated for the whole set of samples (Table 1).

2.4.2 Viscosity discrimination

Sample 1 (see Table 1) was selected as the reference and all of those samples were
kept at 25 °C. The just noticeable difference (JND) method was used for viscosity
discrimination analysis. Participants were served with ten pairs of samples (reference
versus test sample) and they were asked to report whether the viscosities of the pair
were sensed as the same or different. A volume of 1 mL of maltodextrin solution was
administrated in the middle of the tongue surface with the help of a syringe. Subjects
were asked to apply a gentle shearing action by moving the tongue against the palate

for a few seconds to sense the viscosity.

2.4.3 Viscosity discrimination affected by stimuli application

The same method of stimuli application was applied (see 2.3.2 stimuli application)

before viscosity discrimination.

2.4.3.1 Viscosity discrimination affected by physical stimulus (water)

Immediately after water rinsing, tongue surface temperature was recorded using the
infrared thermal imager. Following, subjects were served with a pair of test samples

for viscosity discrimination. Pairs of samples were arranged in a random order.

2.4.3.2 Viscosity discrimination affected by chemical stimulus (capsaicin)

Prior to the test, participants were first requested to rinse the mouth with water at 37
°C. After that, participants sensed the reference sample and then cleaned their mouth

with water at 37 °C. Following, viscosity discrimination tests were conducted with
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and without capsaicin application (capsaicin session and control session). In a control
session, after the application of the control solution (0 ppm), subjects sensed a
randomly arranged pair of samples. In a capsaicin session, 10 mL of 20 ppm capsaicin
solution (37 °C) was administered to rinse the mouth for 10 s before being
expectorated. We chose to use only 20 ppm capsaicin solution in the viscosity
discrimination test because a pre-test indicated that this solution resulted in a reliable
oral irritation with a relative strong pungent sensation without causing any discomfort.
Immediately after rinsing, a pair of samples was randomly presented for viscosity
discrimination judgment. In this case, a 5-min pause was included to remove residual
capsaicin from the mouth by cracker consumption and water rinsing. Pairs of samples

were arranged in a random order.

2.5 Data analysis

Statistical analysis was conducted using SPSS 22.0 statistical software. One-way
analysis of variance (ANOVA) was used to compare physical effects of water and
chemical effects of capsaicin on tongue surface temperature as well as tactile
sensations.

To determine the difference in discriminating viscosity, data obtained from the
viscosity perception were plotted to log-normal best-fitting lines using probit analysis
including the 95% confidence intervals (Microsoft Office Excel 2019). Pearson
correlations and coefficient of determination (R?) values were calculated to establish

the relationship between tactile sensitivity and viscosity discrimination.

3. Results and discussions
3.1 Effects of the physical stimulus (hot/cold water) on oral tactile sensitivity

By using an infrared thermal imager, tongue surface temperatures after mouth rinsing
with water at different temperatures were measured. This kind of physical stimulus (0,
20, 37 and 45 °C water) could significantly vary oral temperature (see Table 2). After

mouth rinsing, tactile sensitivity of the tongue tip was assessed in terms of light touch
13
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threshold, vibratory perception threshold, and two-points discrimination.
Relationships between tongue surface temperature and tactile sensation are shown in
Figure 3, where light touch, vibratory perception and two-point discrimination

thresholds were plotted against tongue surface temperature.

3.1.1 Light touch threshold

Using the Semmes-Weinstein monofilaments, there was no evidence that the tongue’s
light touch thresholds differed between 0, 20, 37 and 45 °C oral water application
(Table 2). As shown in Figure 4, we observed a floor effect that all subjects could
sense the weakest monofilament with the smallest point stress (0.008 g). This means
that all subjects likely required a smaller point stress to determine their thresholds. By
using Von Frey monofilaments, Santagiuliana et al. (2019) observed a similar
experimental result with more than 90% of the participants detecting the slimmest
monofilaments with the smallest stress applied (16.08 mN/mm?). Because of the
tongue’s high light touch sensitivity, currently available monofilaments might not be
suitable to estimate the light touch threshold of healthy young adults. Although no
apparent evidence supported tongue’s light touch thresholds change, we cannot
conclude that tongue surface temperature had little impact on light touch thresholds of
the tongue. Devices with higher sensitivity are recommended for exploring the

relationship between light touch threshold and tongue surface temperature.

3.1.2 Vibratory perception threshold

To quantify the effect of tongue surface temperature on tongue’s vibratory sensation,
subjects’ vibratory perception thresholds after rinsing water at 0, 20, 37, and 45 °C
were compared. Figure 4 shows individual vibratory perception threshold after water
rinsing at different temperatures. As expected, a decrease in tongue surface
temperature increased vibratory perception thresholds. However, the effects of tongue
surface warming on vibratory perception thresholds were small. Figure 4 also shows
that vibratory perception thresholds possibly reached the lowest point when tongue
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surface temperature was near body temperature. By inspecting Table 2, statistical
analysis (ANOVA) suggested that there were significant differences among vibratory

perception thresholds after rinse with water of 0, 20, 37, and 45°C (P < 0.01).

In hairy skin, it has been demonstrated that a decreased surface temperature is likely
to reduce the sensitivity of vibratory perception and some sensory perceptions (i.e.,
roughness) (A. Gescheider, Thorpe, Goodarz, & Bolanowski, 1997; Green, Lederman,
& Stevens, 1979; Harazin & Harazin-Lechowska, 2007). For example, Green (1977)
investigated that vibratory perception thresholds exhibited a U-shaped function
relative to skin surface temperature during the period of cooling or warming the skin.
One possible reason why cooling decreased skin’s vibratory sensitivity derives from
the thermosensitive properties of the Pacinian corpuscles (PCs), which are a kind of
sensory receptor that perceive pressure and high-frequency vibration (> 80 Hz). PCs
belong to a type of thermosensitive receptor, whose sensitivity to vibration is affected
by surface temperature (Inman & Peruzzi, 1961; Merzenich & Harrington, 1969).
Similar conclusions can also be drawn when paying attention to the human’s tongue
surface. Fucci et al. (1976) found an increased vibrotactile threshold when cooling
and warming the tongue and suggested that the point of average body temperature
(37°C) was concomitant with minimal lingual vibrotactile thresholds. Green (1987)
also reported a significant loss of vibrotactile sensitivity when the tongue was exposed
to cold stimulation. However, previous researchers generally agreed with the absence
of the Pacinian corpuscles in the dorsal surface of the tongue (Gairns, 1953; Verrillo,
1966). Why is there a similar relation between surface temperature and vibratory
perception thresholds either on the skin or on the tongue surface? One interesting
feature of vibratory perception is that the threshold is not solely determined by the
presence or absence of Pacinian corpuscles s in the dorsal surface of the tongue but
also contributed to other mechanoreceptor systems (Green, 1987). Wthough few
studies have documented the histological structure of the tongue, Green (1987)

suggested as that other mechanoreceptors sensitive to lower vibratory frequency,
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deep-lying Pacinian corpuscles, are located at tongue tissues (nerve bundles and blood
vessels) and underside of the tongue work together to mediate detection of vibration,
Apart from surface temperature, two aspects are influencing vibratory perception
thresholds of a particular body site. One point is concerned with intrinsic features of
vibratory stimuli, including vibratory frequency, duration, pressure, and contactor
surface area as well as contactor configuration (Bikah, Hallbeck, & Flowers, 2006;
Fucci & Petrosino, 1982; Gilmer, 1937; Gregg, 1951; Harris, Fucci, & Petrosino,
1988; Verrillo, 1963, 1992). Another aspect associated with vibratory perception
depends on factors like age, gender, and BMI (Calhoun, Gibson, Hartley, Minton, &
Hokanson, 1992; Verrillo, 1977; R. T. Verrillo, 1979; Ronald T. Verrillo, 1979;
Verrillo, 1980; Wiles, Pearce, Rice, & Mitchell, 1991). Vibratory stimuli and test areas
in this study have been strictly specified and subjects were homogeneous concerning

age and BMI and balanced for gender. Thus, we conclude that a decrease in tongue

surface temperature may impair vibratory perception sensitivity.

3.1.3 Two-point discrimination threshold

To estimate how tongue surface temperature affected two-point discrimination,
subjects’ two-point discrimination thresholds after rinsing with water at 0, 20, 37 and
45 °C were compared. By inspecting Table 2, we observed that the average two-point
discrimination threshold of tongue tip (37 °C) across 20 subjects was 1.3 £ 0.1 mm.
This result is comparable with that of previous investigators: Maeyama and Plattig
(1989) reported 1.6 £ 0.4 mm, Toshihide Sato et al. (1999), 1.7 + 0.1 mm, Minato et al.
(2009), 1.1 £ 0.4 mm, and Aktar et al. (2015b), 0.6 + 0.9 mm, in spite of using other
stimulation devices. However, there was no evidence to support that cooling or
warming the tongue would change the tongue’s two-point discrimination sensitivity.
Each subject’s two-point discrimination threshold is shown in Figure 4. As a matter of
fact, all the subjects could tell the difference between one- and two-point stimulation
using their tongue tip. Therefore, it is not possible to conclude that tongue surface

temperature can have an impact on sensing two-point discrimination.
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When it comes to skin, it is quite clear that a lowering temperature can cause a
decrease in two-point discrimination sensitivity at sensory spots like fingers, hand,
upper limbs, and lower limbs (Mills, 1956; Provins & Morton, 1960; Stevens, 1989).
Regarding the tongue, however, we did not observe a decrease in two-point
discrimination sensitivity when cooling the tongue surface. One conceivable fact is
that the tongue feels more sensitive than other parts of the body according to
experimental data (Ringel et al., 1965). The two-point discriminator may not be
accurate enough to determine the tongue’s two-point discrimination threshold,
although this device is widely used for estimating the sensitivity of various body loci
in a lot of medical practices. A more sensitive alternative thus should be found to

measure the tongue’s two-point discrimination threshold.

3.2 Effects of the chemical stimulus (capsaicin) on oral tactile sensitivity

By using the infrared thermal imager, tongue surface temperatures after applying 0
(control), 5, 10, and 20 capsaicin solutions were measured. Unlike physical stimulus,
this kind of chemical stimulus (0, 20, 37 and 45 °C water) could produce a slight

increase in tongue surface temperature (see Table 3).

3.2.1 Light touch threshold

Given the data summarized in Table 3, the subjects’ average light touch thresholds are
0.008 g. Figure 5 shows individual light touch thresholds with the application of
control solution and 5, 10, 20 ppm capsaicin solution. Similarly, the method used to
determine the tongue’s light touch sensitivity affected by capsaicin was also clearly
limited by a floor effect (also see section 3.1.1). Actual tongue’s light touch thresholds
of subjects in this study were below the smallest point stress that can be applied with
monofilaments. Thus, we cannot examine the hypothesis that light touch sensitivity of
the tongue is affected by capsaicin application.

Studies have reported an increased touch threshold with the topically applied
capsaicin in the skin (Drummond et al., 2009; Kauppila, Mohammadian, Nielsen,
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Andersen, & Arendt-Nielsen, 1998). By performing experiments on animals, it was
indicated that capsaicin application depletes neuropeptides like substance P (putative
neurotransmitters of nociceptive processing) in small primary afferent neurons and
results in a long-lasting but reversible decrease of sensibility induced by capsaicin
(Amann & Lembeck, 1990). This capsaicin-induced decrease of sensibility can also
occur on the tongue with the application of a low concentration (3-30 ppm) of
capsaicin (Green, 1993; Karrer & Bartoshuk, 1991). Although our current results do
not support previous findings, we believe that the threshold of light touch might be
affected by capsaicin. Further studies focused on the relation between light touch

sensitivity and capsaicin can be continued.

3.2.2 Vibratory perception threshold

Each subject’s vibratory perception threshold is shown in Figure 5. Across all
participants, vibratory perception thresholds did not differ significantly after the
application control solution and 5, 10, 20 ppm capsaicin solution (Table 3), suggesting
that vibratory perception sensitivity was less susceptible to capsaicin. Similar results
were also obtained by Tandan, Lewis, Badger, and Fries (1992), Kauppila et al. (1998),
and Privitera et al. (2017), with no significant change in vibratory perception
thresholds being observed when applying capsaicin.

Capsaicin produces typically a significant increase in blood flow and temperature
accompanied by burning pain (Boudreau, Wang, Svensson, Sessle, & Arendt-Nielsen,
2009). Based on our observation, the treatment with 20 ppm capsaicin solution could
lead to a temperature increase of 1.3°C at the tongue tip (Lv et al., 2019). In spite of
Pacinian corpuscles’ thermosensitive property, an increase ranged from 1 to 2 °C in
the tongue surface temperature might be unable to alter the tongue’s vibratory

perception sensitivity.

3.2.3 Two-point discrimination threshold

Subjects’ two-point discrimination thresholds are compared in Table 3. The present
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results show that two-point discrimination thresholds did not differ significantly
between applying control solution and applying 5, 10, 20 ppm capsaicin solution.
Each subject’s two-point discrimination threshold is shown in Figure 5. There might
also exist a floor effect on two-point discrimination as previously discussed (also see
section 3.1.3).

Interestingly, it was reported that capsaicin led to impairment of two-point
discrimination ability when testing on the hand, suggesting this capsaicin-induced
impairment of two-point discrimination ability was most likely relative to the primary
afferents of hyperalgesia (Kauppila et al., 1998). Also, there are a lot of responsive
and unresponsive C nociceptors in human skin, including units responding only to
mechanical ~ stimuli ~ (CM), units responding only to heat (CH),
mechano-heat-responsive units (CMH) and mechano-heat-insensitive units (CMiH;).
Schmidt et al. (1995) mentioned the responsive alternation of these C nociceptors to
mechanical stimuli after the application of capsaicin: for instance, 2 of 15 tested
CMiH; units became sensitive to heating but not to mechanical stimuli while a unit
became sensitized to mechanical stimulation but not to heat. Since we used a
psychophysical method that determined the summed effects (simultaneously produced
by several various tactile sensing systems) of the capsaicin-induced alternations on
two-point discrimination sensitivity, rather than a single effect in one single part of
these sensing systems aimed for two-point discrimination. We cannot rule out the
possibility that some direct mechanisms of oral capsaicin could have participated in
the perception of tongue’s tactile sensation.

3.3 Viscosity discrimination
3.3.1 Viscosity discrimination affected by physical stimulus (water)

The population threshold was calculated as the cumulative median (50%) of the
cumulative population distribution (Lawless et al., 2013). Figure 6 summarized
subjects’ capability of viscosity discrimination after mouth rinsing with: (a) 0 °C
water; (b) 20 °C water; (c) 37 °C water; and (d) 45 °C water. Cumulative JND

response (population percentage) was plotted against the logarithmic percentage
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viscosity difference of the reference sample (see Eq. 1):

M-

%0 %100 1)

% Viscositv difference= "
o

where mo and m1 are the viscosity of the reference sample and testing sample,
respectively.

In Figure 6a (rinsing 0 °C water), tongue surface temperature of the subjects was
cooled down to only 21.3°C + 1.1°C. The population threshold (cumulative median)
of viscosity discrimination was 41.3% (Cl = 40.2% - 42.5%), suggesting a 41.3%
change in viscosity from the reference sample would be the minimum detectable
change by the tongue. In Figure 6b (rinsing 20 °C water), tongue surface temperature
across the subjects reached 27.2 + 0.8 °C, and the population threshold of viscosity
discrimination was found to be 34.7% (Cl = 33.3% - 36.1%). After mouth rinsing
with 37 °C water (Figure 6c), tongue surface temperature became 34.2 + 0.4°C and
the population threshold of viscosity discrimination was 28.1% (CI = 26.5% - 29.6%).
When rinsing with 45 water (Figure 6d), tongue surface temperature was lightly
elevated to just above body temperature at 37.2+ 0.5 °C. In this case, the population
threshold of viscosity discrimination reduced to 23.1% (CI = 21.4% - 24.9%). These
findings show that decreasing tongue surface temperature leads to a decrease in
sensitivity to discriminate viscosity, while an increase in temperature increases

tongue’s sensitivity.

3.3.2 Viscosity discrimination affected by chemical stimulus (capsaicin)

Figure 7 summarized the tongue’s capability of viscosity discrimination with the
control solution and 20 ppm capsaicin solution application. In the control session, the
population threshold of viscosity detection across all subjects was 34.7% (Cl = 33.3%
- 36.1%). With a similar approach, however, the population threshold of viscosity
discrimination across all subjects decreased to only 20.5% (CI = 18.2% - 22.1%) in
the capsaicin session. This suggests that capsaicin application can enhance tongue’s
ability of viscosity discrimination, although underlying reasons are still unclear.
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3.4 Relation between tactile sensitivity and viscosity discrimination ability

3.4.1 Effects of tongue surface temperature

No relationship was found between the individual viscosity discrimination ability and
either light touch or two-point discrimination sensitivity. Conversely, individual
viscosity discrimination thresholds were positively correlated with vibratory
perception thresholds (viscosity difference %) (see Figure 8) when water was used to
change tongue surface temperature. This correlation suggests that an individual who
possesses a lower vibratory perception threshold has a better ability to discriminate
viscosity. Additionally, this correlation seems to remain at different oral temperatures,
despite both viscosity discrimination thresholds and vibratory perception thresholds
being significantly influenced by the tongue surface temperature. This result suggests
that the ability to discriminate viscosity might depend on vibratory perception
sensitivity.

Generally speaking, viscosity is considered as a sensation that arises from the
combination of both touch and pressure mechanical receptors (Smith, Logemann,
Burghardt, Carrell, & Zecker, 1997). That is, sensing viscosity is a human’s intrinsic
ability and independent of temperature. The correlation between vibratory perception
sensitivity and viscosity discrimination ability also proves this point. However,
viscosity itself is greatly influenced by temperature. When consuming foods, the heat
interactions between food and oral mucous are inevitable. Considering this, the heat
exchange between maltodextrin samples (served at 25 °C) and oral mucous (normally

37°C) must occur, which may in turn change the viscosity of maltodextrin samples.

3.4.2 Effects of capsaicin

No significant correlations were found between individual viscosity discrimination
ability and tactile sensations measure by the three methods either after application of a
control solution (0 ppm capsaicin) and 20 ppm capsaicin solution. Although chemical

stimulation with capsaicin increased the tongue surface temperature by 1.3 °C, no
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direct evidence suggests why viscosity discrimination shows a significant difference
when comparing the control session or capsaicin session.

A comparison between the results observed for water and capsaicin should be noted.
Capsaicin increased tongue temperature by 1.3 °C and the change in viscosity
discrimination threshold decreased from 34.7% to 20.2%. After stimulation with
water at 37 °C and 45 °C, the tongue temperature increased by 3 °C (from 34.2°C to
37.2°C), while threshold of viscosity discrimination decreased from 28.1% to 23.1%.
That means that capsaicin had a higher impact on viscosity discrimination threshold
than water, suggesting that other factors besides temperature might play a role on
sensitivity. It should be noted that all the subjects reported an increased saliva
secretion after oral capsaicin application (saliva flow rate was not measured). This is
in agreement with previous studies that reported that capsaicin promoted saliva
secretion in animal and human salivary glands (Ding et al., 2010; Zhang et al., 2006).
Generally, salivary secretion can affect food texture perception due to either its
dilution effect or lubrication properties during food oral processing (Engelen et al.,
2005; Ranc et al., 2006). Considering this, an increase in saliva secretion might be an
explanation for the enhanced ability of viscosity discrimination after stimulation of

the tongue with a 20 ppm capsaicin solution.

3.5 Limitations

Notes should be made about the limitations of this study. Firstly, only tongue surface
temperature was assessed, but we referred to it in some cases to oral temperature,
believing that the tongue played a core role in oral sensation even though other parts
of oral surfaces are also involved in viscosity sensation. Secondly, the Touch-Test®
Semmes-Weinstein monofilaments and the two-point discriminator were shown not to
be sensitive enough to assess the tactile sensitivity of the human tongue. Our results
suggest that the tactile sensitivity threshold for both touching and two-point
discrimination fell below the testing limit of the technique. This may explain why we
observed a temperature increase and an enhanced capability of viscosity
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discrimination for capsaicin treatment without a clear evidence of associated tactile
sensitivity increase. Therefore, one should remain cautious in concluding that
touching sensitivity and two-point discrimination did not influence the capability of
viscosity discrimination. Thirdly, this study did not include a vibratory perception test
with a higher frequency. Fucci et al. (1982) obtained different suprathreshold
magnitude functions at the three frequencies of 100, 250, and 400 Hz. Thus, it
remained unclear how capsaicin would affect the vibratory perception threshold at
higher frequencies. Fourthly, it also should be made clear that the tongue surface
temperature will eventually return to its normal value after the removal of both
physical and chemical stimulation. Despite conducting experimental tests as soon as
the stimulation was applied (within 15 to 30 s), time variation is inevitable. This could
be a source of experimental error in this study. Finally, this study might ignore the
effects of other physiological factors on viscosity discrimination. For example, Steele

(2018) found that tongue strength will influence oral viscosity discrimination.

4, Conclusion

This study aimed to examine how oral temperature impacted oral tactile sensitivity
and capability of viscosity discrimination. Our results show that only vibratory
perception thresholds differed significantly after rinsing the mouth with water at
different temperatures. Tactile sensitivity did not change with the application of
capsaicin to the tongue surface. Both stimuli, water and capsaicin, changed
significantly the ability of discriminating viscosity. A positive correlation was found
between vibratory perception and viscosity discrimination when water was used as
physical stimuli, suggesting that the ability of viscosity discrimination might depend
on vibratory perception sensitivity. In the case of capsaicin however, correlations
between tactile sensitivity and viscosity discrimination were not observed probably
due to effects of capsaicin-induced saliva secretion.

5 Ethical statements

Ethical Review: Ethic permission was obtained from the school of Food Science and
23



635
636
637
638
639
640
641
642

643
644
645
646
647
648
649

650

651
652
653
654
655
656
657
658
659
660
661
662
663

Biotechnology at Zhejiang Gongshang University, and all test procedures followed
the ethical rules and regulations set by the University.

Informed Consent: All tests were conducted in a purposely designated human study
laboratory. Consent forms were obtained from each subject before the test.

Conflict of interests: Authors declare that authors have no conflict of interests in

conducting this project.

6 Acknowledgements

This study was financially supported by the National Key Research and Development
of China (Grant number 2017YFD0400101) awarded by the Ministry of Science and
Technology and by the scheme of Zhejiang Provincial Top Key Discipline of Food

Science and Biotechnology.

Reference

Uncategorized References

A. Gescheider, G., Thorpe, J. M., Goodarz, J., & Bolanowski, S. J. (1997). The effects of skin
temperature on the detection and discrimination of tactile stimulation. Somatosensory &
Motor Research, 14(3), 181-188.

Aktar, T., Chen, J., Ettelaie, R., & Holmes, M. (2015a). Evaluation of the sensory correlation between
touch sensitivity and the capacity to discriminate viscosity. Journal of Sensory Studies, 30(2),
98-107.

Aktar, T., Chen, J., Ettelaie, R., & Holmes, M. (2015b). Tactile sensitivity and capability of soft-solid
texture discrimination. Journal of Texture Studies, 46(6), 429-439.

Amann, R., & Lembeck, F. (1990). Capsaicin-induced desensitization of primary afferents in rat and
rabbit. European Journal of Pharmacology, 183(5), 1675.

Bikah, M., Hallbeck, M. S., & Flowers, J. H. (2006). Evaluation of human vibration thresholds at
various body loci. Proceedings of the Human Factors and Ergonomics Society Annual

Meeting, 50(16), 1557-1561.
24



664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692

Booth, D. (2005). Perceiving the texture of a food: The biomechanical and cognitive mechanisms and
their measurement. In Food Colloids: Interactions, Microstructure And Processing (pp.
339-355). Cambridge: Royal Society of Chemistry.

Boudreau, S. A., Wang, K., Svensson, P., Sessle, B. J., & Arendt-Nielsen, L. (2009). Vascular and
psychophysical effects of topical capsaicin application to orofacial tissues. Journal of
orofacial pain, 23(3), 253-264.

Bourne, M. C. (1975). Is rheology enough for food texture measurement? Journal of Texture Studies,
6(2), 259-262.

Bourne, M. C. (2002). Chapter 2: Body - texture interactions. In Food texture and viscosity: Concept
and measurement (pp. 33-57). New York, USA: Elsevier Science & Technology Books.

Calhoun, K. H., Gibson, B., Hartley, L., Minton, J., & Hokanson, J. A. (1992). Age-related changes in
oral sensation. The Laryngoscope, 102(2), 109-116.

Camacho, S., Dop, M., de Graaf, C., & Stieger, M. (2015). Just noticeable differences and weber
fraction of oral thickness perception of model beverages. Journal of Food Science, 90(7),
S1583-51588.

Capra, N. F. (1995). Mechanisms of oral sensation. Dysphagia, 10(4), 235-247.

Chen, J. (2009). Food oral processing—a review. Food Hydrocolloids, 23(1), 1-25.

Chen, J., & Engelen, L. (2012). Chapter 2: Oral receptor. In Food oral processing: fundamentals of
eating and sensory perception (pp. 15-43). Oxford: John Wiley & Sons.

Conti-Silva, A. C., Ichiba, A. K. T., Silveira, A. L. d., Albano, K. M., & Nicoletti, V. R. (2018).
Viscosity of liquid and semisolid materials: Establishing correlations between instrumental
analyses and sensory characteristics. Journal of Texture Studies, 49(6), 569-577.

Dellon, A. L., Mackinnon, S. E., & Crosby, P. M. (1987). Reliability of two-point discrimination
measurements. The Journal of Hand Surgery, 12(5), 693-696.

Ding, Q., Zhang, Y., Wang, Y., Wang, Y., Zhang, L., Ding, C., et al. (2010). Functional vanilloid
receptor-1 in human submandibular glands. Journal of Dental Research, 89(7), 711-716.

Drummond, P. D., & Blockey, P. (2009). Topically applied capsaicin inhibits sensitivity to touch but not
to warmth or heat-pain in the region of secondary mechanical hyperalgesia. Somatosens Mot

Res, 26(4), 75-81.

25



693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721

Engelen, L., de Wijk, R. A., van der Bilt, A., Prinz, J. F,, Janssen, A. M., & Bosman, F. (2005). Relating
particles and texture perception. Physiology & Behavior, 86(1-2), 111-117.

Engelen, L., & van der Bilt, A. (2008). Oral physiology and texture perception of semisolids. Journal
of Texture Studies, 39(1), 83-113.

Engelen, L., van der Bilt, A., & Bosman, F. (2004). Relationship between oral sensitivity and
masticatory performance. Journal of Dental Research, 83(5), 388-392.

Ferreira, M. C., Rodrigues, L., & Fels, K. (2004). New method for evaluation of cutaneous sensibility
in diabetic feet: preliminary report. Revista Hospital Clinics, 59(5).

Fucci, D., & Petrosino, L. (1982). Lingual vibrotactile sensation magnitudes: stimulus frequency effect.
Bulletin of the Psychonomic Society, 20(4), 224-226.

Fujiki, T., Takano-Yamamoto, T., Tanimoto, K., Sinovcic, J. N. P., Miyawaki, S., & Yamashiro, T.
(2001). Deglutitive movement of the tongue under local anesthesia. American Journal of
Physiology-Gastrointestinal and Liver Physiology, 280(6), G1070-G1075.

Gairns, F. W. (1953). Sensory nerve endings other than taste buds in the human tongue. The Journal of
physiology, 121(2), 33P-34P.

Gilmer, B. V. H. (1937). The relation of vibratory sensitivity to pressure. Journal of Experimental
Psychology, 21(4), 456-463.

Green, B. G. (1977). The effect of skin temperature on vibrotactile sensitivity. Perception &
Psychophysics, 21(3), 243-248.

Green, B. G. (1987). The effect of cooling on the vibrotactile sensitivity of the tongue. Perception &
Psychophysics, 42(5), 423-430.

Green, B. G. (1993). Evidence that removal of capsaicin accelerates desensitization on the tongue.
Neuroscience Letters, 150(1), 44-48.

Green, B. G., Lederman, S. J., & Stevens, J. C. (1979). The effect of skin temperature on the perception
of roughness. Sensory Processes, 3(4), 327-333.

Gregg, E. C. (1951). Absolute measurement of the vibratory threshold. AMA Arch Neurol Psychiatry,
66(4), 403-411.

Guinard, J.-X., & Mazzucchelli, R. (1996). The sensory perception of texture and mouthfeel. Trends in

Food Science & Technology, 7(7), 213-219.

26



722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750

Harazin, B., & Harazin-Lechowska, A. (2007). Effect of changes in finger skin temperature on
vibrotactile perception threshold. Int J Occup Med Environ Health, 20(3), 223-227.

Harris, D., Fucci, D., & Petrosino, L. (1988). Tactile vibration: Dynamics of psychophysical scaling
method, test site, and contactor surface area. Bulletin of the Psychonomic Society, 26(5),
425-428.

Hollins, M., & Roy, E. A. (1996). Perceived intensity of vibrotactile stimuli: the role of
mechanoreceptive channels. Somatosensory & Motor Research, 13(3-4), 273-286.

Inman, D. R., & Peruzzi, P. (1961). The effects of temperature on the responses of Pacinian corpuscles.
The Journal of physiology, 155(2), 280-301.

Karrer, T., & Bartoshuk, L. (1991). Capsaicin desensitization and recovery on the human tongue.
Physiology & Behavior, 49(4), 757-764.

Karrer, T., & Bartoshuk, L. (1995). Effects of capsaicin desensitization on taste in humans. Physiology
& Behavior, 57(3), 421-429.

Kauppila, T., Mohammadian, P., Nielsen, J., Andersen, O. K., & Arendt-Nielsen, L. (1998).
Capsaicin-induced impairment of tactile spatial discrimination ability in man: indirect
evidence for increased receptive fields in human nervous system. Brain Research, 797(2),
361-367.

Kilcast, D. (1991). Irradiation and combination treatments: David Kilcast discusses their effect on
sensory properties. Food Control, 2(1), 6-8.

Kutter, A., Hanesch, C., Rauh, C., & Delgado, A. (2011). Impact of proprioception and tactile
sensations in the mouth on the perceived thickness of semi-solid foods. Food Quality and
Preference, 22(2), 193-197.

Lawless, H. T., & Heymann, H. (2013). Sensory evaluation of food principles and practices. (2nd ed.):
Springer Science & Business Media.

Lv, C., Wang, X., Chen, J., Yang, N., & Fisk, I. (2019). A non-invasive measurement of tongue surface
temperature. Food Research International, 116, 499-507.

Maeyama, T., & Plattig, K.-H. (1989). Minimal two-point discrimination in human tongue and palate.
American Journal of Otolaryngology, 10(5), 342-344.

Matz, S. A. (1962). Food Texture. Westport, Connecticut: Avi Publication.

27



751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779

Merzenich, M. M., & Harrington, T. (1969). The sense of flutter-vibration evoked by stimulation of the
hairy skin of primates: comparison of human sensory capacity with the responses of
mechanoreceptive afferents innervating the hairy skin of monkeys. Experimental Brain
Research, 9(3), 236-260.

Mills, A. W. (1956). Finger Numbness and Skin Temperature. Journal of Applied Physiology, 9(3),
447-450.

Minato, A., Ono, T., Miyamoto, J. J., Honda, E., Kurabayashi, T., & Moriyama, K. (2009). Preferred
chewing side-dependent two-point discrimination and cortical activation pattern of tactile
tongue sensation. Behav Brain Res, 203(1), 118-126.

Misery, L. (2016). Chapeter 2: Capsaicin. In Pruritus (pp. 351-354). London, UK: Springer-Verlag.

Moon, Y. W,, Lee, J. H., Yoo, S. B., & Jahng, J. W. (2010). Capsaicin receptors are colocalized with
sweet/bitter receptors in the taste sensing cells of circumvallate papillae. Genes & Nutrition,
5(3), 251-255.

Mountcastle, V. B. (1974). Medical Physiology. (V.B. Mountcastle ed.). St. Louis, MO.: Mosby.

Nagy, I., Santha, P., Jancsd, G., & Urban, L. (2004). The role of the vanilloid (capsaicin) receptor
(TRPV1) in physiology and pathology. European Journal of Pharmacology, 500(1), 351-369.

Nasrawi, C. W., & Pangborn, R. M. (1989). The influence of tastants on oral irritation by capsaicin.
Journal of Sensory Studies, 3(4), 287-294.

Nederkoorn, C., Jansen, A., & Havermans, R. C. (2015). Feel your food. The influence of tactile
sensitivity on picky eating in children. Appetite, 84, 7-10.

Privitera, R., Birch, R., Sinisi, M., Mihaylov, I. R., Leech, R., & Anand, P. (2017). Capsaicin 8% patch
treatment for amputation stump and phantom limb pain: a clinical and functional MRI study.
Journal of pain research, 10, 1623-1634.

Provins, K. A., & Morton, R. (1960). Tactile discrimination and skin temperature. Journal of Applied
Physiology, 15(1), 155-160.

Ranc, H., Elkhyat, A., Servais, C., Mac-Mary, S., Launay, B., & Humbert, P. (2006). Friction
coefficient and wettability of oral mucosal tissue: Changes induced by a salivary layer.
Colloids and Surfaces A: Physicochemical and Engineering Aspects, 276(1), 155-161.

Ringel, R. L., & Ewanowski, S. J. (1965). Oral Perception: 1. Two-Point Discrimination. Journal of

28



780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808

Speech and Hearing Research, 8(4), 389-398.

Santagiuliana, M., Marigédmez, I. S., Broers, L., Hayes, J. E., Piqueras-Fiszman, B., Scholten, E., et al.
(2019). Exploring variability in detection thresholds of microparticles through participant
characteristics. Food & Function, 10(9), 5386-5397.

Sato, T., Okada, Y., Miyamoto, T., & Fujiyama, R. (1999). Distributions of sensory spots in the hand
and two-point discrimination thresholds in the hand, face and mouth in dental students.
Journal of Physiology, 93(3), 245-250.

Schmidt, R., Schmelz, M., Forster, C., Ringkamp, M., Torebjork, E., & Handwerker, H. (1995). Novel
classes of responsive and unresponsive C nociceptors in human skin. The Journal of
Neuroscience, 15(1), 333.

Sizer, F., & Harris, N. (1985). The influence of common food additives and temperature on threshold
perception of capsaicin. Chemical Senses, 10(3), 279-286.

Smith, C. H., Logemann, J. A., Burghardt, W. R., Carrell, T. D., & Zecker, S. G. (1997). Oral sensory
discrimination of fluid viscosity. Dysphagia, 12(2), 68-73.

Srinivasan, K. (2016). Biological activities of red pepper (capsicum annuum) and its pungent principle
capsaicin: a review. Critical Reviews in Food Science and Nutrition, 56(9), 1488-1500.
Stevens, J. C. (1982). Temperature can sharpen tactile acuity. Perception & Psychophysics, 31(6),

577-580.

Stevens, J. C. (1989). Temperature and the two-point threshold. Somatosensory & Motor Research,
6(3), 275-284.

Stevens, J. C., & Marks, L. E. (1979). Spatial summation of cold. Physiology & Behavior, 22(3),
541-547.

Stokes, J. R., Boehm, M. W., & Baier, S. K. (2013). Oral processing, texture and mouthfeel: from
rheology to tribology and beyond. Current Opinion in Colloid & Interface Science, 18(4),
349-359.

Strassburg, J., Burbidge, A., & Hartmann, C. (2009). Identification of tactile mechanisms for the
evaluation of object sizes during texture perception. Food Quality and Preference, 20(4),
329-334.

Szczesniak, A. S. (1990). Psychorheology and texture as factors controlling the consumer acceptance of

29



809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837

food. Cereal Foods World, 35, 1201-1204.

Szolcsanyi, J. (1977). A pharmacological approach to elucidation of the role of different nerve fibres
and receptor endings in mediation of pain. Journal de physiologie, 73(3), 251-259.

Tandan, R., Lewis, G. A., Badger, G. B., & Fries, T. J. (1992). Topical Capsaicin in Painful Diabetic
Neuropathy: Effect on Sensory Function. Diabetes Care, 15(1), 15.

Tominaga, M., & Tominaga, T. (2005). Structure and function of TRPV1. Pflugers Archiv, 451(1),
143-150.

Trulsson, M., & Essick, G. K. (1997). Low-threshold mechanoreceptive afferents in the human lingual
nerve. Journal of Neurophysiology, 77(2), 737-748.

Van Boven, R. W., & Johnson, K. O. (1994). The limit of tactile spatial resolution in humans.
Neurology, 44(12), 2361-2366.

van der Bilt, A. (2009). Chapter 1: Oral physiology, mastication and food perception. In Designing
Functional Foods (pp. 3-37): Woodhead Publishing.

van Vliet, T., van Aken, G. A., de Jongh, H. H. J., & Hamer, R. J. (2009). Colloidal aspects of texture
perception. Advances in Colloid and Interface Science, 150(1), 27-40.

Verrillo, R. T. (1963). Effect of contactor area on the vibrotactile threshold. The Journal of the
Acoustical Society of America, 35(12), 1962-1966.

Verrillo, R. T. (1966). Specificity of a cutaneous receptor. Perception & Psychophysics, 1(3), 149-153.

Verrillo, R. T. (1977). Comparison of child and adult vibrotactile thresholds. Bulletin of the
Psychonomic Society, 9(3), 197-200.

Verrillo, R. T. (1979). Change in vibrotactile thresholds as a function of age. Sensory Processes, 3(1),
49-59.

Verrillo, R. T. (1979). Comparison of vibrotactile threshold and suprathreshold responses in men and
women. Perception & Psychophysics, 26(1), 20-24.

Verrillo, R. T. (1980). Age related changes in the sensitivity to vibration. Journal of Gerontology, 35(2),
185-193.

Verrillo, R. T. (1992). Vibration sensation in humans. Music Perception: An Interdisciplinary Journal,
9(3), 281.

Verrillo, R. T., & Capraro, A. J. (1975). Effect of stimulus frequency on subjective vibrotactile

30



838
839
840
841
842
843
844
845
846
847
848
849
850
851

magnitude functions. Perception & Psychophysics, 17(1), 91-96.

Weklicky, L., Novakova-Tousova, K., Benedikt, J., Samad, A., Touska, F., & Vlachova, V. (2008).
Calcium-dependent desensitization of vanilloid receptor TRPV1: a mechanism possibly
involved in analgesia induced by topical application of capsaicin. Physiological Research,
57(Suppl 3), S59-S68.

Wiles, P. G., Pearce, S. M., Rice, P. J. S., & Mitchell, J. M. O. (1991). Vibration perception threshold:
Influence of age, height, sex, and smoking, and calculation of accurate centile values. Diabetic
Medicine, 8(2), 157-161.

Zhang, Y., Xiang, B., Li, Y.-m., Wang, Y., Wang, X., Wang, Y.-n., et al. (2006). Expression and
characteristics of vanilloid receptor 1 in the rabbit submandibular gland. Biochemical and

Biophysical Research Communications, 345(1), 467-473.

31



2Zem
2Zem

seil20em:

tip

Fig. 1. Testing area on tongue surface: (a) for light touch and two-point discrimination
and (b) for vibratory perception.
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Fig. 2. Equipments applied in the threshold measurement of tactile sensitivity: (a)
Semmes-Weinstein  monofilaments; (b) Bio-Thesiometer; and (c) Touch-Test
®Two-point discriminator.
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Fig. 3. Sketch illustration of experimental set up for tactile sensation tests: (a) light

touch detection, (b) vibratory perception test, and (c) two-point discrimination.
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Table 1. Properties of maltodextrin test samples (25°C)

Sample Target Actual Actual Viscosity
number Viscosity viscosity concentration  difference from
(mPa * s) (mPa + s) (%) the reference (al)
*1 50 49.9 + 0.48 30.50 0%
2 55 54.6 +0.48 31.50 10%
3 60 60.2 + 0.39 32.10 20%
4 65 65.1+0.19 32.48 30%
5 70 69.4+0.79 3291 40%
6 75 74.9+0.80 33.34 50%
7 80 80.1+0.23 33.78 60%
8 85 84.8+0.53 34.40 70%
9 90 89.7+1.01 34.64 80%
10 95 95.1+0.92 34.75 90%
11 100 100.6 £ 1.07 35.76 100%

*Reference sample
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Table 2. Summary of tactile sensation thresholds with physical stimuli across all participants (n=20)

0 0 0 o]
Tactile test Test results 0°c 20°C s7°c 45°C p-value
(n=20) (n=20) (n=20) (n=20)
Tongue surface 18.1+0.9 249410 336408 38.3£06 <001
Light touch temperature (°C)
Thresholds 0.008 0.008 0.008 0.008 -
(9)
Tongue surface 19.7+1.1 25.6+1.2 33.4£07 36.8+05 <001
Vibratory perception temperature (°C)
Thresholds 1.7+0.4° 13+03° 11£01° 12402 <001
(10°cm)
Two-point Tongue surface 195+ 1.0 245+0.8 34.0+08 37.7+04 <001
temperature (°C)
discrimination Thresholds 14+0.2 13+0.2 13+0.1 13+01 0.14

(mm)

41



Table 3. Summary of tactile sensation thresholds with chemical stimuli across all participants (n=20)

Control solution

Capsaicin solution application (n=20)

Tactile test Test results licati -val
application 5 ppm 10 ppm 20 ppm p-value
(n=20)
Tongue surface 33.6+0.7 35.1+0.4 353+05 35.9+0.7 <0.05
. temperature (°C)
Light touch Threshold
resholds 0.008 0.008 0.008 0.008 ;
(9)
Vibratory Tongue surface 333405 34.7+06 34.6+0.6 35.1+0.6 <0.05
temperature (°C)
erception
percep Thresholds 1103 1003 11402 1003 0.8
(10°cm)
Two-point Tongue surface 334405 33.9+06 340407 343+07 <0.05
temperature (°C)
crimina
discrimination Th;fnszg'ds 13402 13+02 13+01 13401 0.89
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