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Abstract

Electrical stimulation of nerve endings in the tongue can be used to communicate informa-

tion to users and has been shown to be highly effective in sensory substitution applications.

The anterior tip of the tongue has very small somatosensory receptive fields, comparable to

those of the finger tips, allowing for precise two-point discrimination and high tactile sensitiv-

ity. However, perception of electrotactile stimuli varies significantly between users, and

across the tongue surface. Despite this, previous studies all used uniform electrode grids to

stimulate a region of the dorsal-medial tongue surface. In an effort to customize electrode

layouts for individual users, and thus improve efficacy for sensory substitution applications,

we investigated whether specific neuroanatomical and physiological features of the tongue

are associated with enhanced ability to perceive active electrodes. Specifically, the study

described here was designed to test whether fungiform papillae density and/or propylthiour-

acil sensitivity are positively or negatively associated with perceived intensity and/or discrim-

ination ability for lingual electrotactile stimuli. Fungiform papillae number and distribution

were determined for 15 participants and they were exposed to patterns of electrotactile stim-

ulation (ETS) and asked to report perceived intensity and perceived number of stimuli. Fun-

giform papillae number and distribution were then compared to ETS characteristics using

comprehensive and rigorous statistical analyses. Our results indicate that fungiform papillae

density is correlated with enhanced discrimination ability for electrical stimuli. In contrast,

papillae density, on average, is not correlated with perceived intensity of active electrodes.

However, results for at least one participant suggest that further research is warranted. Our

data indicate that propylthiouracil taster status is not related to ETS perceived intensity or

discrimination ability. These data indicate that individuals with higher fungiform papillae

number and density in the anterior medial tongue region may be better able to use lingual

ETS for sensory substitution.
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Introduction

Sensory systems are crucial for providing individuals with information about both the internal

and external environments, and are needed to assess and respond to stimuli. Because of their

central role in providing the brain with information, damage to a sensory system can be devas-

tating. Assistive devices and aids such as eye glasses, hearing aids, and implants significantly

improve the quality of life for many people with sensory loss. Unfortunately, these aids are

ineffective in certain cases. Sensory substitution is a promising type of assistive technology that

involves transforming stimuli from one modality to another (e.g., sound to touch), enabling a

non-functional sensory system to be bypassed and presenting the information to a different,

healthy sensory system. Braille, a well-known example of this approach uses touch stimuli to

provide information to the brain that would otherwise be transmitted by the visual system.

Modern research focuses on the development and testing of specific devices for sensory substi-

tution in an effort to expand available resources for those with sensory impairment [1, 2].

Bach-y-Rita was among the first to suggest that the adult brain is plastic enough for sensory

cortices to decode neural impulses from an alternate sensory modality when a primary modal-

ity has been damaged. He demonstrated this notion through experiments in which blindfolded

subjects were able to discriminate differences in object form when visual information from a

camera was translated into vibrational patterns applied to the skin of the subject’s back [3, 4].

While the underlying mechanism is still controversial, there have been numerous studies over

the past decade supporting this idea of cross-modal brain plasticity between the somatosensory

and visual cortical areas [5–11], as well as between the somatosensory and auditory systems at

both the cortical and brainstem levels [12–19]. Since Bach-y-Rita’s initial development of his

vision substitution device, multiple groups have worked on improving sensory substitution

devices (SSDs) to allow for practical use beyond the laboratory. While many of these devices

focus on cutaneous tactile stimulation of the back or hand [20–28], electrotactile stimulation

(ETS) of the tongue has certain advantages. The tongue is densely innervated and has a large

region of sensory cortex dedicated to processing somatosensory information, it is in a pro-

tected environment allowing sensory receptors to terminate close to the surface, and is coated

in saliva, an electrolytic solution that provides excellent conductive properties [29–31]. In

addition, the somatosensory receptors of the tongue have small receptive fields that result in

superior two-point discrimination ability compared to other regions such as the back [20, 32–

36]. The tongue also has a lower intensity threshold to ETS relative to the fingertips and can be

effectively stimulated with low voltage signals [29]. Several groups have developed successful

SSDs involving ETS of the tongue and studies indicate user benefits for people with vestibular

impairments [37–46]. In addition to vestibular biofeedback, other lingual SSD biofeedback

applications include attempts to improve white cane navigation for visually impaired individu-

als by providing obstacle distance information [47]. Other vision substitution applications also

appear promising [48–51] and additional applications include improving typing efficiency for

people with upper limb mobility impairments [52], and even providing guidance during sur-

geries [53].

The tongue is highly innervated by multiple types of nerve fibers including gustatory,

somatosensory, autonomic, and motor [54–56]. The lingual electrotactile techniques used by

our research group primarily affect mechanosensitive somatosensory fibers [35], which can be

classified by their responses to specific stimuli (mechanical, temperature or noxious). The

fibers can be further classified based on peripheral structures, adaptation rate, receptive field,

axon diameter, and depth in the tissue (superficial or deep) [32, 33]. Lingual ETS stimulation

used in our research is perceived as a brief, tingling sensation similar to that produced by car-

bonation [29]. Based on this description, it is likely that ETS primarily affects superficial,
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rapidly adapting, low threshold mechanoreceptors (RA-LTMR) [32, 35, 57]. ETS devices target

the anterior portion of the tongue, and the exact distribution of RA-LTMR fibers in this region

is unclear. Anatomical studies using rodent models indicate that somatosensory fibers from

the lingual nerve innervate lingual papillae, as well as the surrounding epithelium [58–62].

Papillae in the tongue are structures that contain epithelial and connective tissues as well as

neuronal endings. Fungiform papillae (FP) are present in the anterior tongue and contain taste

buds, but filiform papillae in this region lack taste buds. RA-LTMR fibers are a subset of the

lingual nerve somatosensory population and it is not clear if these ETS responsive fibers are

uniformly distributed within the anterior lingual epithelium, or more concentrated within, or

between papillae. Determining the distribution of fibers relative to fungiform papillae could be

valuable since FP distribution and density vary widely between individuals [63, 64]. If ETS sen-

sitive fibers are more prevalent in fungiform papillae for example, people with more FP would

be expected to perceive ETS more easily. Previous studies suggest that there might be a correla-

tion between FP density and tactile perception [65, 66]. Unfortunately, these studies focused

on FP densities within a single region of the anterior tongue and measured sensitivity thresh-

olds through the identification of embossed letters, which limits the applicability to ETS appli-

cations. One report indicated that mild electrical stimulation resulting in sour-metallic taste

perception appeared to be more effective in regions with higher fungiform papillae, but this

study did not address tactile perception [67]. In addition to differences in fungiform papillae

density and distribution, people differ in their ability to taste the bitter compound 6-n-pro-

pylthiouracil (PROP) [63, 68]. Although this perceptual characteristic is based on differences

in a taste receptor protein, T2R38, there is evidence that PROP sensitivity is related to percep-

tion of mechanical and chemical stimuli on the tongue [65, 69, 70].

Although sensory substitution devices using lingual ETS show promise, the somatosensory

properties of the tongue vary significantly both within and between individuals [35, 71–74].

While some studies included adjustment of tactile stimulation during studies based on

regional differences in perceived intensity [72], there has been no attempt to design lingual

SSDs to optimize activation of somatosensory fibers based on regional and individual variabil-

ity with respect to discriminatory ability as well as perceived intensity. The overall goal of the

present study was to provide information that will help optimize tongue stimulation devices

based on the neuroanatomy of the tongue. To do this, we tested whether increased fungiform

papillae was correlated with increased sensitivity for ETS and whether individuals who were

able to detect propylthiouracil (PROP) were better able to perceive active electrodes. These

general questions were more specifically addressed by testing the following hypotheses: 1.

Individuals with more fungiform papillae will perceive ETS as more intense and have better

two-point discrimination ability. 2. For individual participants, ETS in tongue regions with

more fungiform papillae will result in better perception than in regions with fewer papillae. 3.

Individuals who can detect propylthiouracil will perceive active electrodes as more intense

and have better two-point discrimination ability. To test these hypotheses, we recruited 15

subjects and used a custom-designed tongue stimulation device to gather data from partici-

pants. These data were then used to generate maps of perceived intensity and discrimination

ability as described previously [35]. In addition, we counted each participant’s fungiform

papillae in the tested area using a published protocol [75] and tested the PROP sensitivity of

each individual. Results from these experiments were then compared and analyzed to deter-

mine the relationships between perception of active lingual electrodes and lingual neuroana-

tomical and physiological features.
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Materials and methods

Subjects

Fifteen healthy adults, 6 males and 9 females, volunteered to take part in these studies. Subjects

were 20–25 years of age and recruited from the university. Prior to participating in the study,

subjects were screened using a questionnaire to help eliminate those with oral injuries, infec-

tions, or metallic-based devices that might interfere with the studies. Approved subjects went

through an informed consent process in accordance with the Declaration of Helsinki. Partici-

pant codes were assigned to each individual to maintain confidentiality. For each subject, com-

pletion of the experiments took approximately 1 ½ hours and subjects were offered

compensation at $8.50/hour for their participation, although some declined and volunteered

their time. All procedures and forms were approved by the Institutional Review Board at Colo-

rado State University.

Tongue stimulation device and mouthpiece arrays

The tongue stimulation device, “The Cthulhu” was designed and constructed as described pre-

viously [35, 76] and based on previously published designs [50]. The device was assembled by

Sapien, LLC (Fort Collins, CO, USA) using supplies purchased from Mouser Electronics

(Mansfield, TX, USA). The ETS device was connected to a mouthpiece containing an electrode

array as described previously [35]. Briefly, the array measured 1 cm by 4 cm and consisted of

100 gold-plated electrodes arranged in a 5 x 20 rectangular array, with 2 mm of center-to-cen-

ter spacing between each electrode. This array was located at one end of a rectangular mouth-

piece, with the opposite end attached to the output cables of the Cthulhu device via card-slot

connectors. The mouthpiece contained several pairs of holes indexed 1 cm apart, which were

used for attaching a plastic stop pad to guide positioning of the mouthpiece array at four differ-

ent locations along the anterior to posterior axis of the tongue. This allowed data to be col-

lected from a combined 4 cm x 4 cm region of the anterior tongue. Each 1 cm2 region was

defined by Location (anterior cm = Location 1, most posterior cm tested–Location 4) and by

Subarray (left cm = Subarray 1 and right cm = Subarray 4) Fig 1. Data were collected for the

entire 4 cm2 region, but only data from Location 1 & 2, Subarrays 2 & 3 were used for analyses.

Each participant was given their own mouthpiece and stop pad to help prevent disease trans-

mission. Mouthpieces were sterilized prior to initial use by washing with dish detergent, rins-

ing with distilled water, submerging in non-chlorine bleach for 100 sec, rinsing again with

distilled water, and placing the mouthpiece in boiling water for 100 sec. Stop pads were steril-

ized as part of the manufacturing process since they were extruded from an FDM style 3D-

printer at 230˚C onto a 110˚C platform. Sterile procedures were used to place the mouthpieces

and stop pads into individual petri dishes which were wrapped in Parafilm and stored at room

temperature. Between experiments, assigned mouthpieces and stop pads were washed with

Liquinox, rinsed with distilled water, and dried in a toaster oven using a warm setting. Each

participant stored their mouthpiece in a sterile petri dish between testing sessions.

Somatosensory testing via electrotactile stimulation

Somatosensory testing was done as described previously [35]. Individual electrotactile stimula-

tion experiments typically lasted one hour and consisted of 4 segments corresponding to the 4

anterior-to-posterior 1 cm sections tested (Locations). Subjects were allowed to take a break

between segments. Experiments were set up with the participant’s designated, sterile mouth-

piece attached to the Cthulhu cables, and the Cthulhu connected to a computer running an

open source Arduino serial terminal. An investigator operated the Cthulhu, assisted with
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Fig 1. Diagram illustrating the regions of the tongue tested. Locations (L1 –L4) and Subarrays (S1–S4) were identified

on tongue photographs by applying a 4 cm2 grid overly with Photoshop software. The blue box shows the regions of the

tongue that were analyzed in this study. These regions were chosen because they demonstrated the highest sensitivity

and discrimination ability. In addition, the tongue surface was the most likely to maintain contact with the electrode

array during testing in these regions, thus reducing a potential source of error.

https://doi.org/10.1371/journal.pone.0237142.g001
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proper placement of the mouthpiece, and collected the data. Subjects were asked to place the

mouthpiece into their mouths, with the stop pad between their lower lip and teeth, the tip of

their tongue pressed against the back of the lower incisors, and the dorsal surface of the tongue

pressed against the electrode array. The plastic stop pad was initially placed at the most ante-

rior position to stimulate the most anterior 1 cm of the tongue and then moved back sequen-

tially to test each of the three remaining 1 cm regions of tongue as needed.

Prior to collecting data, a strong, but comfortable setting was determined for each partici-

pant by stimulating the anterior tongue as previously described [35]. This setting was used for

the remaining experiments involving that subject. This ensured that subject reports involving

perceived intensity levels would reflect changes in the subject’s somatosensory ability. After

determining this setting, stimuli were presented to the subject by the investigator using the

commands entered in the serial terminal. As described previously (2017), stimuli were pre-

sented in 116 separate, random sequences for each of the four locations, with 96 of these

sequences consisting of two active electrodes spaced 2, 4, 6, or 8 mm apart, in either a horizon-

tal or vertical orientation. The remaining sequences were 20 random, single active electrodes.

With each presented sequence, subjects were asked to record how many electrodes they felt (0,

1, 2, or more) and the perceived intensity on a scale from 0 to 10 (with 0 corresponding to a

lack of sensation, and 10 being a very strong sensation). Using a hand signal when ready, the

investigator would then present the next stimulation. Following completion of each 1 cm loca-

tion, the subject was asked to move the stop pad to the next position to begin data collection

for the corresponding location on the tongue. Data were entered into a previously prepared

Excel spreadsheet which cross-referenced the participant responses to each sequence with the

list of electrodes activated during that sequence, their location within the array, and the dis-

tance between the electrodes. This allowed two-point discrimination to be measured by identi-

fying the spacing of electrodes in sequences where the subject correctly perceived two active

electrodes.

Tongue staining and photography

Diluted blue food dye was used to visualize fungiform papillae according to established proce-

dures [65, 75]. Subjects were asked to avoid food and beverages other than water for one hour

prior to the experiment and the mouth was rinsed with water, the tongue was dried with a

piece of Whatman’s No. 1 filter paper and diluted blue food dye (Kroger Food Colors) was

applied to the tongue using another piece of filter paper saturated in dye. The concentration of

dye varied between participants and was determined by applying a few different concentra-

tions and then choosing the dilution that resulted in the maximum contrast between fungi-

form papillae and the surrounding epithelium. The goal was to have blue stained epithelium

and filiform papillae with lighter, pink fungiform papillae. For most participants, the ideal dye

dilution was 1:10. For the final staining, the filter paper saturated with diluted blue dye was

applied to the subject’s tongue to evenly coat the dorsal surface, as well as the anterior and lat-

eral edges. A second piece of filter paper was used to lightly dry the tongue after dye applica-

tion. A previously measured and cut 10 mm piece of filter paper was placed on one side of the

anterior tongue for a scale. To stabilize the head and tongue for photography, the subject

placed their chin and forehead on a Multi-Mount U-Frame Economy Chinrest (model #

CRCS-UF-SP-N100-TTB, Miles Research: http://milesresearch.com/pdf/Chinrest-Models.pdf)

with the stained tongue protruding between the lips. An Olympus 24x Wide Optical Zoom,

Full HD camera was attached to the camera mount 19 cm from the chinrest. Multiple photo-

graphs were taken of each participant’s tongue using iAuto camera settings and a 5.5x zoom.
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The 10 mm strip of filter paper was then moved to the opposite side of the tongue for a second

round of photographs.

Tongue image labeling for analysis

Photographs of each dyed tongue were downloaded, labeled with the participant’s code, and

stored on laboratory computers. To facilitate fungiform papillae counting, the line tool in Pho-

toshop CC was used to apply a 4 cm2 grid over the anterior tongue region; the 10 mm filter

strip served as a length reference. The grid was divided into sixteen 1 cm2 regions which corre-

lated to the Subarrays of the mouthpiece’s electrode array and the 4 anterior to posterior posi-

tions of the array during testing (Locations) Fig 1. This allowed comparison of fungiform

papillae density to electrotactile perception data. In addition, smaller regions of the tongue

could be analyzed and compared to identify differences between anterior and more posterior

regions and between left and right regions. Files of each photograph with its applied grid were

saved as a .jpeg file in the appropriate, coded folder on laboratory computers.

Fungiform papillae counting

Using images of a dyed tongue with its overlying grid, fungiform papillae were counted using

a modified version of the Denver Papillae Protocol [75]. This involved using open-source Ima-

geJ software, version 1.50e Java 1.8.0_73 (64 bit), with a Cell Counter plugin. Two researchers

counted each participant’s FP separately, and these counts were entered into a prepared Excel

spreadsheet. If the two counts within each 1 cm2 region (Fig 1) were within a 10% error, the

counts were averaged for a final count. If the difference between the two counts was larger,

investigators re-evaluated individual papillae relative to the criteria needed to confirm FP sta-

tus until counts were within 10%.

Propylthiouracil taste test

PROP testing strips were prepared using 8.5 g of 6-n-propylthiouracil (Sigma Catalog #P3755)

in 500 mls of distilled water. This mixture was stirred on a hotplate until dissolved. Whatman’s

No. 1 filter paper was then briefly and completely submerged into the solution, removed and

allowed to dry. Dry PROP papers were cut into 1 cm2 strips and stored at room temperature in

a sterile petri dish sealed with Parafilm. For each experiment, subjects were first asked to rinse

their mouths with distilled water. The investigator then removed a single PROP testing strip

from the petri dish using sterile forceps and placed it on the subject’s palm. The subject placed

the PROP strip onto the anterior tip of their tongue for 15 seconds and rated the intensity of

the taste using a ratio scale, the general Labeled Magnitude Scale, which was developed for sen-

sory testing including PROP bitterness perception and comparison. This scale ranges from 0

(not detectable) to 100 (strongest imaginable sensation of any kind) [77, 78]. Participant

responses were recorded by hand and then included in each subject’s coded file.

Data analysis and statistics

Data obtained from electrotactile stimulation and tongue staining of the anterior and medial 4

cm2 of the tongue were used for analyses. This area corresponds to Location 1 (L1, most ante-

rior 1 cm of tongue), Subarrays 2 (S2, left) and 3 (S3, right) and Location 2 (L2), Subarrays 2

and 3 (Fig 1). Analyses were restricted to this area for multiple reasons. With respect to electro-

tactile stimulation, we previously demonstrated that these 4 regions are most sensitive to ETS.

Participants chose an initial ETS setting based on stimulation of this area and eliminating

more posterior and lateral regions increased the probability that active electrodes at a constant
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setting would be perceived in each region analyzed. As shown previously, regions posterior to

the first anterior 2 centimeters are less sensitive to ETS and stimulation may not be perceived.

In addition, the electrode array was more likely to be fully in contact with the tongue in the

chosen regions. With respect to fungiform papillae analysis, FP counts were more straightfor-

ward in the anterior-medial area since lateral curved tongue areas were avoided. Photograph-

ing stained tongues for analysis is difficult and anterior-medial tongue regions were more

likely to have even staining and be in sharp focus in images, facilitating accurate counting of

fungiform papillae [35]. Furthermore, although our ETS stimulation protocol included ran-

dom stimulations with only one electrode activated, only data collected when two electrodes

were active were included in analyses.

To visually represent each subject’s perception of lingual electrotactile stimulation, data

from individual experiments were imported into Excel and MatLab for graphical analysis. Dis-

crimination ability for a region was assessed by determining the minimum distance between

electrodes for which the subject reported feeling two distinct stimuli. For plotting, the locus on

an array or graphic, this minimum discrimination distance was plotted at the center point of

the two discreet stimuli. Distances tested were 2, 4, 6, and 8 mm between electrodes. Tongue

graphs reflect the minimum 2-point discrimination distance for a specific locus. Data from

both perceived intensity and two-point discrimination ability were interpolated using array

and matrix tools in MatLab and the ‘inpaint nans’ function using the spring metaphor method

between tested loci to create maps of the tongue showing the distribution of ETS perception

for each participant. For analysis of two-point discrimination ability, data from regions where

the subject could not correctly discriminate electrodes spaced 8 mm apart were extrapolated/

assumed to be 10 mm.

For statistical analysis, factors and their levels were defined as Location (1,2), Subarray

(2,3), Orientation of electrodes (V = anterior-to-posterior, H = left-to-right) and Distance (2,

4, 6, 8 mm). Additionally, two numerical predictors were defined: Taste (PROP sensitivity)

and Papillae (papillae density). For both the perceived intensity of stimulation (PerInt) and the

perceived number of active electrodes (PerNum), subjects reported observations as Likert val-

ues, which corresponded to [1, 2, . . ., 10] and [0, 1, 2, 3] respectively. We computed the means

of three subsample observations, holding the levels of Subject, Location, Subarray and Distance

fixed and used these as our response variable for data analysis. There were 15 subjects, yielding

a total of 1440 observations.

Implementation of exploratory data analysis resulted in the generation of summary statis-

tics and graphics. A linear mixed model was fit to both responses where the factors (Location,

Subarray Orientation and Distance) were fixed effects. Random effects were included in the

model by subject and subject interaction with Location and with Subarray. Additionally, sub-

ject-specific random slopes with respect to papillae density were included. All random effects

were assumed to be independent and normally distributed with expectation 0 and some vari-

ance component. For each subject’s orientation level (V, H) at a specific location on the ton-

gue, the four distances (2, 4, 6, and 8 mm) were considered to be a cluster in order to model

spatial correlation. Two models were initially compared–a “reduced” model containing main

effects and a “full” model containing all possible two-way interaction between the 6 explana-

tory variables. Using maximum likelihood, a likelihood ratio test was done to select the model.

The corrected Akaike Information Criterion (AICc) was used to model the covariance struc-

ture of the errors among levels of distance. Using restricted maximum likelihood and Ken-

ward-Roger degrees of freedom, we generated F-tests for the fixed effects. Likelihood ratio

tests of covariance parameters were also done based on a mixture of chi-squared distributions.

Standard residual diagnostic plots were used to check the assumptions of the model. All data

analysis was done using SAS for Windows software, Version 9.4.

PLOS ONE Lingual ETS perception is associated with fungiform papillae

PLOS ONE | https://doi.org/10.1371/journal.pone.0237142 August 7, 2020 8 / 24

https://doi.org/10.1371/journal.pone.0237142


Results

Perceived intensity and discrimination ability for electrotactile stimulation

Similar to previous studies [35], perception of lingual electrotactile stimulation (ETS) varied

substantially between participants and between the 4 tested tongue regions (Fig 2). The per-

ceived intensity of active electrodes was high for some participants (Fig 2, left panel), whereas

others reported lower perceived intensities (Fig 2, right panel). However, in general, higher

perceived intensities were reported for the anterior tongue region (Location 1) relative to the

posterior region (Location 2) (Fig 3).

When considering all participants, for Location 1, the estimated mean intensity was 2.9222

(SE = 0.2974) while for Location 2, the estimated mean intensity was 1.5026 (SE = 0.3137). The

95% confidence interval for the difference between the two location means (1 & 2) was

(0.6702, 2.1692). Thus, despite the wide variability between participants, mean perceived

intensity for ETS was higher in Location 1, consistent with previous studies.

The ability to discriminate between active electrodes also varied between participants and

between tongue regions as reported previously (Fig 4) [76]. In general, discrimination ability

was better in the most anterior 1 cm of the tongue (Location 1) as indicated in the left panel of

Fig 4. More participants were able to discriminate electrodes that were 2 mm apart in this

region. In contrast, in Location 2, discrimination ability was generally limited to electrodes

that were spaced farther apart. However, on average, the ability to perceive discrete stimuli was

not significantly different between Locations 1 and 2, using an unadjusted alpha = 0.05 (P-

value = 0.0777, Fig 3 right panel).

Fig 2. Tongue maps demonstrating average reported perceived intensity for the tested region of two subjects. The left map shows results from a

participant with higher overall perceived intensity for ETS, with highest intensity reported for electrodes in anterior medial regions (Location 1,

Subarrays 2 and 3). The right map shows results from a participant with lower perceived intensity across the tested area as indicated by the darker

colors. The scale to the right of each map reflects the intensity represented by color and the orientation of the map is indicated by the labels surrounding

each map. Note that for both participants, stimulation of the anterior region resulted in higher perceived intensity than stimulation of the posterior

region.

https://doi.org/10.1371/journal.pone.0237142.g002
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Fungiform papillae

Fungiform papillae (FP) density varied between individuals and between the different tongue

regions as expected [64, 79]. The total number of FP in the tested area for individual partici-

pants (Locations 1 and 2, Subarrays 2 and 3) ranged from 37–163, providing a wide range of

Fig 3. Box plots for perceived intensity and discrimination ability. Left: average perceived intensity was significantly higher in Location 1 relative to

Location 2. Right: average discrimination ability was only slightly better in Location 1 as measured by the average number of electrodes which were

perceived across all participants. Better discrimination ability is indicated when the average is close to two since only data collected while two electrodes

were active were used in this analysis.

https://doi.org/10.1371/journal.pone.0237142.g003

Fig 4. Tongue maps demonstrating the minimum discrimination distance for the tested region of two different subjects. For these maps, orange

indicates that the subject was able to discriminate two active electrodes that were 2 mm apart whereas blue indicates the participant was able to

discriminate electrodes that were 6–10 mm apart. The left map shows results from a participant who was able to discriminate closely spaced electrodes

on the anterior centimeter (L1) and on the right side of the tongue (S3). The right map shows results from a participant who had less discriminatory

ability overall as indicated by more blue in the map. This participant had the best discrimination on the left side of the tongue (S2). These two maps

illustrate the extreme variability between some individuals with respect to discrimination ability in the anterior medial tongue (L1 & L2, S2 & S3).

https://doi.org/10.1371/journal.pone.0237142.g004
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papillae numbers in subjects for analyses (Fig 5A). The majority of participants (80%) had

between 51–150 fungiform papillae and 40% had between 101–125 papillae. The mean number

of papillae for all participants was 108. All 15 participants had more papillae in Location 1

(range: 28–117 for Subarrays 2 and 3) than in Location 2 (range; 9–66 for Subarrays 2 and 3)

and in most cases (87%, 13/15) individual participants had more than twice as many FP in

Location 1 (Subarrays 2–3) compared to Location 2 (Fig 5B). The mean papillae number in

Location 1 was 76.4, SD = 25.75, and in Location 2 was 31.53, SD = 13.1.

On average, participants had the same number of FP on the left as the right. Consistent

with this, 6 participants had papillae numbers that differed by 10% or less when comparing the

right to the left side. However, for 9 individuals, there was more than a 10% difference in papil-

lae number between the left and right, for 7 participants, the difference was more than 20%

and for 3 participants, the difference in lingual papillae in the left and right regions differed by

more than 30% Table 1). For participants that had more than 10% difference in papillae num-

ber between the two sides, 5 had more papillae on the right, and 4 had more papillae on the

left. The diversity of FP number between participants and tongue regions thus allowed us to

ask whether differences in perceived intensity and discrimination ability is correlated with dif-

ferences in fungiform papillae density.

Fig 5. Fungiform papillae (FP) counts from all participants. A. The total number of FP in all 4 regions varied among the participants. Eighty percent

of participants had between 51–150 papillae and 40% of participants had between 101–125 papillae. B. Average FP number in each Subarray. The most

medial two subarrays in location 1 (L1S2 and L1S3) had the highest average number of papillae in the participant pool. C. Average FP number in

location 1 was higher than location 2. D. The average FP number for Subarray 2 (left) and Subarray 3 (right) was 54 and 55 respectively, and not

statistically significant.

https://doi.org/10.1371/journal.pone.0237142.g005
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Propylthiouracil

Propylthiouracil is a bitter compound that is perceived by some people, but not by others and

although the ability to perceive PROP is determined by the amino acid composition of a pro-

tein receptor on type II taste cells, there is some evidence that PROP tasters are more sensitive

to somatosensory stimuli [63]. Thus, we tested the ability of our participants to taste PROP to

determine whether this characteristic is associated with ETS perception. Participants were

instructed to sample a previously prepared piece of PROP paper by placing it on the anterior

tip of the tongue, then rate PROP intensity using the gLMS scale [77]. Total responses from

our participant pool ranged from 0–80, where 0 represented a complete lack of taste and 100

represented the strongest imaginable sensation of any kind. Based on previous studies, these

responses were used to categorize individuals into 3 PROP classes: non-tasters (below 23),

medium tasters (23–49) and super tasters (above 50) [80–83]. Using these parameters, our par-

ticipant pool consisted of 7 non-tasters, 3 medium tasters, and 5 supertasters. These data could

also be simplified as 7 non-tasters and 8 tasters, thus we had a diverse population which

allowed comparisons between PROP taster status and ETS perception.

ETS relative to fungiform papillae density

Since our participants varied with respect to ETS perception and FP number and distribution,

we were able to compare these characteristics to determine whether the perception of active

electrodes was associated with fungiform papillae.

We first addressed the question of whether perceived intensity of ETS related to fungiform

papillae density. Other fixed effects were also examined. Results from the likelihood ratio test

indicated to use the simpler, main effects model (P-value = 0. 4624). Based on AICc, an

Table 1. Numbers of papillae for individual subjects to the left of the midline (S2) compared to the right of the

midline (S3) for Locations 1 and 2 combined.

Subject # S2 S3 Difference

1 6 42 23 45%

2 1 26 42 38%

3 7 57 88 35%

4 4 68 50 26%

5 8 70 93 25%

6 3 37 47 21%

7 9 66 52 21%

8 8 55 64 14%

9 5 55 49 11%

10 10 80 72 10%

11 12 40 36 10%

12 14 73 67 8%

13 15 18 19 5%

14 11 58 60 3%

15 13 61 61 0%

Note that 9 subjects had fungiform counts that differed more than 10% when comparing right and left sides, and

Subjects 6, 1 and 7 had substantially different numbers of FP on each side of the tongue (greater than 30%

difference). For some individuals, there were more papillae on the right, but others had more papillae on the left.

Also note that 6 Subjects (#10–15) had roughly the same number of papillae on each side of the tongue (less than or

equal to 10% difference).

https://doi.org/10.1371/journal.pone.0237142.t001
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autoregressive order-1 error covariance structure was selected to model mild correlation of the

errors among levels of distance (P-value = 0.0169). Consistent with previous results [35], per-

ceived intensity was associated with the location of stimulation (Table 2, P-value = 0.0005). As

mentioned, active electrodes presented to the most anterior 1 cm of the tongue resulted in the

highest perceived intensity. In contrast, the subarray, distance between electrodes, and orienta-

tion of electrodes were not associated with perceived intensity in this study. Similarly, on aver-

age, perceived intensity of ETS was not associated with differences in papillae density for

different participants (Fig 6, Table 2, P-value = 0.3759).

We found insufficient evidence that the variance component for subject random intercepts

was greater than 0 (P-value = 0.3195). However, the variance component associated with sub-

ject-specific random Papillae slopes was greater than 0 (P-value = 0.0262). This means that

each subject imparted their own conditional effect on the overall behavior of papillae density

with respect to perceived intensity. As mentioned in the methods section, to address smaller/

larger Subarray variation depending on the Subject, we included a random effect associated

with Subarray (2 vs. 3) for each Subject. The variance component for these random Subarray

effects was significantly greater than 0 (P-value < 0.0001). We observe the same behavior with

respect to Location (P-value < 0.0001).

Interestingly, calculation of the conditional subject-specific profiles by incorporating the

best linear unbiased predictions of the random effects for each subject revealed that data from

at least one participant showed a possible association between papillae density and perceived

intensity (Fig 6). Further analysis of one of these subject’s 32 observations by fitting a reduced

linear mixed model only for this subset of data, revealed evidence of a positive linear associa-

tion between papillae density and perceived intensity of ETS for this participant (Fig 7, P-

value = 0.0361).

The positive association between papillae and perceived intensity for electrotactile stimula-

tion was investigated further by combining the participant’s perceived intensity heat map with

a map of the fungiform papillae in the tested region. More FP were present in regions where

the participant reported higher intensities (Fig 8).

We next tested whether fungiform papillae (FP) density is related to the ability to discrimi-

nate between electrodes. For this analysis, results from the likelihood ratio test indicated that

the simpler, main effects model should be used (P-value = 0.8113). Based on AICc, a com-

pound symmetric error covariance structure was selected to model very mild correlation of

Table 2. Tests of fixed effects for perceived intensity of ETS.

Type 3 Tests of Fixed Effects

Effect Num DF Den DF F Value Pr > F

PROP Taste 1 12.3 0.02 0.8938

Location 1 30.3 14.95 0.0005

Subarray 1 13.8 0.46 0.5092

Distance 3 332 1.19 0.3129

Orientation 1 133 2.39 0.1248

Papillae 1 21.8 0.82 0.3759

Papillae density was not associated with perceived intensity for electrotactile stimulation (P-value = 0.3759). As

demonstrated previously, Location of ETS stimulation was correlated with perceived intensity for active electrodes

(P-value = 0.0005).

https://doi.org/10.1371/journal.pone.0237142.t002
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the errors among levels of distance (P-value = 0.0568). The results indicated that participants

with more FP were better able to discriminate active electrodes, relative to participants with

fewer FP (Table 3 Fig 9, P-value = 0.0203).

Examining the perceived number covariance parameters, we found insufficient evidence

that the variance component for subject random intercepts was greater than 0 (P-

value = 0.1504). Furthermore, the variance component associated with subject-specific ran-

dom papillae slopes was estimated to be 0, indicating that there were no individual differences

in the overall behavior of papillae density with respect to perceived number of active electrodes

(note the absence of conditional subject-specific profile lines in Fig 9). However, subarray

Fig 6. Relationship between papillae density and perceived intensity. Each dashed line represents the conditional subject-specific

profile calculated by incorporating the best linear unbiased predictions of all the random effects for each subject. The red line is the

marginal line from the fitted linear mixed model for a typical, average subject; that is nominal Taste (31.33) averaged over Location,

Subarray, Distance and Orient. The 15 black dots are the observed means (n = 32) for each subject. Note that the red line is quite flat

which indicates that on average, there is no association between papillae density and perceived intensity (P-value = 0.3759).

https://doi.org/10.1371/journal.pone.0237142.g006
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variation appeared to marginally depend on the Subject (P-value = 0.0663) and there was simi-

lar, stronger behavior with respect to Location (P-value = 0.0039).

ETS relative to ability to perceive 6-n-propylthiouracil

Finally, we tested whether PROP tasting ability was associated with ETS perception. Our

results indicate that PROP taster status is unrelated to perceived intensity for ETS (P-

Fig 7. Relationship between perceived intensity and fungiform papillae density for one participant relative to the average

relationship in the set of participants. The dashed blue line indicates the conditional subject-specific profile calculated by

incorporating the best linear unbiased predictions of the random effects for this subject. The red line is the marginal line from the

fitted linear mixed model for a typical, average subject as shown in Fig 6 and the black dots indicate the observed means. Blue Xs are

the raw observed perceived intensity means at each Location-by-Subarray region of the tongue (n = 8) for one subject, while the blue

diamond is their overall mean. The blue dashed line is a conditional line averaged over Location, Subarray, Distance and Orientation

obtained from the fitted model. Notably, we found evidence of a (positive) linear association between papillae (Pap) and perceived

intensity (PerInt, P value = 0.0361) for this participant.

https://doi.org/10.1371/journal.pone.0237142.g007
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value = 0.8938), and also unrelated to ability to discriminate active electrodes (P-

value = 0.4160, Tables 2 and 3).

Discussion

In the experiments described here, we tested whether fungiform papillae (FP) density and dis-

tribution or the ability to detect 6-propylthiouracil (PROP) are associated with perception and

discrimination ability of electrotactile stimuli on the tongue. The ultimate goal of our research

is to determine how to better design lingual electrode arrays for sensory substitution. Our

results indicate that on average, the numbers of fungiform papillae do not positively or nega-

tively correlate with perceived intensity of active electrodes across the tongue surface. How-

ever, we did find evidence of a statistically significant correlation for at least one individual.

For this subject, tongue regions with higher FP density were associated with higher perceived

Fig 8. Overlay of perceived intensity map and fungiform papillae for the participant that demonstrated a

statistically significant positive linear association between papillae and perceived intensity. Colors represent

perceived intensity (PerInt), with lighter blue and green indicating higher PerInt as indicated by the scale to the right

of the tongue map. Black dots represent individual fungiform papillae (FP) for this participant in the related regions.

Note that there are more FP in the anterior region where there is also higher perceived intensity.

https://doi.org/10.1371/journal.pone.0237142.g008

Table 3. Type 3 tests of fixed effects for perceived number of electrodes.

Type 3 Tests of Fixed Effects

Effect Num DF Den DF F Value Pr > F

PROP Taste 1 12.6 0.71 0.4160

Location 1 35 3.30 0.0777

Subarray 1 14 1.74 0.2087

Distance 3 357 0.44 0.7237

Orientation 1 73.6 0.17 0.6848

Papillae 1 75.8 5.62 0.0203

Papillae density correlates with ETS discrimination. Using an unadjusted alpha = 0.05, papillae density is significant

(P value = 0.0203), while location was, perhaps, marginally significant (P value = 0.0777).

https://doi.org/10.1371/journal.pone.0237142.t003
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intensity of ETS, suggesting that more research is needed. The results presented here indicate

that tongue regions with more FP are associated with better ability to discriminate two active

electrodes. This suggests that individuals with more FP may be better able to use lingual ETS

for sensory substitution. Furthermore, electrode arrays should be designed such that active

electrodes stimulate regions with more fungiform papillae, which for most people includes

Location 1, Subarrays 2 and 3 (the 2 centimeter region flanking the midline of the tongue in

the most anterior centimeter). For some individuals, this placement may also result in

increased perceived intensity for ETS. Finally, the ability to detect the bitter compound 6-n-

propylthiouracil did not correlate with either perception of ETS intensity or discrimination

ability in the present study.

Fig 9. Relationship between papillae density and perceived number of active electrodes. The red line is the marginal line from the

fitted linear mixed model for a typical, average subject. The 15 black dots are the observed means (n = 32) for each subject. Note that

the red line has a positive slope, which shows that there is an association between papillae density and perceived number of electrodes

(P-value = 0.0203).

https://doi.org/10.1371/journal.pone.0237142.g009
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Our findings are consistent with, and extend, those done previously. Similar to previous

work, we found enhanced sensitivity (increased perceived intensity) and increased discrimina-

tion ability in the anterior tongue in response to lingual ETS [35, 72]. Fungiform papillae den-

sity and distribution varied within and among participants as reported previously, and PROP

sensitivity varied among participants as expected. The increased discrimination in subjects

with more FP suggests that mechanosensitive somatosensory fibers activated by ETS may be

concentrated in fungiform papillae. Like the epidermis, the lingual epithelium contains multi-

ple types of mechanoreceptors including low (LTMR) and high threshold receptors (HTMR).

The former responds to non-painful stimuli and the latter responds to painful stimuli. The

anatomical distribution of LTMR fibers in specific tongue regions innervated by the lingual

nerve of the tongue has been carefully studied using microneurography and calibrated fila-

ments [32]. These studies indicated that superficial (LTMRs) can be classified as slowly or rap-

idly adapting based on responses to a sustained stimulus. Both receptor types can have small

receptive fields (range 1–19.6 mm2) that are circular or oval in shape and are concentrated in

anterior tongue regions [32]. The size of a receptive field contributes to discrimination ability

since separate stimulation points are discernable only if they interact with receptive fields of

two different neurons. It should be noted that receptive field characteristics determined using

mechanical stimuli are likely dependent upon properties of the surrounding tissue, associated

peripheral cells or structures, or the distribution of neuronal projections, whereas receptive

fields related to electrical stimuli may be influenced by the electrical resistance of the sur-

rounding tissue and electrical properties of the electrode-tongue interface. Animal studies

indicate that somatosensory fibers can be found in both fungiform papillae, which contain

taste buds, and in the surrounding filiform papillae, which do not [60, 84, 85]. Some neuroana-

tomical studies suggest that somatosensory fibers are concentrated in fungiform papillae [61,

86]. Our result showing that regions with more FP are associated with a better ability to dis-

criminate ETS, are consistent with the idea that rapidly adapting low-threshold mechanore-

ceptors (RA LTMR) in particular may be concentrated in FP.

Our results suggest that lingual ETS for applications involving transmitting information via

the mechanoreceptors of the tongue should be designed based on the fungiform papillae den-

sity for maximum effectiveness. Arrays or stimuli location should be designed so that elec-

trodes contact regions with more fungiform papillae, which for the average individual is the 2

cm region at the most anterior medial part of the tongue. Any application using lingual ETS

will be enhanced by designing a standard array based on our findings. Eventual training proto-

cols may also need to consider FP distribution and density. We found that there is subject-

dependent variation between subarrays with respect to ETS perception and discrimination.

Fungiform papillae distribution and number can vary from subject-to-subject and between

subarrays within a subject; our papillae counts revealed that 9 out of 15 participants had FP

numbers that differed by more than 10% when comparing the left and right (subarray 2 vs 3).

For example, in Location 1, subject 7 had 57 papillae in S2 and 88 papillae in S3 (Table 1). Fur-

ther experiments will be designed to determine if FP asymmetry influences ETS pattern per-

ception. Specifically, it would be interesting to determine if subject 7 is better able to perceive

specific patterns on the right side of the tongue. Importantly, the first step in this process

would be to simply assess the distribution of fungiform papillae, which can be done using

diluted food dye and a digital camera.

Some individuals have more FP overall than others and this might allow them to more eas-

ily discern different electrotactile patterns that could be associated with specific sensory infor-

mation. In contrast, people with fewer FP may need more training to learn to discriminate

ETS patterns. Our results with lingual ETS are consistent with studies using a somatosensory-

based letter-recognition task that demonstrated a correlation between enhanced tactile
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discrimination and FP density [66], but more research is needed. Another caveat to consider is

that discriminating between active electrodes is a unique task and although many individuals

have experienced a similar sensation when drinking carbonated beverages, the perception of

individual buzzing sensations from ETS is typically a new experience. To effectively report dis-

crimination of such stimuli, study participants may need more instruction, training and time

prior to testing. Additionally, our participant pool was limited to 15 individuals, and increas-

ing the number of subjects may reveal further details about the relationship between FP den-

sity and discrimination ability.

Investigating the relationship between fungiform papillae and the perceived intensity of

electrotactile stimuli also requires further study since we discovered at least one participant

with a significant correlation between the two variables. Perceived intensity of ETS is difficult

to study since perception varies between individuals and is difficult to assess and standardize.

Comparing ETS sensations to calibrated filaments may be beneficial and enable subjects to

have a frame of reference for intensity ratings. Increased experience with the ETS prior to test-

ing may also improve accuracy of participant responses. In addition, we may need to extend

the range of our available initial “intensity” settings for individual subjects by adjusting param-

eters. Each participant chose an initial setting after trying a fixed range of stimulus options.

These settings were controlled by varying pulse width, and the number of bursts of pulses in a

specified interval as described previously [35]. Expanding this range and selecting different set-

tings for Location 1 and Location 2 may increase perception of the electrotactile stimuli espe-

cially in Location 2. A potential additional source of error was the firmware used on the

experimental equipment, which allowed for a range of delays between pulses on “simulta-

neously” active stimuli [35]. Pulse magnitude could also be adjusted to activate fibers that may

be located deeper in the lingual tissue [72]. Another possibility is that our protocol may be too

long and subject fatigue may be playing a role, leading to decreased attention to the lingual

ETS. The procedure was designed to be comprehensive and 116 different stimulations were

presented randomly across each 1 cm strip of tongue during testing. Although this provided us

with substantial data, we may be able to reduce the stimuli and time for each testing session.

Finally, differences in papillae diameter were found in previous studies to be correlated with

lingual spatial resolution [65], and may contribute to perceived intensity variability. Larger

papillae may contain a greater number of receptors activated by a single stimulus. Because our

data and analyses indicated that there was a relationship between FP density and perceived

intensity for at least one subject, differences in perceived intensity may be subtle and require a

larger participant pool and improved experimental methods to detect. Future studies will

focus on this by seeing if the duration of the stimuli is a factor. Activating two electrodes at a

time may have also obscured our results as two stimuli spaced closer together could be per-

ceived as one, more intense stimulus. Testing perceived intensity separately with individual

active electrodes may clarify results and will be a goal for future studies.

Finally, it is important to note that the graphical representations of ‘minimum discrimina-

tion’ ability would not detect if a subject correctly discriminated two electrodes at a small cen-

ter-to-center distance, but was unable to discriminate electrodes centered at the original

location that were spaced farther apart. Further studies may be needed to determine if this is

an issue.

Our results suggest the ability to detect PROP is unrelated to both tactile acuity and oral

sensitivity. Previous studies have shown a correlation between these; however, they looked at

chemosensation to irritants such as capsaicin and ethanol [70], and mechanosensation using

embossed letter identification [65]. Our group is the first to specifically compare PROP taster

status and perception to electrotactile stimuli.
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In conclusion, our results suggest that visual analysis of fungiform papillae may be benefi-

cial when designing electrode arrays and ETS patterns for sensory substitution applications,

especially if individuals have dramatically different numbers of FP in the left or right side of

the tongue. Further, the relationship between FP and perceived intensity and discrimination

ability requires further study to determine more subtle relationships between papillae charac-

teristics and ETS parameters.

Acknowledgments

We thank undergraduates enrolled in BMS 401, Research in Biomedical Sciences, for technical

assistance and the subjects who participated in our studies.

Author Contributions

Conceptualization: Joel Moritz, Jr., Leslie M. Stone-Roy.

Data curation: Philip Turk, Leslie M. Stone-Roy.

Formal analysis: Philip Turk, Leslie M. Stone-Roy.

Funding acquisition: Leslie M. Stone-Roy.

Investigation: Tyler S. Allison.

Methodology: Joel Moritz, Jr., Philip Turk.

Project administration: Leslie M. Stone-Roy.

Resources: Joel Moritz, Jr.

Software: Joel Moritz, Jr.

Supervision: Leslie M. Stone-Roy.

Validation: Philip Turk.

Visualization: Joel Moritz, Jr., Philip Turk, Leslie M. Stone-Roy.

Writing – original draft: Tyler S. Allison, Leslie M. Stone-Roy.

Writing – review & editing: Tyler S. Allison, Joel Moritz, Jr., Philip Turk, Leslie M. Stone-

Roy.

References
1. Arnold G, Pesnot-Lerousseau J, Auvray M. Individual Differences in Sensory Substitution. Multisens

Res. 2017; 30(6):579–600. https://doi.org/10.1163/22134808-00002561 PMID: 31287085

2. Kristjansson A, Moldoveanu A, Johannesson OI, Balan O, Spagnol S, Valgeirsdottir VV, et al. Designing

sensory-substitution devices: Principles, pitfalls and potential1. Restor Neurol Neurosci. 2016; 34

(5):769–87. https://doi.org/10.3233/RNN-160647 PMID: 27567755

3. Bach-y-Rita P. Sensory plasticity. Applications to a vision substitution system. Acta Neurol Scand.

1967; 43(4):417–26. https://doi.org/10.1111/j.1600-0404.1967.tb05747.x PMID: 5583047

4. Bach-y-Rita P, Collins CC, Saunders FA, White B, Scadden L. Vision substitution by tactile image pro-

jection. Nature. 1969; 221(5184):963–4. https://doi.org/10.1038/221963a0 PMID: 5818337

5. Cheung SH, Fang F, He S, Legge GE. Retinotopically specific reorganization of visual cortex for tactile

pattern recognition. Curr Biol. 2009; 19(7):596–601. https://doi.org/10.1016/j.cub.2009.02.063 PMID:

19361999

6. Sadato N. How the blind "see" Braille: lessons from functional magnetic resonance imaging. Neurosci-

entist. 2005; 11(6):577–82. https://doi.org/10.1177/1073858405277314 PMID: 16282598

PLOS ONE Lingual ETS perception is associated with fungiform papillae

PLOS ONE | https://doi.org/10.1371/journal.pone.0237142 August 7, 2020 20 / 24

https://doi.org/10.1163/22134808-00002561
http://www.ncbi.nlm.nih.gov/pubmed/31287085
https://doi.org/10.3233/RNN-160647
http://www.ncbi.nlm.nih.gov/pubmed/27567755
https://doi.org/10.1111/j.1600-0404.1967.tb05747.x
http://www.ncbi.nlm.nih.gov/pubmed/5583047
https://doi.org/10.1038/221963a0
http://www.ncbi.nlm.nih.gov/pubmed/5818337
https://doi.org/10.1016/j.cub.2009.02.063
http://www.ncbi.nlm.nih.gov/pubmed/19361999
https://doi.org/10.1177/1073858405277314
http://www.ncbi.nlm.nih.gov/pubmed/16282598
https://doi.org/10.1371/journal.pone.0237142


7. Reislev NL, Kupers R, Siebner HR, Ptito M, Dyrby TB. Blindness alters the microstructure of the ventral

but not the dorsal visual stream. Brain Struct Funct. 2016; 221(6):2891–903. https://doi.org/10.1007/

s00429-015-1078-8 PMID: 26134685

8. Kupers R, Ptito M. Compensatory plasticity and cross-modal reorganization following early visual depri-

vation. Neurosci Biobehav Rev. 2014; 41:36–52. https://doi.org/10.1016/j.neubiorev.2013.08.001

PMID: 23954750

9. De Volder AG, Toyama H, Kimura Y, Kiyosawa M, Nakano H, Vanlierde A, et al. Auditory triggered men-

tal imagery of shape involves visual association areas in early blind humans. Neuroimage. 2001; 14(1

Pt 1):129–39. https://doi.org/10.1006/nimg.2001.0782 PMID: 11525322

10. Nau AC, Murphy MC, Chan KC. Use of sensory substitution devices as a model system for investigating

cross-modal neuroplasticity in humans. Neural Regen Res. 2015; 10(11):1717–9. https://doi.org/10.

4103/1673-5374.169612 PMID: 26807088

11. Bubic A, Striem-Amit E, Amedi A. Large-scale brain plasticity following blindness and the use of sensory

substitution devices. Naumer MJ, Kaiser J, editors: Springer Science+Business Media, LLC; 2010.

12. Fu KM, Johnston TA, Shah AS, Arnold L, Smiley J, Hackett TA, et al. Auditory cortical neurons respond

to somatosensory stimulation. J Neurosci. 2003; 23(20):7510–5. https://doi.org/10.1523/JNEUROSCI.

23-20-07510.2003 PMID: 12930789

13. Wu C, Stefanescu RA, Martel DT, Shore SE. Listening to another sense: somatosensory integration in

the auditory system. Cell Tissue Res. 2015; 361(1):233–50. https://doi.org/10.1007/s00441-014-2074-

7 PMID: 25526698

14. Dehmel S, Cui YL, Shore SE. Cross-modal interactions of auditory and somatic inputs in the brainstem

and midbrain and their imbalance in tinnitus and deafness. Am J Audiol. 2008; 17(2):S193–209. https://

doi.org/10.1044/1059-0889(2008/07-0045) PMID: 19056923

15. Rolls ET, Grabenhorst F. The orbitofrontal cortex and beyond: from affect to decision-making. Prog

Neurobiol. 2008; 86(3):216–44. https://doi.org/10.1016/j.pneurobio.2008.09.001 PMID: 18824074

16. Shore SE. Multisensory integration in the dorsal cochlear nucleus: unit responses to acoustic and tri-

geminal ganglion stimulation. Eur J Neurosci. 2005; 21(12):3334–48. https://doi.org/10.1111/j.1460-

9568.2005.04142.x PMID: 16026471

17. Auer ET Jr., Bernstein LE, Sungkarat W, Singh M. Vibrotactile activation of the auditory cortices in deaf

versus hearing adults. Neuroreport. 2007; 18(7):645–8. https://doi.org/10.1097/WNR.

0b013e3280d943b9 PMID: 17426591

18. Glick H, Sharma A. Cross-modal plasticity in developmental and age-related hearing loss: Clinical impli-

cations. Hear Res. 2017; 343:191–201. https://doi.org/10.1016/j.heares.2016.08.012 PMID: 27613397

19. Karns CM, Stevens C, Dow MW, Schorr EM, Neville HJ. Atypical white-matter microstructure in con-

genitally deaf adults: A region of interest and tractography study using diffusion-tensor imaging. Hear

Res. 2017; 343:72–82. https://doi.org/10.1016/j.heares.2016.07.008 PMID: 27473505

20. Novich SD, Eagleman DM. Using space and time to encode vibrotactile information: toward an estimate

of the skin’s achievable throughput. Exp Brain Res. 2015; 233(10):2777–88. https://doi.org/10.1007/

s00221-015-4346-1 PMID: 26080756

21. Maidenbaum S, Hanassy S, Abboud S, Buchs G, Chebat DR, Levy-Tzedek S, et al. The "EyeCane", a

new electronic travel aid for the blind: Technology, behavior & swift learning. Restor Neurol Neurosci.

2014; 32(6):813–24. https://doi.org/10.3233/RNN-130351 PMID: 25201814

22. Cholewiak RW, Sherrick CE. Tracking skill of a deaf person with long-term tactile aid experience: a

case study. J Rehabil Res Dev. 1986; 23(2):20–6. PMID: 3723423

23. Galvin KL, Cowan RS, Sarant JZ, Alcantara JI, Blamey PJ, Clark GM. Use of a multichannel electrotac-

tile speech processor by profoundly hearing-impaired children in a total communication environment. J

Am Acad Audiol. 1991; 2(4):214–25. PMID: 1837739

24. Kim G, Okuno R, Yoshida M, Akazawa K. Sensory substitution system of two-channel electrotactile

stimulation for transmitting verbal information. Conf Proc IEEE Eng Med Biol Soc. 2004; 7:4948–51.

25. Lynch MP, Eilers RE, Oller DK, Cobo-Lewis A. Multisensory speech perception by profoundly hearing-

impaired children. J Speech Hear Disord. 1989; 54(1):57–67. https://doi.org/10.1044/jshd.5401.57

PMID: 2521682

26. Lynch MP, Eilers RE, Oller DK, Lavoie L. Speech perception by congenitally deaf subjects using an

electrocutaneous vocoder. J Rehabil Res Dev. 1988; 25(3):41–50. PMID: 2970542

27. Lynch MP, Eilers RE, Oller DK, Urbano RC, Pero PJ. Multisensory narrative tracking by a profoundly

deaf subject using an electrocutaneous vocoder and a vibrotactile aid. J Speech Hear Res. 1989; 32

(2):331–8. https://doi.org/10.1044/jshr.3202.331 PMID: 2739385

28. Oller DK, Payne SL, Gavin WJ. Tactual speech perception by minimally trained deaf subjects. J Speech

Hear Res. 1980; 23(4):769–78. https://doi.org/10.1044/jshr.2304.769 PMID: 6449633

PLOS ONE Lingual ETS perception is associated with fungiform papillae

PLOS ONE | https://doi.org/10.1371/journal.pone.0237142 August 7, 2020 21 / 24

https://doi.org/10.1007/s00429-015-1078-8
https://doi.org/10.1007/s00429-015-1078-8
http://www.ncbi.nlm.nih.gov/pubmed/26134685
https://doi.org/10.1016/j.neubiorev.2013.08.001
http://www.ncbi.nlm.nih.gov/pubmed/23954750
https://doi.org/10.1006/nimg.2001.0782
http://www.ncbi.nlm.nih.gov/pubmed/11525322
https://doi.org/10.4103/1673-5374.169612
https://doi.org/10.4103/1673-5374.169612
http://www.ncbi.nlm.nih.gov/pubmed/26807088
https://doi.org/10.1523/JNEUROSCI.23-20-07510.2003
https://doi.org/10.1523/JNEUROSCI.23-20-07510.2003
http://www.ncbi.nlm.nih.gov/pubmed/12930789
https://doi.org/10.1007/s00441-014-2074-7
https://doi.org/10.1007/s00441-014-2074-7
http://www.ncbi.nlm.nih.gov/pubmed/25526698
https://doi.org/10.1044/1059-0889%282008/07-0045%29
https://doi.org/10.1044/1059-0889%282008/07-0045%29
http://www.ncbi.nlm.nih.gov/pubmed/19056923
https://doi.org/10.1016/j.pneurobio.2008.09.001
http://www.ncbi.nlm.nih.gov/pubmed/18824074
https://doi.org/10.1111/j.1460-9568.2005.04142.x
https://doi.org/10.1111/j.1460-9568.2005.04142.x
http://www.ncbi.nlm.nih.gov/pubmed/16026471
https://doi.org/10.1097/WNR.0b013e3280d943b9
https://doi.org/10.1097/WNR.0b013e3280d943b9
http://www.ncbi.nlm.nih.gov/pubmed/17426591
https://doi.org/10.1016/j.heares.2016.08.012
http://www.ncbi.nlm.nih.gov/pubmed/27613397
https://doi.org/10.1016/j.heares.2016.07.008
http://www.ncbi.nlm.nih.gov/pubmed/27473505
https://doi.org/10.1007/s00221-015-4346-1
https://doi.org/10.1007/s00221-015-4346-1
http://www.ncbi.nlm.nih.gov/pubmed/26080756
https://doi.org/10.3233/RNN-130351
http://www.ncbi.nlm.nih.gov/pubmed/25201814
http://www.ncbi.nlm.nih.gov/pubmed/3723423
http://www.ncbi.nlm.nih.gov/pubmed/1837739
https://doi.org/10.1044/jshd.5401.57
http://www.ncbi.nlm.nih.gov/pubmed/2521682
http://www.ncbi.nlm.nih.gov/pubmed/2970542
https://doi.org/10.1044/jshr.3202.331
http://www.ncbi.nlm.nih.gov/pubmed/2739385
https://doi.org/10.1044/jshr.2304.769
http://www.ncbi.nlm.nih.gov/pubmed/6449633
https://doi.org/10.1371/journal.pone.0237142


29. Bach-y-Rita P, Kaczmarek KA, Tyler ME, Garcia-Lara J. Form perception with a 49-point electrotactile

stimulus array on the tongue: a technical note. J Rehabil Res Dev. 1998; 35(4):427–30. PMID:

10220221

30. Bach-y-Rita P, S WK. Sensory substitution and the human-machine interface. Trends Cogn Sci. 2003;

7(12):541–6. https://doi.org/10.1016/j.tics.2003.10.013 PMID: 14643370

31. Roux FE, Djidjeli I, Durand JB. Functional architecture of the somatosensory homunculus detected by

electrostimulation. J Physiol. 2018; 596(5):941–56. https://doi.org/10.1113/JP275243 PMID: 29285773

32. Trulsson M, Essick GK. Low-threshold mechanoreceptive afferents in the human lingual nerve. J Neu-

rophysiol. 1997; 77(2):737–48. https://doi.org/10.1152/jn.1997.77.2.737 PMID: 9065846

33. Trulsson M, Essick GK. Sensations evoked by microstimulation of single mechanoreceptive afferents

innervating the human face and mouth. J Neurophysiol. 2010; 103(4):1741–7. https://doi.org/10.1152/

jn.01146.2009 PMID: 20130037

34. Lass NJ, Kotchek CL, Deem JF. Oral two-point discrimination: further evidence of asymmetry on right

and left sides of selected oral structures. Percept Mot Skills. 1972; 35(1):59–67. https://doi.org/10.2466/

pms.1972.35.1.59 PMID: 5054067

35. Moritz J Jr., Turk P, Williams JD, Stone-Roy LM. Perceived Intensity and Discrimination Ability for Lin-

gual Electrotactile Stimulation Depends on Location and Orientation of Electrodes. Front Hum Neurosci.

2017; 11:186. https://doi.org/10.3389/fnhum.2017.00186 PMID: 28484380

36. Won SY, Kim HK, Kim ME, Kim KS. Two-point discrimination values vary depending on test site, sex

and test modality in the orofacial region: a preliminary study. J Appl Oral Sci. 2017; 25(4):427–35.

https://doi.org/10.1590/1678-7757-2016-0462 PMID: 28877282

37. Bach-y-Rita P, Danilov YP, Tyler ME, Grimm RJ. Late human brain plasticity: vestibular substitution

with a tongue BrainPort human-machine interface. Intellectica. 2005; 40:115–22.

38. Barros CG, Bittar RS, Danilov Y. Effects of electrotactile vestibular substitution on rehabilitation of

patients with bilateral vestibular loss. Neurosci Lett. 2010; 476(3):123–6. https://doi.org/10.1016/j.

neulet.2010.04.012 PMID: 20398733

39. Diot B, Halavackova P, Demongeot J, Vuillerme N. Sensory substitution for balance control using a ves-

tibular-to-tactile device. Multisens Res. 2014; 27(5–6):313–36. https://doi.org/10.1163/22134808-

00002458 PMID: 25693299

40. Tyler M, Danilov Y, Bach YRP. Closing an open-loop control system: vestibular substitution through the ton-

gue. J Integr Neurosci. 2003; 2(2):159–64. https://doi.org/10.1142/s0219635203000263 PMID: 15011268

41. Vuillerme N, Boisgontier M. Effectiveness of a tongue-placed electrotactile biofeedback to improve

ankle force sense following plantar-flexor muscles fatigue. Gait Posture. 2009; 30(4):556–9. https://doi.

org/10.1016/j.gaitpost.2009.07.124 PMID: 19726192

42. Vuillerme N, Chenu O, Demongeot J, Payan Y. Controlling posture using a plantar pressure-based, ton-

gue-placed tactile biofeedback system. Exp Brain Res. 2007; 179(3):409–14. https://doi.org/10.1007/

s00221-006-0800-4 PMID: 17136521

43. Vuillerme N, Hlavackova P, Franco C, Diot B, Demongeot J, Payan Y. Can an electro-tactile vestibular

substitution system improve balance in patients with unilateral vestibular loss under altered somatosen-

sory conditions from the foot and ankle? Conf Proc IEEE Eng Med Biol Soc. 2011; 2011:1323–6.

https://doi.org/10.1109/IEMBS.2011.6090311 PMID: 22254560

44. Vuillerme N, Pinsault N, Chenu O, Fleury A, Payan Y, Demongeot J. A wireless embedded tongue tac-

tile biofeedback system for balance control. Pervasive Mob Comput. 2009; 5(3):268–75.

45. Wildenberg JC, Tyler ME, Danilov YP, Kaczmarek KA, Meyerand ME. Altered connectivity of the bal-

ance processing network after tongue stimulation in balance-impaired individuals. Brain Connect. 2013;

3(1):87–97. https://doi.org/10.1089/brain.2012.0123 PMID: 23216162

46. Yamanaka T, Sawai Y, Murai T, Nishimura T, Kitahara T. Long-term effects of electrotactile sensory

substitution therapy on balance disorders. Neuroreport. 2016; 27(10):744–8. https://doi.org/10.1097/

WNR.0000000000000606 PMID: 27213931

47. Kim Y, Harders M, Gassert R. Identification of Vibrotactile Patterns Encoding Obstacle Distance Infor-

mation. IEEE Trans Haptics. 2015; 8(3):298–305. https://doi.org/10.1109/TOH.2015.2415213 PMID:

25807569

48. Danilov Y, Tyler M. Brainport: an alternative input to the brain. J Integr Neurosci. 2005; 4(4):537–50.

https://doi.org/10.1142/s0219635205000914 PMID: 16385646

49. Wilson JA, Walton LM, Tyler M, Williams J. Lingual electrotactile stimulation as an alternative sensory

feedback pathway for brain-computer interface applications. J Neural Eng. 2012; 9(4):045007. https://

doi.org/10.1088/1741-2560/9/4/045007 PMID: 22832032

PLOS ONE Lingual ETS perception is associated with fungiform papillae

PLOS ONE | https://doi.org/10.1371/journal.pone.0237142 August 7, 2020 22 / 24

http://www.ncbi.nlm.nih.gov/pubmed/10220221
https://doi.org/10.1016/j.tics.2003.10.013
http://www.ncbi.nlm.nih.gov/pubmed/14643370
https://doi.org/10.1113/JP275243
http://www.ncbi.nlm.nih.gov/pubmed/29285773
https://doi.org/10.1152/jn.1997.77.2.737
http://www.ncbi.nlm.nih.gov/pubmed/9065846
https://doi.org/10.1152/jn.01146.2009
https://doi.org/10.1152/jn.01146.2009
http://www.ncbi.nlm.nih.gov/pubmed/20130037
https://doi.org/10.2466/pms.1972.35.1.59
https://doi.org/10.2466/pms.1972.35.1.59
http://www.ncbi.nlm.nih.gov/pubmed/5054067
https://doi.org/10.3389/fnhum.2017.00186
http://www.ncbi.nlm.nih.gov/pubmed/28484380
https://doi.org/10.1590/1678-7757-2016-0462
http://www.ncbi.nlm.nih.gov/pubmed/28877282
https://doi.org/10.1016/j.neulet.2010.04.012
https://doi.org/10.1016/j.neulet.2010.04.012
http://www.ncbi.nlm.nih.gov/pubmed/20398733
https://doi.org/10.1163/22134808-00002458
https://doi.org/10.1163/22134808-00002458
http://www.ncbi.nlm.nih.gov/pubmed/25693299
https://doi.org/10.1142/s0219635203000263
http://www.ncbi.nlm.nih.gov/pubmed/15011268
https://doi.org/10.1016/j.gaitpost.2009.07.124
https://doi.org/10.1016/j.gaitpost.2009.07.124
http://www.ncbi.nlm.nih.gov/pubmed/19726192
https://doi.org/10.1007/s00221-006-0800-4
https://doi.org/10.1007/s00221-006-0800-4
http://www.ncbi.nlm.nih.gov/pubmed/17136521
https://doi.org/10.1109/IEMBS.2011.6090311
http://www.ncbi.nlm.nih.gov/pubmed/22254560
https://doi.org/10.1089/brain.2012.0123
http://www.ncbi.nlm.nih.gov/pubmed/23216162
https://doi.org/10.1097/WNR.0000000000000606
https://doi.org/10.1097/WNR.0000000000000606
http://www.ncbi.nlm.nih.gov/pubmed/27213931
https://doi.org/10.1109/TOH.2015.2415213
http://www.ncbi.nlm.nih.gov/pubmed/25807569
https://doi.org/10.1142/s0219635205000914
http://www.ncbi.nlm.nih.gov/pubmed/16385646
https://doi.org/10.1088/1741-2560/9/4/045007
https://doi.org/10.1088/1741-2560/9/4/045007
http://www.ncbi.nlm.nih.gov/pubmed/22832032
https://doi.org/10.1371/journal.pone.0237142


50. Kaczmarek KA. The tongue display unit (TDU) for electrotactile spatiotemporal pattern presentation.

Sci Iran D Comput Sci Eng Electr Eng. 2011; 18(6):1476–85. https://doi.org/10.1016/j.scient.2011.08.

020 PMID: 28748231

51. Chebat DR, Rainville C, Kupers R, Ptito M. Tactile-’visual’ acuity of the tongue in early blind individuals.

Neuroreport. 2007; 18(18):1901–4. https://doi.org/10.1097/WNR.0b013e3282f2a63 PMID: 18007183

52. Caltenco HA, Lontis ER, Bentsen B, Andreasen Struijk LN. Effects of sensory feedback in intra-oral tar-

get selection tasks with the tongue. Disabil Rehabil Assist Technol. 2013; 8(4):330–9. https://doi.org/10.

3109/17483107.2012.699991 PMID: 22779705

53. Robineau F, Boy F, Orliaguet JP, Demongeot J, Payan Y. Guiding the surgical gesture using an electro-

tactile stimulus array on the tongue: a feasibility study. IEEE Trans Biomed Eng. 2007; 54(4):711–7.

https://doi.org/10.1109/TBME.2006.889180 PMID: 17405378

54. Haggard P, de Boer L. Oral somatosensory awareness. Neurosci Biobehav Rev. 2014; 47:469–84.

https://doi.org/10.1016/j.neubiorev.2014.09.015 PMID: 25284337

55. Mistretta CM, Kumari A. Tongue and Taste Organ Biology and Function: Homeostasis Maintained by

Hedgehog Signaling. Annu Rev Physiol. 2017; 79:335–56. https://doi.org/10.1146/annurev-physiol-

022516-034202 PMID: 28192057

56. Pagella P, Jimenez-Rojo L, Mitsiadis TA. Roles of innervation in developing and regenerating orofacial

tissues. Cell Mol Life Sci. 2014; 71(12):2241–51. https://doi.org/10.1007/s00018-013-1549-0 PMID:

24395053

57. Hagura N, Barber H, Haggard P. Food vibrations: Asian spice sets lips trembling. Proc Biol Sci. 2013;

280(1770):20131680. https://doi.org/10.1098/rspb.2013.1680 PMID: 24026819

58. Watanabe IS, Dias FJ, Mardegan Issa JP, dos Santos Haemmerle CA, Cury DP, Takada SH, et al.

Immunohistochemistry and ultrastructural characteristics of nerve endings in the oral mucosa of rat.

Microscopy (Oxf). 2013; 62(2):259–70.

59. Astback J, Arvidson K, Johansson O. Neurochemical markers of human fungiform papillae and taste

buds. Regul Pept. 1995; 59(3):389–98. https://doi.org/10.1016/0167-0115(95)00107-m PMID:

8577944

60. Mistretta CM, Liu HX. Development of fungiform papillae: patterned lingual gustatory organs. Arch His-

tol Cytol. 2006; 69(4):199–208. https://doi.org/10.1679/aohc.69.199 PMID: 17287575

61. Whitehead MC, Beeman CS, Kinsella BA. Distribution of taste and general sensory nerve endings in

fungiform papillae of the hamster. Am J Anat. 1985; 173(3):185–201. https://doi.org/10.1002/aja.

1001730304 PMID: 20726120

62. Farbman AI, Mbiene JP. Early development and innervation of taste bud-bearing papillae on the rat ton-

gue. J Comp Neurol. 1991; 304(2):172–86. https://doi.org/10.1002/cne.903040203 PMID: 2016415

63. Bartoshuk LM, Duffy VB, Miller IJ. PTC/PROP tasting: anatomy, psychophysics, and sex effects. Phy-

siol Behav. 1994; 56(6):1165–71. https://doi.org/10.1016/0031-9384(94)90361-1 PMID: 7878086

64. Miller IJ Jr., Reedy FE Jr. Variations in human taste bud density and taste intensity perception. Physiol

Behav. 1990; 47(6):1213–9. https://doi.org/10.1016/0031-9384(90)90374-d PMID: 2395927

65. Essick GK, Chopra A, Guest S, McGlone F. Lingual tactile acuity, taste perception, and the density and

diameter of fungiform papillae in female subjects. Physiol Behav. 2003; 80(2–3):289–302. https://doi.

org/10.1016/j.physbeh.2003.08.007 PMID: 14637228

66. Bangcuyo RG, Simons CT. Lingual tactile sensitivity: effect of age group, sex, and fungiform papillae

density. Exp Brain Res. 2017; 235(9):2679–88. https://doi.org/10.1007/s00221-017-5003-7 PMID:

28589232

67. Miller SL, Mirza N, Doty RL. Electrogustometric thresholds: relationship to anterior tongue locus, area of

stimulation, and number of fungiform papillae. Penn Dent J (Phila). 2002; 102:6–7, 31–2.

68. Hall MJ, Bartoshuk LM, Cain WS, Stevens JC. PTC taste blindness and the taste of caffeine. Nature.

1975; 253(5491):442–3. https://doi.org/10.1038/253442a0 PMID: 1110790

69. Karrer T, Bartoshuk L. Capsaicin desensitization and recovery on the human tongue. Physiol Behav.

1991; 49(4):757–64. https://doi.org/10.1016/0031-9384(91)90315-f PMID: 1881981

70. Prescott J, Swain-Campbell N. Responses to repeated oral irritation by capsaicin, cinnamaldehyde and

ethanol in PROP tasters and non-tasters. Chem Senses. 2000; 25(3):239–46. https://doi.org/10.1093/

chemse/25.3.239 PMID: 10866983

71. Maeyama T, Plattig KH. Minimal two-point discrimination in human tongue and palate. Am J Otolaryn-

gol. 1989; 10(5):342–4. https://doi.org/10.1016/0196-0709(89)90110-5 PMID: 2817250

72. Tyler ME, Braun JG, Danilov YP. Spatial mapping of electrotactile sensation threshold and intensity

range on the human tongue: initial results. Conf Proc IEEE Eng Med Biol Soc. 2009; 2009:559–62.

https://doi.org/10.1109/IEMBS.2009.5334556 PMID: 19964939

PLOS ONE Lingual ETS perception is associated with fungiform papillae

PLOS ONE | https://doi.org/10.1371/journal.pone.0237142 August 7, 2020 23 / 24

https://doi.org/10.1016/j.scient.2011.08.020
https://doi.org/10.1016/j.scient.2011.08.020
http://www.ncbi.nlm.nih.gov/pubmed/28748231
https://doi.org/10.1097/WNR.0b013e3282f2a63
http://www.ncbi.nlm.nih.gov/pubmed/18007183
https://doi.org/10.3109/17483107.2012.699991
https://doi.org/10.3109/17483107.2012.699991
http://www.ncbi.nlm.nih.gov/pubmed/22779705
https://doi.org/10.1109/TBME.2006.889180
http://www.ncbi.nlm.nih.gov/pubmed/17405378
https://doi.org/10.1016/j.neubiorev.2014.09.015
http://www.ncbi.nlm.nih.gov/pubmed/25284337
https://doi.org/10.1146/annurev-physiol-022516-034202
https://doi.org/10.1146/annurev-physiol-022516-034202
http://www.ncbi.nlm.nih.gov/pubmed/28192057
https://doi.org/10.1007/s00018-013-1549-0
http://www.ncbi.nlm.nih.gov/pubmed/24395053
https://doi.org/10.1098/rspb.2013.1680
http://www.ncbi.nlm.nih.gov/pubmed/24026819
https://doi.org/10.1016/0167-0115%2895%2900107-m
http://www.ncbi.nlm.nih.gov/pubmed/8577944
https://doi.org/10.1679/aohc.69.199
http://www.ncbi.nlm.nih.gov/pubmed/17287575
https://doi.org/10.1002/aja.1001730304
https://doi.org/10.1002/aja.1001730304
http://www.ncbi.nlm.nih.gov/pubmed/20726120
https://doi.org/10.1002/cne.903040203
http://www.ncbi.nlm.nih.gov/pubmed/2016415
https://doi.org/10.1016/0031-9384%2894%2990361-1
http://www.ncbi.nlm.nih.gov/pubmed/7878086
https://doi.org/10.1016/0031-9384%2890%2990374-d
http://www.ncbi.nlm.nih.gov/pubmed/2395927
https://doi.org/10.1016/j.physbeh.2003.08.007
https://doi.org/10.1016/j.physbeh.2003.08.007
http://www.ncbi.nlm.nih.gov/pubmed/14637228
https://doi.org/10.1007/s00221-017-5003-7
http://www.ncbi.nlm.nih.gov/pubmed/28589232
https://doi.org/10.1038/253442a0
http://www.ncbi.nlm.nih.gov/pubmed/1110790
https://doi.org/10.1016/0031-9384%2891%2990315-f
http://www.ncbi.nlm.nih.gov/pubmed/1881981
https://doi.org/10.1093/chemse/25.3.239
https://doi.org/10.1093/chemse/25.3.239
http://www.ncbi.nlm.nih.gov/pubmed/10866983
https://doi.org/10.1016/0196-0709%2889%2990110-5
http://www.ncbi.nlm.nih.gov/pubmed/2817250
https://doi.org/10.1109/IEMBS.2009.5334556
http://www.ncbi.nlm.nih.gov/pubmed/19964939
https://doi.org/10.1371/journal.pone.0237142


73. Sakamoto K, Nakata H, Inui K, Perrucci MG, Del Gratta C, Kakigi R, et al. A difference exists in somato-

sensory processing between the anterior and posterior parts of the tongue. Neurosci Res. 2010; 66

(2):173–9. https://doi.org/10.1016/j.neures.2009.10.013 PMID: 19896988

74. Sakamoto K, Nakata H, Yumoto M, Kakigi R. Somatosensory processing of the tongue in humans.

Front Physiol. 2010; 1:136. https://doi.org/10.3389/fphys.2010.00136 PMID: 21423377

75. Nuessle TM, Garneau NL, Sloan MM, Santorico SA. Denver Papillae Protocol for Objective Analysis of

Fungiform Papillae. J Vis Exp. 2015(100):e52860. https://doi.org/10.3791/52860 PMID: 26131644

76. Moritz JA. Evaluation of electrical tongue stimulationfor communication of audio information to the

brain: Colorado State University; 2017.

77. Bartoshuk LM, Duffy VB, Green BG, Hoffman HJ, Ko CW, Lucchina LA, et al. Valid across-group com-

parisons with labeled scales: the gLMS versus magnitude matching. Physiol Behav. 2004; 82(1):109–

14. https://doi.org/10.1016/j.physbeh.2004.02.033 PMID: 15234598

78. Green BG, Shaffer GS, Gilmore MM. Derivation and Evaluation of a Semantic Scale of Oral Sensation

Magnitude with Apparent Ratio Properties. Chemical Senses. 1993; 18(6):683–702.

79. Miller IJ Jr. Variation in human fungiform taste bud densities among regions and subjects. Anat Rec.

1986; 216(4):474–82. https://doi.org/10.1002/ar.1092160404 PMID: 3799995

80. Dinehart ME, Hayes JE, Bartoshuk LM, Lanier SL, Duffy VB. Bitter taste markers explain variability in

vegetable sweetness, bitterness, and intake. Physiol Behav. 2006; 87(2):304–13. https://doi.org/10.

1016/j.physbeh.2005.10.018 PMID: 16368118

81. Catanzaro D, Chesbro EC, Velkey AJ. Relationship between food preferences and PROP taster status

of college students. Appetite. 2013; 68:124–31. https://doi.org/10.1016/j.appet.2013.04.025 PMID:

23648895

82. Duffy VB, Hayes JE, Davidson AC, Kidd JR, Kidd KK, Bartoshuk LM. Vegetable Intake in College-Aged

Adults Is Explained by Oral Sensory Phenotypes and TAS2R38 Genotype. Chemosens Percept. 2010;

3(3–4):137–48. https://doi.org/10.1007/s12078-010-9079-8 PMID: 21157576

83. Duffy VB, Peterson JM, Bartoshuk LM. Associations between taste genetics, oral sensation and alcohol

intake. Physiol Behav. 2004; 82(2–3):435–45. https://doi.org/10.1016/j.physbeh.2004.04.060 PMID:

15276808

84. Moayedi Y, Duenas-Bianchi LF, Lumpkin EA. Somatosensory innervation of the oral mucosa of adult

and aging mice. Sci Rep. 2018; 8(1):9975. https://doi.org/10.1038/s41598-018-28195-2 PMID:

29967482

85. Mistretta CM, Kumari A. Hedgehog Signaling Regulates Taste Organs and Oral Sensation: Distinctive

Roles in the Epithelium, Stroma, and Innervation. Int J Mol Sci. 2019; 20(6).

86. Suemune S, Nishimori T, Hosoi M, Suzuki Y, Tsuru H, Kawata T, et al. Trigeminal nerve endings of lin-

gual mucosa and musculature of the rat. Brain Res. 1992; 586(1):162–5. https://doi.org/10.1016/0006-

8993(92)91389-v PMID: 1380878

PLOS ONE Lingual ETS perception is associated with fungiform papillae

PLOS ONE | https://doi.org/10.1371/journal.pone.0237142 August 7, 2020 24 / 24

https://doi.org/10.1016/j.neures.2009.10.013
http://www.ncbi.nlm.nih.gov/pubmed/19896988
https://doi.org/10.3389/fphys.2010.00136
http://www.ncbi.nlm.nih.gov/pubmed/21423377
https://doi.org/10.3791/52860
http://www.ncbi.nlm.nih.gov/pubmed/26131644
https://doi.org/10.1016/j.physbeh.2004.02.033
http://www.ncbi.nlm.nih.gov/pubmed/15234598
https://doi.org/10.1002/ar.1092160404
http://www.ncbi.nlm.nih.gov/pubmed/3799995
https://doi.org/10.1016/j.physbeh.2005.10.018
https://doi.org/10.1016/j.physbeh.2005.10.018
http://www.ncbi.nlm.nih.gov/pubmed/16368118
https://doi.org/10.1016/j.appet.2013.04.025
http://www.ncbi.nlm.nih.gov/pubmed/23648895
https://doi.org/10.1007/s12078-010-9079-8
http://www.ncbi.nlm.nih.gov/pubmed/21157576
https://doi.org/10.1016/j.physbeh.2004.04.060
http://www.ncbi.nlm.nih.gov/pubmed/15276808
https://doi.org/10.1038/s41598-018-28195-2
http://www.ncbi.nlm.nih.gov/pubmed/29967482
https://doi.org/10.1016/0006-8993%2892%2991389-v
https://doi.org/10.1016/0006-8993%2892%2991389-v
http://www.ncbi.nlm.nih.gov/pubmed/1380878
https://doi.org/10.1371/journal.pone.0237142

