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Abstract

Purpose: Neuroplasticity may be enhanced by increasing brain activation and

bloodflow in neural regions relevant to the target behavior.We administered precisely

formulated and dosed taste stimuli to determine whether the associated brain activity

patterns included areas that underlie swallowing control.

Methods: Five taste stimuli (unflavored, sour, sweet-sour, lemon, and orange suspen-

sions) were administered in timing-regulated and temperature-controlled 3 mL doses

via a customized pump/tubing system to 21 healthy adults during functional magnetic

resonance imaging (fMRI).Whole-brain analyses of fMRI data assessedmain effects of

taste stimulation as well as differential effects of taste profile.

Results: Differences in brain activity associated with taste stimulation overall as well

as specific stimulus type were observed in key taste and swallowing regions includ-

ing the orbitofrontal cortex, insula, cingulate, and pre- and postcentral gyri. Overall,

taste stimulationelicited increasedactivation in swallowing-relatedbrain regions com-

pared to unflavored trials. Different patterns of blood oxygen level-dependent (BOLD)

signal were noted by taste profile. For most areas, sweet-sour and sour trials elicited

increases in BOLD compared to unflavored trials within that region, whereas lemon

andorange trials yielded reductions inBOLD.Thiswasdespite identical concentrations

of citric acid and sweetener in the lemon, orange, and sweet-sour solutions.

Conclusions: These results suggest that neural activity in swallowing-relevant regions

can be amplified with taste stimuli and may be differentially affected by specific prop-

erties within very similar taste profiles. These findings provide critical foundational

information for interpreting disparities in previous studies of taste effects on brain

activity and swallowing function, defining optimal stimuli to increase brain activity

in swallowing-relevant regions, and harnessing taste to enhance neuroplasticity and

recovery for persons with swallowing disorders.
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1 INTRODUCTION

For persons who develop neurogenic dysphagia, estimated to be

400,000–800,000 annually in the United States alone, the goal of

restoring safe swallow function becomes a primary factor in resuming

their former independence and quality of life (Panebianco et al., 2020).

Rehabilitation of neurologically based swallowing disorders focuses

on adaptation of the swallowing system. Historically, clinical interven-

tion for dysphagia has mostly focused on peripheral adaptation, which

might be achieved with strength-based modalities such as tongue

press against resistance, exhalation against resistance, tongue-hold

exercises, and head-lifting exercises (Namasivayam-MacDonald et al.,

2022). There is reasonable evidence that such approaches increase the

amplitude of muscle contractions, but it is less clear whether these

enhancements translate to improved swallowing function (McKenna

et al., 2017; Smaoui et al., 2020).

More centrally focused adaptation targets neuroplasticity, a reor-

ganization of the neural underpinnings of the behavior of interest. It

is well-established that neuroplastic changes and motor relearning of

complex behavior sequences such as swallowing rely on high-quality,

high-repetition training that is salient to the targeted skill (Kleim &

Jones, 2008; Schmidt & Wrisberg, 2004; Zimmerman et al., 2020).

Repeatedly performing the behavior reinforces the underlying neural

patterns and pathways, increasing the reliability and efficiency of the

motor sequence. Additionally, the notion ofmetaplasticity suggests the

synaptic state of neurons—and thus neuroplasticity—canbe influenced

by activity-dependent stimulation that enhances the excitability of

neurons (Abraham& Bear, 1996; Bienenstock et al., 1982). When such

stimulation immediately precedes the salient high-repetition training,

it helps prime relevant clusters of neurons to fire together (Huang

et al., 1992). These synaptic clusters become more cohesive, even-

tually influencing connectivity within and across regions to facilitate

reorganization of the neural network underlying the target behavior.

Thus, preswallow stimulation that successfully activates the neural

areas involved in swallowing may give each practice swallow more

rehabilitative potential.

A number of adjunctive therapies have been explored as potential

modulators of cortical excitability in swallowing-related areas. Direct

means of modulating neural activity such as transcranial direct current

stimulation (tDCS) and repetitive transcranial magnetic stimulation

(rTMS) have shown promise for swallowing rehabilitation (Du et al.,

2016; Papadopoulou et al., 2018; Pisegna et al., 2016). Somatosensory

stimulation via vibration and electrical stimulation are linked to imme-

diate increases in cerebral bloodflow and neural activity in sensory-

and motor-related cortical regions, suggesting metaplastic potential

(Clark et al., 2009; Ludlow, 2010; Mulheren & Ludlow, 2017). How-

ever, these modalities are often unavailable in clinical settings and

their long-term effects on neuroplasticity have not yet been defined.

More swallowing-salient and readily available options for manipu-

lating metaplasticity include sensory changes to the bolus itself, via

temperature (Regan, 2020; Sciortino et al., 2003), carbonation and

chemesthesis (Plonk et al., 2011; Todd et al., 2012), and taste (Babaei

et al., 2010; Dietsch et al., 2019a; Logemann et al., 1995). In particu-

lar, taste stimulation has been linked to enhanced cortical activity in

sensory andmotor brain regions for swallowing in some studies (Abdul

Wahab et al., 2010; Babaei et al., 2010; Dietsch et al., 2019b;Mulheren

et al., 2016), and to more normalized swallowing kinematics in others

(Dietsch et al., 2019a; Nagy et al., 2014; Pelletier & Dhanaraj, 2006).

The latter is important in that neurostimulation approaches should

also stabilizemore normalized patterns of swallowingmovementwhile

avoiding anymaladaptive ones.

Taste stimulation as an adjuvant to traditional motor-based inter-

ventions is appealing because of its obvious salience to the act of

swallowing, as well as significant overlap in cortical areas involved in

the processing of taste sensation and the control of swallowing. Taste

stimulation and sensitivity has been linked to activation in the primary

gustatory cortex within the anterior insula, secondary gustatory cor-

tex within the orbitofrontal cortex, oral and pharyngeal regions of the

primary and secondary somatosensory cortices, and anterior cingu-

late cortex, among other regions (de Araujo et al., 2012; Eldeghaidy

et al., 2011; van den Bosch et al., 2014). Swallowing is mediated by a

complex neural network including cortical and subcortical structures

such as the lateral inferior primary motor and somatosensory cortices

(associated with oral/pharyngeal/laryngeal structures), premotor cor-

tex, supplementary motor area, superior temporal gyrus, middle and

inferior orbitofrontal gyri, insula, anterior cingulate cortex, thalamus,

basal ganglia, and portions of the cerebellum (Kober, 2018; Kober et al.,

2019; Malandraki et al., 2009; Martin et al., 2001, 2004). Additional

brainstem structures such as the rostral nucleus tractus solitarius are

also relevant for swallowing but are less amenable to neuroimaging

in humans (Beckstead & Norgren, 1979). Thus, taste stimulation may

effectively prime key areas of overlap including the anterior insula,

orbitofrontal cortex, cingulate, and lateral somatosensory cortices,

which then feed forward through the rest of the swallowing network

to yield enhancedmotor responses during subsequent swallows.

Despite this foundational support for the potential benefits of taste

stimulation in dysphagia rehabilitation, clinical application has been

stymied by the variability within the existing literature. First, many

different taste stimuli have been trialed, with some more controlled

than others in terms of composition, temperature, viscosity, and vol-

ume among other potentially relevant factors (Babaei et al., 2010;

Dietsch et al., 2019a; Plonk et al., 2011; Sciortino et al., 2003). Another

key limitation in translating taste-related research to clinical practice

is in the range of swallowing-related outcomes reported, from rat-

ings of airway compromise to detailed kinematic and morphometric

data, electromyography, manometry, perceptual ratings, and various

neuroimaging measures (Abdul Wahab et al., 2010; Mulheren et al.,

2016, 2022; Regan, 2020; Sciortino et al., 2003). Furthermore, only a

few studies assessed the same taste profiles across multiple outcome

types that are relevant to neurorehabilitative potential. This variabil-

ity makes it difficult to synthesize or extrapolate information across

studies to arrive at clear clinical guidance.

In contrast, the specific taste solutions included in the current study

were selected because they have previously been associated with
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immediate and beneficial changes to swallowing physiology in healthy

and dysphagic participants as well as consistent perceptions regard-

ing intensity and pleasantness (Dietsch et al., 2014, 2019a, 2019b;

Nagy et al., 2014; Toddet al., 2012).While these desirable physiological

adaptations are an important aspect of justifying a rehabilitation strat-

egy, the next step is to determine if these same stimulimight contribute

to longer-term neuroplastic changes in the swallowing network.

To address this challenge, we designed an overarching project to

systematically assess the neurological and behavioral effects of multi-

ple precisely controlled taste stimulation in healthy individuals across

ages and sexes. As previously reported, we identified that stimulus

type and genetic taster status (GTS), an inherited relative sensitivity to

taste properties linked to the TAS2R38 gene (Bartoshuk, 2000), inter-

act such that specific tastants elicit different reactions in some taster

profiles compared to others, in terms of brain activity and swallowing

morphometrics (Dietsch et al., 2019b). However, GTS is not typically

assessed in clinical settings. Therefore, it is important to consider the

main effects of taste stimuli on neural activity (excluding GTS as a

variable of non-interest) as a potential means for enhancing neurore-

habilitation of swallowing. Therefore, the current analysis sought to

address two hypotheses:

H1: Regions associated with both taste processing and swallow-

ing such as the anterior insula, orbitofrontal cortex, oral subregions of

the somatosensory cortices, and anterior cingulate will exhibit differ-

ent patterns of BOLD signal activity during stimulation with the four

selected taste solutions compared to water trials.

H2: In these and other brain regions relevant to taste and swal-

lowing, BOLD signal patterns will differ across the various taste

stimuli.

2 METHODS

2.1 Participants

We recruited healthy women and men 19–49 years of age (Kennedy

et al., 2010) who had no history of any condition that might have

affected taste, swallowing, or underlying neurological status, includ-

ing any orofacial injuries or surgeries (with the exception of routine

wisdom tooth extractions). Furthermore, potential participants com-

pletedanMRI safety screening to ruleout anyonewith implantedmetal

or other conditions that would contraindicate MRI. Informed consent

to the study protocol (as approved by the investigators’ Institutional

Review Board #16267) was obtained from all participants. Twenty-

one persons were included in the final dataset (mean age 27.66 years;

11 women and 10 men; 6 supertasters, 6 midtasters, 9 nontasters as

determined by PROP testing [Smutzer et al., 2013]; see Dietsch et al.,

2019b for additional details). The distribution of genetic taster types

is consistent with previously reported findings regarding the interac-

tion of sex and GTS (Bartoshuk et al., 1994). All participants confirmed

that theyhadnot consumedany food/liquidnor tobaccoproducts for at

least 2 h prior to study participation, since satiety may influence neu-

ral responses to bolus stimuli (de Araujo et al., 2003). The body mass

index of participants averaged 24.32, with participants spanning the

underweight (N = 1), healthy weight (N = 11), and overweight (N = 9)

categories as defined by the Centers for Disease Control and Preven-

tion (CDC https://www.cdc.gov/obesity/basics/adult-defining.html) in

a distribution consistent with the general US adult population (Flegal

et al., 2012).

2.2 Stimuli

For the fMRI dataset, five different liquids were prepared and admin-

istered. Taste stimuli included an intense sour (2.7% w/v citric acid), a

sweet-sour mixture (1.11% w/v citric acid + 8% w/v sucrose), and two

variations on the sweet-sour: anorange (1.11%w/v citric acid+8%w/v

sucrose + 1% v/v orange extract) and a lemon (1.11% w/v citric acid +

8%w/v sucrose+ 1%v/v lemon extract) solution (Dietsch et al., 2019b;

McBride & Johnson, 1987; Pelletier et al., 2004). All solutions were

prepared in distilled water using food- or pharmaceutical-grade com-

ponents. Plain distilledwaterwas used as a control condition. Although

some studies suggest that water does have an appreciable “taste” (de

Araujo et al., 2003; Rosen et al., 2010), the alternative control condi-

tion of no bolus presentation introduced additional differences in oral

stimulation (such as somatosensory and temperature) compared to the

taste trials which would have confounded results.

2.3 Data collection

The neuroimaging data for this study were collected using a Siemens

3T Magnetom Skyra with 32-channel head coil over 4 runs of multi-

band fMRI (Gradient-echo T2*-weighted sparse echo-planar imaging

pulse sequence measuring blood oxygen level-dependent (BOLD) sig-

nals with parameters: acquisition time per run = 6.93 min, GRAPPA,

R = 2, voxel size 2.5 × 2.5 × 2.5 mm3, field of view = 210 mm,

phase encoding = anterior-posterior, TR = 1s, TE = 29.8 ms, flip

angle = 60o, bandwidth = 2055 matrix size = 84 × 84, multiband

acceleration factor = 3). A high-resolution anatomical image was also

collected for precise alignment during image analysis (T1: acquisition

time = 6:03 min, GRAPPA, R = 2, voxel size = 1 × 1 × 1 mm3, field

of view = 256 mm, phase encoding = anterior-posterior, TR = 2.2 s,

TE = 3.37 ms, TI = 991 ms, flip angle = 7o, bandwidth = 200 Hz, echo

spacing= 7.9ms).

During acquisition of the task-based fMRI, precisely timed 3 mL

boluses of taste stimuli with intervening rinses were administered in a

counterbalanced order via a customized delivery system. A PowerLab

16/35 (AD Instruments, Colorado Springs CO) and LabChart software

(V. 8.1.13, AD Instruments, Colorado Springs CO) recorded TR pulses

from the scanner, provided visual cues to the participants in the scan-

ner, and controlled an array of modular pumps (Harvard Apparatus,

Holliston MA). These pumps dispensed the liquids through a length of

tubing (Skarda 1/8″ OD clear food-grade urethane), the end of which

was secured to the participant’s lower face with medical tape such

that the tip of the tubing was positioned in the anterior portion of the
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F IGURE 1 Each functional run included a sequence of four blocks (conditions A-D, R= rinses between blocks).Within each block (expanded
viewwith timeline), the participant received four trials of the same taste solution. Four counterbalanced functional runs were completed per
participant, andmultiband volumes were collected every one second throughout the run. Reprinted fromDietsch et al. (2019b). Genetic taster
status as amediator of neural activity and swallowingmechanics in healthy adults. Frontiers in Neuroscience, 13(1328), p. 4. Reprinted with
permission.

participant’s oral cavity. Each condition block included four doses of

the same taste solution (3 mL over 5 s each), with 15–30 s between

onset of trials (see Figure 1). Each block was followed by a series of

rinses via distilled water, administered through the same pump sys-

tem. Because the shape of HDR specific to taste stimulation had not

been previously reported in the literature (at the time of study design),

the first interstimulus interval was a full 25 s to allow analysis of the

completeHDRwithout interference from a subsequent stimulus. Anal-

ysis of these trials was used to identify the optimal parameters for all

subsequent analyses of this dataset (Dietsch et al., 2019b). The other

interstimulus intervals were shorter to balance the duration of each

runwith the number of trials administered.

As a separate part of the overarching study, participants com-

pleted generalized labeledmagnitude scale (gLMS) ratings for intensity

and hedonics immediately after presentation of each taste solution.

As expected, intensity ratings were higher for supertasters than for

nontasters for all taste profiles types, and all participants rated the

intensity of each taste solution higher than for unflavored/water trials.

2.4 Analysis

MR preprocessing was completed using standard pipelines for pre-

processing and whole-brain analysis within and across subjects. This

whole-brain analysis evaluated whether the taste stimuli elicited

different patterns of activation compared to the baseline (water) con-

dition in any regions of the brain (H1). The steps, previously published

in Dietsch et al. (2019b), were as follows:

Functional imaging reconstruction, processing, and

analysis was conducted using Analysis of Functional

Neuroimages (AFNI; Cox, 1996). Anatomical images

were reconstructed and segmented using the standard

Freesurfer processing pipeline (Desikan et al., 2006;

Fischl et al., 2004). Anatomical images were then non-

linearly warped to MNI152_2009 template space using

theAFNIprogram3dQwarp, and the skullwas removed.

Echo-planar images for each run were despiked (spikes

in each voxel’s time series are truncated), slice time

corrected, aligned to the anatomical images and trans-

formed toMNI space. Each volumewas then registered

to the volume with the minimum outlier fraction. Func-

tional images were spatially smoothed using a 4 mm

full-width at half maximum Gaussian filter, and skull

stripped. The time course of each voxel was scaled to

a mean of 100. We then ran a general linear model

using the six motion estimates from volume registra-

tion as regressors of no interest. Additionally, we used

up to third-order polynomials to model baseline and

drift. Pairs of volumes where the Euclidean norm of the

motion derivatives exceeded 0.4 were “scrubbed” and

eliminated from further analysis. Finally, we modeled

hemodynamic response functions using the “BLOCK”

basis function at the onset time for each tastant as

well as the rinse. The duration of the function was 6

s. Data from two participants (a female midtaster and

a male nontaster) were excluded from further analy-

sis due to technical issues with matching timelines of

stimuli dispensation to image acquisition (pp. 4–5).

To determine whether there was a difference between BOLD

activity during taste trials and the rinse (control) condition (H1),we cal-

culated the mean beta weight for each voxel collapsed across the four

taste stimuli for each participant. Next, we applied a cluster correction

as follows:

A cluster-based approach was used to correct for mul-

tiple comparisons (Forman et al., 1995). We estimated

the spatial smoothness of the residuals for each partic-

ipant using a Gaussian plus mono-exponential function

implemented with 3dFWHMx. The spatial autocorrela-

tion function values were determined for each partici-

pant using the “-acf” option, and themean values across

participants (0.761, 2.956, 11.06) were calculated (Cox

et al., 2017). Ten thousand random maps with these

smoothness parameters were generated and thresh-

olded at a voxel-wise p < .001. The largest surviving

cluster from each of these simulations was recorded,
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TABLE 1 Main effects of taste stimulation

Coordinates (MNI152-2009)

Cluster RL AP IS Volume (mm3) tValue

L anterior cingulate −1 33 10 891 −4.581

L caudate −15 30 5 875 4.753

L cerebellum (Crus 1) −38 −51 −35 719 4.456

L postcentral gyrus −44 −15 35 438 4.410

Lmiddle temporal gyrus −29 −63 15 360 4.547

R cerebellum (VI) 34 −55 −28 250 4.457

L anterior inferior insula −30 −37 26 234 4.315

R postcentral gyrus 47 −14 36 188 4.349

R anterior cingulate 18 32 9 172 4.316

R superior frontal gyrus 12 70 7 172 −4.566

L cerebellum (VI) −28 −68 −24 156 4.574

All taste profiles were concatenated and contrasted with the control (water) condition. Eleven clusters survived whole-brain analysis. RL = right/left,

AP= anterior/posterior, IS= inferior/superior.

and this distribution was used to estimate the probabil-

ity of a false positive. Based on these estimations, we

applied a cluster threshold to our data at a voxel-wise

p-value of .001 and a minimum cluster size of ten con-

tiguous voxels which resulted in a corrected two-tailed

alpha of p< .05. (Dietsch et al., 2019b, pp. 4, 5).

Then we conducted a paired t-test between the mean taste betas

and the betas for the rinse condition for each cluster using the AFNI

program 3dttest++.

To address H2 regarding differences between taste solutions, we

recalculated ANOVA within AFNI using taste profile as a within-

subjects factor in a method otherwise similar to what was described

above.Wealso applied the same cluster-based correction approach for

multiple comparisons as described above.

Finally, beta weights for each surviving cluster associatedwithmain

effects of taste profile were extracted and subjected to repeated mea-

sures ANOVAvia SPSS (IBM, Chicago IL). The associated post hoc tests

assessed for significant differences between pairs of taste types with

regard to BOLD response (H2).

3 RESULTS

The analysis related to H1 revealed 11 areas exhibiting significant dif-

ferences in activation during taste stimulation (collapsed across taste

profiles) compared to the control (water) condition. Relevant statistics

are shown in Table 1, and the locations of the clusters are reflected in

Figure 2.

The secondanalysis, examiningdifferences in activationacross taste

stimuli (H2), yielded 18 clusters of statistical significance which are

shown in Table 2.

Clusters in the bilateral anterior inferior insula (Faillenot et al.,

2017), which includes the primary gustatory cortex (de Araujo et al.,

2012), exhibited depressed cortical activation with lemon and orange

trials compared to water, whereas sour and sweet-sour increased acti-

vation in these clusters. The magnitude of response for each taste

solution differed between the right and left hemispheres (Figure 3).

Despite this, post hoc Tukey’s tests revealed statistically significant dif-

ferences in the lemon/sour (p = .002 on each side) and orange/sour

(p< .001 on each side) contrasts for both insular clusters.

Areas in the bilateral orbitofrontal cortices, where the secondary

gustatory cortex is located (vandenBosch et al., 2014),were less active

during most of the taste trials compared to the water condition. Only

the orange trials were associated with increased activity in this region

(Figure 4). Post hoc Tukey’s results indicated statistically significant

differences between sour and all three other taste profiles in the left

(p= .006 for lemon/sour; p < .001 for orange/sour; p= .001 for sweet-

sour/sour) and right (p= .001 for lemon/sour; p< .001 for orange/sour

and sweet-sour/sour) orbitofrontal regions.

Compared to the unflavored condition, clusters within the subre-

gions of the postcentral gyri’s somatosensory cortices (S1) typically

associated with oral sensation exhibited decreases in BOLD signal

intensity during lemon and orange, whereas the sour and sweet-sour

were associated with increases in BOLD signal in S1 (Figure 5). Within

the left S1, post hoc tests indicated statistically significant differences

in the orange/sour (p< .001) and sweet-sour/sour (p= .005) contrasts.

In the right S1, the BOLD signal associated with sour trials was sta-

tistically significantly different between sour and each of the other

taste profiles (p < .001 for lemon/sour and orange/sour; p = .002 for

sweet-sour/sour).

Two clusters within the middle anterior cingulate cortex near the

supplemental motor area exhibited mostly increased activation dur-

ing taste stimulation compared to the water condition (Figure 6).

The lemon trial in the midline cluster was the only condition associ-

ated with decreased cingulate activity. The post hoc tests indicated

that for the midline cluster, the lemon/sour and orange/sour con-

trasts were statistically significant (p < .001 for both pairs). In the left
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F IGURE 2 Superior view (5mm slices) fromMNI-Z coordinates−35mm through 37mm show 11 clusters with statistically significant
differences in activation during trials of taste stimulation (collapsed across sour, sweet-sour, lemon, and orange) compared to water trials. The
color bar reflects t-values.
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TABLE 2 Differences in activation by taste stimulus

Coordinates (MNI152-2009)

Cluster RL AP IS Volume (mm3) F(1, 17)

R orbitofrontal gyrus 25 54 –4 5453 8.497

L orbitofrontal gyrus –29 52 –4 2578 8.131

Middle anterior cingulate 0 5 38 1547 7.174

L superolateral postcentral gyrus –37 –44 65 766 9.048

R supramarginal gyrus 63 –32 27 750 7.479

R superolateral postcentral gyrus 20 –32 63 594 8.614

L superior parietal lobule –17 –60 68 328 8.500

R cuneus 13 –81 34 313 8.249

R precentral gyrus 32 –11 62 313 6.949

L cerebellum (VIII) –22 –57 –50 203 7.032

L precuneus –8 –50 61 203 7.922

R cerebellar vermis 2 –73 –39 188 7.260

L inferior frontal gyrus –21 7 –23 188 8.323

L anterior inferior insular cortex –45 12 –6 172 8.375

R anterior inferior insular cortex 46 12 –5 172 7.875

L precentral gyrus –21 –16 67 172 7.828

R superior medial gyrus 12 63 9 156 7.259

L anterior cingulate/supplemental motor –8 2 50 156 8.168

Eighteen clusters exhibited statistically significant differences in activation based on taste stimulus type during whole-brain analysis and cluster-based

correction for multiple comparisons. RL= right/left, AP= anterior/posterior, IS= inferior/superior.

F IGURE 3 Regions in the bilateral anterior inferior insula, consistent with the primary gustatory cortex, weremore active during sour and
sweet-sour trials than during the control condition and less active during lemon and orange trials. Themagnitude of effect varied across taste
stimuli and hemispheres. *p< .001, †p< .005, ‡p< .01 on post hoc Tukey’s tests. Error bars represent± 1 SE; the color bar reflects F-values.
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8 of 14 DIETSCH ET AL.

F IGURE 4 The secondary gustatory cortices within the bilateral orbitofrontal regions exhibited reduced activation (compared to control)
during all trials except orange, which was associated with amild increase in activation. In both hemispheres, response to sour was significantly
different compared to all other taste profiles. *p< .001, †p< .005, ‡p< .01 on post hoc Tukey’s tests. Error bars represent± 1 SE; the color bar
reflects F-values.

F IGURE 5 Regions within the superolateral somatosensory cortex weremore active during trials of sour and sweet-sour and less active
during lemon and orange trials compared to the control condition. Significant differences in magnitude of response were observed across multiple
pairs of taste stimuli. *p< .001, †p< .005, ‡p< .01 on post hoc Tukey’s tests. Error bars represent± 1 SE; the color bar reflects F-values.

cingulate cluster, the orange/sour and orange/sweet-sour contrasts

were significant (p= .001 for both pairs).

Besides these four brain regions critical to sensory processing for

taste, several other clusters showed statistically significant variations

in BOLD responses according to taste stimuli. Clusters in the oral sub-

regions of the bilateral primary motor cortices (MNI: 32, −11, 62 and

−21, −16, 67) exhibited increased BOLD signal intensity with sour

and sweet-sour trials but not with orange and lemon trials. Clusters in

the left and right cerebellum (MNI: −22, −57, −50 and 2, −73, −39,

respectively) showed increased BOLD intensity with sour and sweet-

sour trials anddecreasedBOLD intensitywith lemon trials.Other areas

with smaller clusters of statistically significant differences in activation
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F IGURE 6 Regions within themiddle anterior cingulate weremore active duringmost taste trials compared to the control condition, with
significant differences in magnitude of response across multiple pairs of taste stimuli. *p< .001, †p< .005, ‡p< .01 on post hoc Tukey’s tests. Error
bars represent± 1 SE; the color bar reflects F-values.

across taste type included the right inferior parietal cortex, the right

cuneus, the right superior frontal gyrus, the left inferior frontal gyrus,

and the left precuneus.

4 DISCUSSION

The purpose of this analysis was to characterize the effects of the spe-

cific taste stimuli assessed here on BOLD activity, with a long-term

objective of incorporating this taste stimulation into dysphagia therapy

to enhance neurorehabilitation as well as swallowing physiology. The

current results support the study hypotheses in that the taste stimuli

were collectively associated with increased activation in brain regions

that are well-established as part of the swallowing network, and the

taste profiles elicited different variations in BOLD signal within those

regions.

Thewhole-brain analysis revealed regions of activation that had sig-

nificantly different patterns of activation during taste trials compared

to the control condition (H1). These regions were largely consistent

with expectations based on previous studies identifying key landmarks

in the network associated with taste processing (Chikazoe et al., 2019;

Small, 2010). Furthermore, there was significant overlap between

these areas of taste-associated BOLD change and the neural network

underlying swallowing function. Taste-dependent differences in BOLD

signal (H2) were observed in seven of the eight regions predicted, with

increases in BOLD intensity (compared to control) for some stimuli and

decreases for others. Region-by-region consideration of these results

complements and extends extant literature regarding their roles in the

sensorimotor integration of taste as it relates to swallowing.

The anterior insula are the site of the primary gustatory cortices (de

Araujo et al., 2012). They mediate the perception and recognition of

taste stimuli as well as the integration of taste with nutritional status

and olfactory, somatosensory, and visual inputs related to food. These

activities contribute to taste perception and hunger. Additionally,

the anterior insula are known to contribute to voluntary swallowing

(Martin et al., 2001) and have long been implicated as important links

between the primary and supplementalmotor cortices and the nucleus

tractus solitarius, two key regions for mediating oropharyngeal swal-

lowing (Daniels & Foundas, 1997). Our results are consistent with

previous work indicating that insular activation may vary by the mag-

nitude of pleasantness and intensity of the taste stimuli (Cerf-Ducastel

et al., 2012). Although ratings of intensity and hedonics of the taste

solutions were collected from participants during another phase of the

overarching study, the sample size limits inclusion of such factors in the

current analysis. Future work will incorporate such perceptual ratings

as potential covariates to neural activations.

The bilateral orbitofrontal cortices (OFC) house the secondary gus-

tatory cortices (van den Bosch et al., 2014). Activation in these areas

has been positively correlated to the taster’s ratings of pleasantness

for a given taste stimulus, with the effect slightly stronger in the left

side compared to the right (Kringelbach et al., 2003; Rolls et al., 1990).

In this study, the orange liquid yielded slightly increased activity in

the OFC compared to the control condition, whereas the other taste

solutions were associated with less activity during trials. When con-

sidered in light of previous work, this could suggest that the orange

profile was more appealing to the participants’ taste perception net-

works. Furthermore, the OFC is well-established as part of the default

mode network (DMN) which generally shows increased activity dur-

ing rest and decreased activity during active task states, particularly

for novel or high-attention tasks (Bentley et al., 2016; Raichle, 2015;

Shamloo & Helie, 2016). If that relationship is applied to the taste
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solutions in this study, orange and to a lesser extent lemon may have

beenmore familiar or recognizable to participantswhereas the intense

sour and the sweet-sour trials were perceived as comparatively more

unusual or attention-worthy. This is consistent with DMN activation

observed during tasks with self-referential associations or memories

(Raichle, 2015). The OFC also has a role in swallowing control for

water trials in healthy humans as well as automatic swallows in anes-

thetized sheep (Cheng et al., 2022). This has important implications for

swallowing initiation, which is frequently compromised in neurologi-

cally baseddysphagia and typically does not respond to strength-based

intervention approaches.

As part of the trigeminal pathway, S1 is involved in processing

chemesthetic sensation from the oral cavity (Terrier et al., 2022).

Chemesthesis includes the pucker-inducing sensation associated with

intensely sour stimuli. Compared to the other taste profiles in this

study, the sour tastant had a much higher concentration of citric acid

than the other stimuli and did not have additional flavor components

to mask the sour. This more intense chemesthetic input may account

for the statistically significantly amplified BOLD response to sour

compared to all other solutions in the right S1 cluster. S1 is also foun-

dational to the swallowing control network; sensory information about

the bolus and the position of the oral structures is critical to coordi-

nating the precise jaw and tonguemovements required formastication

and deglutition (Cheng et al., 2022; Kober, 2018; Malandraki et al.,

2009;Martin et al., 2004).

The two clusters in the middle anterior cingulate were near midline

and on the left near Brodmann area 10. These regions are associated

with sensory processing and interpretation, with specific roles in taste

processing with activations sensitive to taste discrimination and pleas-

antness (Haase et al., 2011; Kringelbach et al., 2003). The cingulate

receives input from the thalamus and has efferent projections to limbic

areas as well as the supplemental motor area (Haase et al., 2011). The

anterior cingulate is associated with voluntary bolus swallows but not

automatic unstimulated swallows (Martin et al., 2001), which is partic-

ularly relevant for persons with dysphagia whose swallowing attempts

and rehabilitation may elicit more cognitive attention and intention to

the behavior than would occur for someone with an intact swallow

during typical eating/drinking. In this study, taste-associated changes

within these cingulate clusters included increased BOLD activity in

seven of eight cluster-stimulus relationships. The varied directionality

of statistically significant differences between stimulus types in each

cluster may reflect that the somewhat different regions within the

cingulate have different roles within the taste processing network.

In addition to the predicted regions of taste-related change, there

were clusters of significant taste-related signal change in the bilateral

primary motor cortices (M1) in the superolateral subregions typically

associated with oral and pharyngeal/laryngeal structures. Here, sour

and sweet-sour were consistent in yielding increased BOLD signal

intensity bilaterally. Inputs from M1 are critical to all aspects of bolus

manipulation, mastication, and transit during oral stage swallowing,

and appear to facilitate slight adjustments to pharyngeal swallow-

ing morphometry (Ludlow, 2015). This supports the notion that taste

stimulation could increase neuromodulation in brain regions that con-

tribute to swallowing control. Though it is possible that some portion

of the observed activation could reflect actual swallows that occurred

intermittently during data collection, the differential response across

multiple trials of the taste stimuli raises the likelihood that certain

taste stimuli are contributing to increased M1 BOLD activity. Inter-

pretation of these results are informed by studies using laminar MR

(Huber et al., 2020; Persichetti et al., 2020) to describe differences

in vascular space occupancy in M1 circuitry. They show that superfi-

cial layers of M1 (which are biased toward BOLD response because of

the larger vessels) exhibit increased BOLD signal during imagined and

executed motor tasks such as finger-tapping, whereas deeper layers

which are responsible for executing a motor signal are only activated

during the executed tasks (Persichetti et al., 2020). Furthermore, the

imagined task yielded sustained enhancement of the neural response

during subsequent performed tasks. Extrapolating from these results,

it is possible that taste stimulation could elicit a similar boost in neural

responsivity that would have a beneficial effect on subsequent swal-

lows; this could facilitate neural coupling and thus neuroplasticity in

regions relevant to swallowing recovery.

Therewere also cerebellar regions that showed BOLD changes dur-

ing taste stimulation compared to the control condition. These are

consistent with findings of other authors that have described cere-

bellar activation patterns that appear to be involved in modulating

oral and pharyngeal stage swallowing, particularly in response to taste

stimuli (Mottolese et al., 2013; Small et al., 2003). These may rep-

resent important connections between the brainstem and cortical

areas involved in swallowing (Rajappa & Malandraki, 2016). Together

with the current findings, this suggests that even difficult-to-image

brainstem areas relevant to swallowing control are affected by taste

stimulation and more specifically, taste profile. From a metaplasticity

standpoint, the opportunity for taste solutions that are already known

to enhance swallowing physiology to also engage connected regions

in the brainstem and cortical areas during swallowing could be an

important contributor to functional recovery of swallowing.

With regard to the second hypothesis, taste-dependent differences

in BOLD were observed in all of the regions predicted. Within the

bilateral insula, orbitofrontal cortex, somatosensory cortices, and left

cingulate, at least some taste profiles were associated with decreases

in BOLD activation whereas others had increased signal or no signifi-

cant change. Themidline cingulatewas the only exception, with all four

taste stimuli eliciting increased activation. Sour and sweet-sour gen-

erally shifted in the same direction (though not necessarily the same

magnitude) within a cluster, meaning that if BOLD increased with sour,

it also increased with sweet-sour but not lemon or orange. The sour

tastant had a higher concentration of citric acid than the other three

solutions, but the sweet-sour was identical to the lemon and orange

in all ways except the addition of 1% v/v lemon or orange extract. It is

possible that the flavor extracts provided additional sensory input via

gustatory, chemesthetic, or even olfactory channels, or that the per-

ceptual representation of the stimulation profiles elicited a different

associated response. Stronger responses to sweet-sour than lemonand

to lemon than orange could suggest that whatever olfactory sensa-

tion or associations with recognizable flavor profiles exist, they do not
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consistently increase neural engagement over and above the effect of

taste in neural regions relevant to both by taste processing and swal-

lowing control. Future studies with expanded sample sizes could help

illuminate how multisensory stimulation interacts with sensory per-

ception and even GTS to optimize stimulus selection for individuals

seeking dysphagia rehabilitation.

Like all studies, ours has certain limitations. The sample is diverse

across age, sex, andGTSbut its size preventsmeaningful analysis of the

interaction of these factors on taste effects. The current results reflect

the effects of taste on neurotypical brains; those with neuropathol-

ogy may not respond in the same ways to taste stimulation or may

have variations in the swallowing control network. Also, the 3T MRI

used here cannot discern between superficial and deep activations in

M1, so the laminar effects of taste on neural activation cannot be fully

appreciated (Huber et al., 2020; Persichetti et al., 2020).

At least three critical next steps in this line of inquiry will inform the

clinical application of our current findings. Analysis of functional and

structural connectivity among regions of taste- and swallowing-related

activity will help inform how taste stimulation might contribute to the

current results. For example, the orbitofrontal cortices have afferent

connections from the primary gustatory, cingulate, and somatosen-

sory cortices (Rolls, 2000, 2004), and efferent projections to the limbic

system (Rolls et al., 1990) so communication across these network con-

nections could contribute to BOLD signal changes observed in these

regions. It may also help identify how other areas of taste-associated

BOLD signal change identified in the current study, such as the right

inferior parietal and left inferior frontal lobes, contribute to inter-

pretation of sensory information and sensorimotor integration for

swallowing. Additionally, these results must be considered in conjunc-

tionwith the interactionof taste stimulus typeandgenetic taster status

(Dietsch et al., 2019b), since together these may be a relevant con-

sideration for optimizing future interventions. Finally, we will examine

strategies for safely delivering taste stimulation in a dysphagic popula-

tion, including the use of dissolvable taste strips that are perceptually

and chemically similar to the liquid taste stimuli tested here. All of

these will help delineate how stimulation using specific taste profiles

can enhance neuroplasticity for swallowing rehabilitation.

To summarize, we found that there were significant differences in

neural activity in response to taste andbased on taste in healthy adults.

In general, lemon and orange solutions yielded reduced BOLD signal in

key regions that overlap for taste and swallowing functions, whereas

the identical-intensity sweet-sour as well as sour trials were associ-

ated with increased BOLD signal in those regions. These findings align

with key factors that are thought to facilitate neurorehabilitation of

swallowing, including the neuromodulatory power of salient sensory

inputs (vibration, electrical stimulation, and now perhaps taste) that

are associated with improved functional behavior and increased neu-

ral activation in relevant brain regions (Martin, 2009).More simply, the

increased neural activations in brain regions that are associated with

the taste stimuli tested here may have potential to enhance the neuro-

plastic benefits of dysphagia intervention. Although these preliminary

results need to be confirmed in other cohorts, there are several poten-

tial implications. First, in order tomaximizemetaplasticity benefits, we

may need to consider taste- and patient-specific characteristics that

could make one taste profile more beneficial than another for a partic-

ular person. Second, it is possible that the differences identified here

could help explain some of the disparities in previous neuroimaging

studies regarding the effects of taste stimulation. Further systematic

exploration of the relationship between taste stimulation, neural activ-

ity, and swallowing holds promise as a means to transform dysphagia

rehabilitation.

ACKNOWLEDGMENTS

The authors thank Megan Asselin, Rachel Feuker Kallmann, Jake

Greenwood,Makenzie Logan,MeganRovang, andKaytlin TippinWest-

brook for their contributions to equipment development, stimulus

preparation, and protocol testing related to this project.

CONFLICT OF INTEREST STATEMENT

The authors have no known conflicts of interest to disclose.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available from the

corresponding author upon reasonable request.

ETHICS STATEMENT

This research was approved by the Institutional Review Board at

The University of Nebraska-Lincoln. All enrolled participants provided

informed consent for this study. Portions of content in the methods

section are reproduced from Dietsch et al. (2019b) under Creative

Commons CC-BY license and are attributed as required.

ORCID

AngelaM.Dietsch https://orcid.org/0000-0003-4554-5365

RossM.Westemeyer https://orcid.org/0000-0001-5803-8173

DouglasH. Schultz https://orcid.org/0000-0003-0809-9036

PEER REVIEW

The peer review history for this article is available at https://publons.

com/publon/10.1002/brb3.2928.

REFERENCES

AbdulWahab,N., Jones, R. D., &Huckabee,M.-L. (2010). Effects of olfactory

and gustatory stimuli on neural excitability for swallowing. Physiology &
Behavior, 101(5), 568–575. https://doi.org/10.1016/j.physbeh.2010.09.
008

Abraham,W.C., &Bear,M. F. (1996).Metaplasticity: The plasticity of synap-

tic plasticity. Trends in Neurosciences, 19(4), 126–130. https://doi.org/10.
1016/S0166-2236(96)80018-X

Babaei, A., Kern, M., Antonik, S., Mepani, R., Ward, B. D., Li, S.-J., Hyde, J.,

& Shaker, R. (2010). Enhancing effects of flavored nutritive stimuli on

cortical swallowing network activity. American Journal of Physiology. Gas-
trointestinal and Liver Physiology, 299(2), G422–G429. https://doi.org/10.
1152/ajpgi.00161.2010

Bartoshuk, L. M. (2000). Comparing sensory experiences across individu-

als: Recent psychophysical advances illuminate genetic variation in taste

perception. Chemical Senses, 25(4), 447–460. https://doi.org/10.1093/
chemse/25.4.447

 21579032, 2023, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/brb3.2928 by U

niversity of N
ebraska L

incoln, W
iley O

nline L
ibrary on [22/11/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://orcid.org/0000-0003-4554-5365
https://orcid.org/0000-0003-4554-5365
https://orcid.org/0000-0001-5803-8173
https://orcid.org/0000-0001-5803-8173
https://orcid.org/0000-0003-0809-9036
https://orcid.org/0000-0003-0809-9036
https://publons.com/publon/10.1002/brb3.2928
https://publons.com/publon/10.1002/brb3.2928
https://doi.org/10.1016/j.physbeh.2010.09.008
https://doi.org/10.1016/j.physbeh.2010.09.008
https://doi.org/10.1016/S0166-2236(96)80018-X
https://doi.org/10.1016/S0166-2236(96)80018-X
https://doi.org/10.1152/ajpgi.00161.2010
https://doi.org/10.1152/ajpgi.00161.2010
https://doi.org/10.1093/chemse/25.4.447
https://doi.org/10.1093/chemse/25.4.447


12 of 14 DIETSCH ET AL.

Bartoshuk, L. M., Duffy, V. B., & Miller, I. J. (1994). PTC/PROP tasting:

Anatomy, psychophysics, and sex effects. Physiology of Behavior, 56(6),
1165–1171.

Beckstead, R.M., & Norgren, R. (1979). An autoradiographic examination of

the central distribution of the trigeminal, facial, glossopharyngeal, and

vagal nerves in themonkey. The Journal of Comparative Neurology, 184(3),
455–472. https://doi.org/10.1002/cne.901840303

Bentley, W. J., Li, J. M., Snyder, A. Z., Raichle, M. E., & Snyder, L. H. (2016).

Oxygen level and LFP in task-positive and task-negative areas: Bridg-

ing BOLD fMRI and electrophysiology. Cerebral Cortex, 26(1), 346–357.
https://doi.org/10.1093/cercor/bhu260

Bienenstock, E., Cooper, L., &Munro, P. (1982). Theory for the development

of neuron selectivity: Orientation specificity and binocular interaction in

visual cortex. The Journal of Neuroscience, 2(1), 32–48. https://doi.org/10.
1523/JNEUROSCI.02-01-00032.1982

Cerf-Ducastel, B., Haase, L., & Murphy, C. (2012). Effect of magni-

tude estimation of pleasantness and intensity on fMRI activation to

taste. Chemosensory Perception, 5(1), 100–109. https://doi.org/10.1007/
s12078-011-9109-1

Cheng, I., Takahashi, K., Miller, A., & Hamdy, S. (2022). Cerebral control

of swallowing: An update on neurobehavioral evidence. Journal of the
Neurological Sciences, 442, 120434. https://doi.org/10.1016/j.jns.2022.
120434

Chikazoe, J., Lee, D. H., Kriegeskorte, N., & Anderson, A. K. (2019). Dis-

tinct representations of basic taste qualities in human gustatory cortex.

Nature Communications, 10(1), 1–8. https://doi.org/10.1038/s41467-
019-08857-z

Clark, H., Lazarus, C., Arvedson, J., Schooling, T., & Frymark, T. (2009).

Evidence-based systematic review: Effects of neuromuscular electri-

cal stimulation on swallowing and neural activation. American Journal
of Speech-Language Pathology, 18(4), 361–375. https://doi.org/10.1044/
1058-0360(2009/08-0088)

Cox,R.W. (1996). AFNI: Software for analysis andvisualizationof functional

magnetic resonance neuroimages. Computers and Biomedical Research,
29(3), 162–173.

Cox, R. W., Chen, G., Glen, D. R., Reynolds, R. C., & Taylor, P. A. (2017). fMRI

clustering in AFNI: False-positive rates redux. Brain Connectivity, 7(3),
152–171. https://doi.org/10.1089/brain.2016.0475

Daniels, S. K., & Foundas, A. L. (1997). The role of the insular cor-

tex in dysphagia. Dysphagia, 12(3), 146–156. https://doi.org/10.1007/
PL00009529

de Araujo, I. E., Geha, P., & Small, D. M. (2012). Orosensory and homeostatic

functions of the insular taste cortex. Chemosensory Perception, 5(1), 64–
79. https://doi.org/10.1007/s12078-012-9117-9

de Araujo, I. E., Kringelbach, M. L., Rolls, E. T., & McGlone, F. (2003). Human

cortical responses to water in the mouth, and the effects of thirst.

Journal of Neurophysiology, 90(3), 1865–1876. https://doi.org/10.1152/
jn.00297.2003

Desikan, R. S., Ségonne, F., Fischl, B., Quinn, B. T., Dickerson, B. C., Blacker,

D., Buckner, R. L., Dale, A. M., Maguire, R. P., Hyman, B. T., Albert, M. S.,

& Killiany, R. J. (2006). An automated labeling system for subdividing the

human cerebral cortex on MRI scans into gyral based regions of inter-

est. Neuroimage, 31(3), 968–980. https://doi.org/10.1016/j.neuroimage.

2006.01.021

Dietsch, A. M., Dorris, H. D., Pearson, W. G., Dietrich-Burns, K. E., &

Solomon, N. P. (2019a). Taste manipulation and swallowing mechanics

in trauma-related sensory-based dysphagia. Journal of Speech, Language,
and Hearing Research, 62(8), 2703–2712. https://doi.org/10.1044/2019_
JSLHR-S-18-0381

Dietsch, A. M., Solomon, N. P., Steele, C. M., & Pelletier, C. A. (2014).

The effect of barium on perceptions of taste intensity and palata-

bility. Dysphagia, 29(1), 96–108. https://doi.org/10.1007/s00455-013-
9487-4

Dietsch, A. M., Westemeyer, R. M., Pearson, W. G., & Schultz, D. H. (2019b).

Genetic taster status as a mediator of neural activity and swallowing

mechanics in healthy adults. Frontiers in Neuroscience, 13, 1328. https://
doi.org/10.3389/fnins.2019.01328

Du, J., Yang, F., Liu, L., Hu, J., Cai, B., Liu,W., Xu, G., & Liu, X. (2016). Repetitive

transcranial magnetic stimulation for rehabilitation of poststroke dys-

phagia: A randomized, double-blind clinical trial.Clinical Neurophysiology,
127(3), 1907–1913. https://doi.org/10.1016/j.clinph.2015.11.045

Eldeghaidy, S., Marciani, L., Pfeiffer, J. C., Hort, J., Head, K., Taylor, A. J.,

Spiller, R. C., Gowland, P. A., & Francis, S. (2011). Use of an immediate

swallow protocol to assess taste and aroma integration in fMRI stud-

ies. Chemosensory Perception, 4(4), 163–174. https://doi.org/10.1007/
s12078-011-9094-4

Faillenot, I., Heckemann, R. A., Frot, M., & Hammers, A. (2017).

Macroanatomy and 3D probabilistic atlas of the human insula. Neu-
roimage, 150, 88–98. https://doi.org/10.1016/j.neuroimage.2017.01.

073

Fischl, B., Salat, D. H., van der Kouwe, A. J. W., Makris, N., Ségonne, F.,

Quinn, B. T., & Dale, A. M. (2004). Sequence-independent segmentation

ofmagnetic resonance images.Neuroimage,23, S69–S84. https://doi.org/
10.1016/j.neuroimage.2004.07.016

Flegal, K. M., Carroll, M. D., Kit, B. K., & Ogden, C. L. (2012). Prevalence

of obesity and trends in the distribution of body mass index among

US adults, 1999–2010. Jama, 307(5), 491–497. https://doi.org/10.1001/
jama.2012.39

Forman, S. D., Cohen, J. D., Fitzgerald, M., Eddy, W. F., Mintun, M. A., & Noll,

D. C. (1995). Improved assessment of significant activation in functional

magnetic resonance imaging (fMRI): Use of a cluster-size threshold.

Magnetic Resonance inMedicine, 33(5), 636–647.
Haase, L., Green, E., & Murphy, C. (2011). Males and females show differ-

ential brain activation to taste when hungry and sated in gustatory and

reward areas. Appetite, 57(2), 421–434. https://doi.org/10.1016/j.appet.
2011.06.009

Huang, Y., Colino, A., Selig, D., & Malenka, R. (1992). The influence of prior

synaptic activity on the induction of long-term potentiation. Science,
255(5045), 730–733. https://doi.org/10.1126/science.1346729

Huber, L., Finn, E. S., Handwerker, D. A., Bönstrup, M., Glen, D. R., Kashyap,

S., Ivanov, D., Petridou, N., Marrett, S., Goense, J., Poser, B. A., &

Bandettini, P. A. (2020). Sub-millimeter fMRI revealsmultiple topograph-

ical digit representations that form action maps in human motor cortex.

Neuroimage, 208, 116463. https://doi.org/10.1016/j.neuroimage.2019.

116463

Kennedy, O., Law, C., Methven, L., Mottram, D., & Gosney, M. (2010). Inves-

tigating age-related changes in taste and affects on sensory perceptions

of oral nutritional supplements. Age and Ageing, 39(6), 733–738. https://
doi.org/10.1093/ageing/afq104

Kleim, J. A., & Jones, T. A. (2008). Principles of experience-dependent neu-

ral plasticity: Implications for rehabilitation after brain damage. Journal
of Speech, Language, and Hearing Research, 51(1), S225–S239. https://doi.
org/10.1044/1092-4388(2008/018)

Kober, S. E. (2018). Hemodynamic signal changes during saliva and water

swallowing: A near-infrared spectroscopy study. Journal of Biomedical
Optics, 23(01), 1. https://doi.org/10.1117/1.JBO.23.1.015009

Kober, S. E., Grössinger, D., &Wood,G. (2019). Effects ofmotor imagery and

visual neurofeedback on activation in the swallowing network: A real-

time fMRI study. Dysphagia, 34(6), 879–895. https://doi.org/10.1007/
s00455-019-09985-w

Kringelbach, M. L., O’Doherty, J., Rolls, E. T., & Andrews, C. (2003). Acti-

vation of the human orbitofrontal cortex to a liquid food stimulus

is correlated with its subjective pleasantness. Cerebral Cortex, 13(10),
1064–1071. https://doi.org/10.1093/cercor/13.10.1064

Logemann, J. A., Pauloski, B. R., Colangelo, L., Lazarus, C., Fujiu, M., &

Kahrilas, P. J. (1995). Effects of a sour bolus on oropharyngeal swallow-

ing measures in patients with neurogenic dysphagia. Journal of Speech,
Language, and Hearing Research, 38(3), 556–563.

Ludlow, C. L. (2010). Electrical neuromuscular stimulation in dys-

phagia: Current status. Current Opinion in Otolaryngology & Head

 21579032, 2023, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/brb3.2928 by U

niversity of N
ebraska L

incoln, W
iley O

nline L
ibrary on [22/11/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1002/cne.901840303
https://doi.org/10.1093/cercor/bhu260
https://doi.org/10.1523/JNEUROSCI.02-01-00032.1982
https://doi.org/10.1523/JNEUROSCI.02-01-00032.1982
https://doi.org/10.1007/s12078-011-9109-1
https://doi.org/10.1007/s12078-011-9109-1
https://doi.org/10.1016/j.jns.2022.120434
https://doi.org/10.1016/j.jns.2022.120434
https://doi.org/10.1038/s41467-019-08857-z
https://doi.org/10.1038/s41467-019-08857-z
https://doi.org/10.1044/1058-0360(2009/08-0088)
https://doi.org/10.1044/1058-0360(2009/08-0088)
https://doi.org/10.1089/brain.2016.0475
https://doi.org/10.1007/PL00009529
https://doi.org/10.1007/PL00009529
https://doi.org/10.1007/s12078-012-9117-9
https://doi.org/10.1152/jn.00297.2003
https://doi.org/10.1152/jn.00297.2003
https://doi.org/10.1016/j.neuroimage.2006.01.021
https://doi.org/10.1016/j.neuroimage.2006.01.021
https://doi.org/10.1044/2019_JSLHR-S-18-0381
https://doi.org/10.1044/2019_JSLHR-S-18-0381
https://doi.org/10.1007/s00455-013-9487-4
https://doi.org/10.1007/s00455-013-9487-4
https://doi.org/10.3389/fnins.2019.01328
https://doi.org/10.3389/fnins.2019.01328
https://doi.org/10.1016/j.clinph.2015.11.045
https://doi.org/10.1007/s12078-011-9094-4
https://doi.org/10.1007/s12078-011-9094-4
https://doi.org/10.1016/j.neuroimage.2017.01.073
https://doi.org/10.1016/j.neuroimage.2017.01.073
https://doi.org/10.1016/j.neuroimage.2004.07.016
https://doi.org/10.1016/j.neuroimage.2004.07.016
https://doi.org/10.1001/jama.2012.39
https://doi.org/10.1001/jama.2012.39
https://doi.org/10.1016/j.appet.2011.06.009
https://doi.org/10.1016/j.appet.2011.06.009
https://doi.org/10.1126/science.1346729
https://doi.org/10.1016/j.neuroimage.2019.116463
https://doi.org/10.1016/j.neuroimage.2019.116463
https://doi.org/10.1093/ageing/afq104
https://doi.org/10.1093/ageing/afq104
https://doi.org/10.1044/1092-4388(2008/018)
https://doi.org/10.1044/1092-4388(2008/018)
https://doi.org/10.1117/1.JBO.23.1.015009
https://doi.org/10.1007/s00455-019-09985-w
https://doi.org/10.1007/s00455-019-09985-w
https://doi.org/10.1093/cercor/13.10.1064


DIETSCH ET AL. 13 of 14

and Neck Surgery, 18(3), 159–164. https://doi.org/10.1097/MOO.

0b013e3283395dec

Ludlow, C. L. (2015). Central nervous system control of voice and swallow-

ing. Journal of Clinical Neurophysiology, 32(4), 294–303. https://doi.org/
10.1097/WNP.0000000000000186

Malandraki, G. A., Sutton, B. P., Perlman, A. L., Karampinos, D. C., & Conway,

C. (2009). Neural activation of swallowing and swallowing-related tasks

in healthy young adults: An attempt to separate the components of deg-

lutition. Human Brain Mapping, 30(10), 3209–3226. https://doi.org/10.
1002/hbm.20743

Martin, R. E. (2009). Neuroplasticity and swallowing. Dysphagia, 24, 218–
229. https://doi.org/10.1007/s00455-008-9193-9

Martin, R. E., Goodyear, B. G., Gati, J. S., &Menon, R. S. (2001). Cerebral cor-

tical representation of automatic and volitional swallowing in humans.

Journal of Neurophysiology, 85(2), 938–950. https://doi.org/10.1152/jn.
2001.85.2.938

Martin, R. E.,MacIntosh, B. J., Smith, R.C., Barr, A.M., Stevens, T.K.,Gati, J. S.,

&Menon, R. S. (2004). Cerebral areas processing swallowing and tongue

movement are overlappingbut distinct: A functionalmagnetic resonance

imaging study. Journal of Neurophysiology, 92(4), 2428–2443. https://doi.
org/10.1152/jn.01144.2003

McBride, R. L., & Johnson, R. L. (1987). Perception of sugar-acid mixtures in

lemon juice drink. International Journal of Food Science&Technology,22(4),
399–408. https://doi.org/10.1111/j.1365-2621.1987.tb00503.x

McKenna, V. S., Zhang, B., Haines, M. B., & Kelchner, L. N. (2017). A system-

atic review of isometric lingual strength-training programs in adults with

and without dysphagia. American Journal of Speech-Language Pathology,
26(2), 524–539. https://doi.org/10.1044/2016_AJSLP-15-0051

Mottolese, C., Richard, N., Harquel, S., Szathmari, S., Sirigu, A., &Desmurget,

M. (2013). Mapping motor representations in the human cerebellum.

Brain, 136(1), 330–342.
Mulheren, R.W., Kamarunas, E., & Ludlow, C. L. (2016). Sour taste increases

swallowing and prolongs hemodynamic responses in the cortical swal-

lowing network. Journal of Neurophysiology, 116(5), 2033–2042. https://
doi.org/10.1152/jn.00130.2016

Mulheren, R., Westemeyer, R. M., & Dietsch, A. M. (2022). The effect of

taste on swallowing: A scoping and systematic review. Critical Reviews
in Food Science and Nutrition, 1–27. https://doi.org/10.1080/10408398.
2022.2115003

Mulheren, R. W., & Ludlow, C. L. (2017). Vibration over the larynx

increases swallowing and cortical activation for swallowing. Journal of
Neurophysiology, 118(3), 1698–1708. https://doi.org/10.1152/jn.00244.
2017

Nagy, A., Molfenter, S. M., Peladeau-Pigeon, M., Stokely, S., & Steele, C. M.

(2014). The effect of bolus volume on hyoid kinematics in healthy swal-

lowing. BioMed Research International, 2014, 738971. https://doi.org/10.
1155/2014/738971

Namasivayam-MacDonald, A., Rapley, M., Stewart, J., Webster, E., Quon,

C., & Rogus-Pulia, N. (2022). Impact of dysphagia rehabilitation in

adults on swallowing physiology measured with videofluoroscopy:

A mapping review. American Journal of Speech-Language Pathol-
ogy, 31(5), 2195–2228. https://doi.org/10.1044/2022_AJSLP-21-

00342

Panebianco, M., Marchese-Ragona, R., Masiero, S., & Restivo, D. A. (2020).

Dysphagia in neurological diseases: A literature review. Neurologi-
cal Sciences, 41(11), 3067–3073. https://doi.org/10.1007/s10072-020-
04495-2

Papadopoulou, S. L., Ploumis, A., Exarchakos, G., Theodorou, S. J., Beris, A., &

Fotopoulos, A. D. (2018). Versatility of repetitive transcranial magnetic

stimulation in the treatment of poststroke dysphagia. Journal of Neuro-
sciences in Rural Practice, 09(03), 391–396. https://doi.org/10.4103/jnrp.
jnrp_68_18

Pelletier, C. A., & Dhanaraj, G. E. (2006). The effect of taste and palatability

on lingual swallowing pressure. Dysphagia, 21(2), 121–128. https://doi.
org/10.1007/s00455-006-9020-0

Pelletier, C. A., Lawless, H. T., & Horne, J. (2004). Sweet-sour mixture sup-

pression in older and young adults. Food Quality and Preference, 15(2),
105–116. https://doi.org/10.1016/S0950-3293(03)00037-5

Persichetti, A. S., Avery, J. A., Huber, L., Merriam, E. P., & Martin, A. (2020).

Layer-specific contributions to imagined and executed handmovements

in human primary motor cortex. Current Biology, 30(9), 1721–1725.e3.
https://doi.org/10.1016/j.cub.2020.02.046

Pisegna, J. M., Kaneoka, A., Pearson, W. G. Jr., Kumar, S., & Langmore,

S. E. (2016). Effects of non-invasive brain stimulation on post-stroke

dysphagia: A systematic review and meta-analysis of randomized con-

trolled trials. Clinical Neurophysiology, 127(1), 956–968. https://doi.org/
10.1016/j.clinph.2015.04.069

Plonk, D. P., Butler, S. G., Grace-Martin, K., & Pelletier, C. A. (2011). Effects

of chemesthetic stimuli, age, and genetic taste groups on swallowing

apnea duration.Otolaryngology-Head and Neck Surgery, 145(4), 618–622.
https://doi.org/10.1177/0194599811407280

Raichle, M. E. (2015). The brain’s default mode network. Annual Review
of Neuroscience, 38, 433–447. https://doi.org/10.1146/annurev-neuro-
071013-014030

Rajappa, A., & Malandraki, G. A. (2016). The neural control of oropharyn-

geal somatosensation and taste: A review for clinicians. Perspectives of
the ASHA Special Interest Groups, 1(13), 48–55. https://doi.org/10.1044/
persp1.SIG13.48

Regan, J. (2020). Impact of sensory stimulation on pharyngo-esophageal

swallowing biomechanics in adults with dysphagia: A high-resolution

manometry study. Dysphagia, 35(5), 825–833. https://doi.org/10.1007/
s00455-019-10088-9

Rolls, E. T. (2000). The orbitofrontal cortex and reward. Cerebral Cortex,
10(3), 284–294. https://doi.org/10.1093/cercor/10.3.284

Rolls, E. T. (2004). Convergence of sensory systems in the orbitofrontal

cortex in primates and brain design for emotion. The Anatomical Record,
281A(1), 1212–1225. https://doi.org/10.1002/ar.a.20126

Rolls, E. T., Yaxley, S., & Sienkiewicz, Z. J. (1990). Gustatory responses of

single neurons in the caudolateral orbitofrontal cortex of the macaque

monkey. Journal of Neurophysiology, 64(4), 1055–1066. https://doi.org/
10.1152/jn.1990.64.4.1055

Rosen, A.M., Roussin, A. T., &Di Lorenzo, P.M. (2010).Water as an indepen-

dent taste modality. Frontiers in Neuroscience, 4, 175. https://doi.org/10.
3389/fnins.2010.00175

Schmidt, R. A., &Wrisberg, C. A. (2004).Motor learning and performance (3rd
edn.). Human Kinetics.

Sciortino, K., Liss, J. M., Case, J. L., Gerritsen, K. G., & Katz, R. C. (2003).

Effects of mechanical, cold, gustatory, and combined stimulation to the

human anterior faucial pillars. Dysphagia, 18(1), 16–26. https://doi.org/
10.1007/s00455-002-0076-1

Shamloo, F., & Helie, S. (2016). Changes in default mode network as auto-

maticity develops in a categorization task. Behavioural Brain Research,
313, 324–333. https://doi.org/10.1016/j.bbr.2016.07.029

Small, D. (2010). Taste representation in the human insula. Brain Structure
and Function,214(5–6), 551–561. https://doi.org/10.1007/s00429-010-
0266-9

Small, D. M., Gregory, M. D., Mak, Y. E., Gitelman, D., Mesulam, M. M., &

Parrish, T. (2003). Dissociation of neural representation of intensity and

affective valuation in human gustation. Neuron, 39(4), 701–711. https://
doi.org/10.1016/s0896-6273(03)00467-7

Smaoui, S., Langridge, A., & Steele, C. M. (2020). The effect of lingual resis-

tance training interventions on adult swallow function: A systematic

review. Dysphagia, 35(5), 745–761. https://doi.org/10.1007/s00455-
019-10066-1

Smutzer, G., Desai, H., Coldwell, S. E., & Griffith, J. W. (2013). Validation of

edible taste strips for assessing PROP taste perception. Chemical Senses,
38(6), 529–539. https://doi.org/10.1093/chemse/bjt023

Terrier, L. M., Hadjikhani, N., & Destrieux, C. (2022). The trigeminal path-

ways. Journal of Neurology, 269(7), 3443–3460. https://doi.org/10.1007/
s00415-022-11002-4

 21579032, 2023, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/brb3.2928 by U

niversity of N
ebraska L

incoln, W
iley O

nline L
ibrary on [22/11/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1097/MOO.0b013e3283395dec
https://doi.org/10.1097/MOO.0b013e3283395dec
https://doi.org/10.1097/WNP.0000000000000186
https://doi.org/10.1097/WNP.0000000000000186
https://doi.org/10.1002/hbm.20743
https://doi.org/10.1002/hbm.20743
https://doi.org/10.1007/s00455-008-9193-9
https://doi.org/10.1152/jn.2001.85.2.938
https://doi.org/10.1152/jn.2001.85.2.938
https://doi.org/10.1152/jn.01144.2003
https://doi.org/10.1152/jn.01144.2003
https://doi.org/10.1111/j.1365-2621.1987.tb00503.x
https://doi.org/10.1044/2016_AJSLP-15-0051
https://doi.org/10.1152/jn.00130.2016
https://doi.org/10.1152/jn.00130.2016
https://doi.org/10.1080/10408398.2022.2115003
https://doi.org/10.1080/10408398.2022.2115003
https://doi.org/10.1152/jn.00244.2017
https://doi.org/10.1152/jn.00244.2017
https://doi.org/10.1155/2014/738971
https://doi.org/10.1155/2014/738971
https://doi.org/10.1044/2022_AJSLP-21-00342
https://doi.org/10.1044/2022_AJSLP-21-00342
https://doi.org/10.1007/s10072-020-04495-2
https://doi.org/10.1007/s10072-020-04495-2
https://doi.org/10.4103/jnrp.jnrp_68_18
https://doi.org/10.4103/jnrp.jnrp_68_18
https://doi.org/10.1007/s00455-006-9020-0
https://doi.org/10.1007/s00455-006-9020-0
https://doi.org/10.1016/S0950-3293(03)00037-5
https://doi.org/10.1016/j.cub.2020.02.046
https://doi.org/10.1016/j.clinph.2015.04.069
https://doi.org/10.1016/j.clinph.2015.04.069
https://doi.org/10.1177/0194599811407280
https://doi.org/10.1146/annurev-neuro-071013-014030
https://doi.org/10.1146/annurev-neuro-071013-014030
https://doi.org/10.1044/persp1.SIG13.48
https://doi.org/10.1044/persp1.SIG13.48
https://doi.org/10.1007/s00455-019-10088-9
https://doi.org/10.1007/s00455-019-10088-9
https://doi.org/10.1093/cercor/10.3.284
https://doi.org/10.1002/ar.a.20126
https://doi.org/10.1152/jn.1990.64.4.1055
https://doi.org/10.1152/jn.1990.64.4.1055
https://doi.org/10.3389/fnins.2010.00175
https://doi.org/10.3389/fnins.2010.00175
https://doi.org/10.1007/s00455-002-0076-1
https://doi.org/10.1007/s00455-002-0076-1
https://doi.org/10.1016/j.bbr.2016.07.029
https://doi.org/10.1007/s00429-010-0266-9
https://doi.org/10.1007/s00429-010-0266-9
https://doi.org/10.1016/s0896-6273(03)00467-7
https://doi.org/10.1016/s0896-6273(03)00467-7
https://doi.org/10.1007/s00455-019-10066-1
https://doi.org/10.1007/s00455-019-10066-1
https://doi.org/10.1093/chemse/bjt023
https://doi.org/10.1007/s00415-022-11002-4
https://doi.org/10.1007/s00415-022-11002-4


14 of 14 DIETSCH ET AL.

Todd, J. T., Butler, S. G., Plonk, D. P., Grace-Martin, K., & Pelletier, C. A.

(2012). Main taste effects on swallowing apnea duration in healthy

adults. Otolaryngology-Head and Neck Surgery, 147(4), 678–683. https://
doi.org/10.1177/0194599812450839

van den Bosch, I., Dalenberg, J. R., Renken, R., van Langeveld, A.W., Smeets,

P. A., Griffioen-Roose, S., Ter Horst, G. J., de Graaf, C., & Boesveldt, S.

(2014). To like or not to like: Neural substrates of subjective flavor pref-

erences. Behavioural Brain Research, 269, 128–137. https://doi.org/10.
1016/j.bbr.2014.04.010

Zimmerman, E., Carnaby, G., Lazarus, C. L., & Malandraki, G. A. (2020).

Motor learning, neuroplasticity, and strength and skill training: Moving

from compensation to retraining in behavioral management of dyspha-

gia. American Journal of Speech-Language Pathology, 29(2S), 1065–1077.
https://doi.org/10.1044/2019_AJSLP-19-00088

How to cite this article: Dietsch, A. M.,Westemeyer, R. M., &

Schultz, D. H. (2023). Brain activity associated with taste

stimulation: Amechanism for neuroplastic change? Brain and

Behavior, 13, e2928. https://doi.org/10.1002/brb3.2928

 21579032, 2023, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/brb3.2928 by U

niversity of N
ebraska L

incoln, W
iley O

nline L
ibrary on [22/11/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1177/0194599812450839
https://doi.org/10.1177/0194599812450839
https://doi.org/10.1016/j.bbr.2014.04.010
https://doi.org/10.1016/j.bbr.2014.04.010
https://doi.org/10.1044/2019_AJSLP-19-00088
https://doi.org/10.1002/brb3.2928

	Brain activity associated with taste stimulation: A mechanism for neuroplastic change?
	Abstract
	1 | INTRODUCTION
	2 | METHODS
	2.1 | Participants
	2.2 | Stimuli
	2.3 | Data collection
	2.4 | Analysis

	3 | RESULTS
	4 | DISCUSSION
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT
	ETHICS STATEMENT

	ORCID
	PEER REVIEW

	REFERENCES


