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ABSTRACT   43 

In the mammalian brain, the insula is the primary cortical substrate involved in 44 

the perception of taste. Recent imaging studies in rodents have identified a ‘gustotopic’ 45 

organization in the insula, whereby distinct insula regions are selectively responsive to 46 

one of the five basic tastes. However, numerous studies in monkeys have reported that 47 

gustatory cortical neurons are broadly-tuned to multiple tastes, and tastes are not 48 

represented in discrete spatial locations. Neuroimaging studies in humans have thus far 49 

been unable to discern between these two models, though this may be due to the 50 

relatively low spatial resolution employed in taste studies to date. In the present study, 51 

we examined the spatial representation of taste within the human brain using ultra-high 52 

resolution functional magnetic resonance imaging (MRI) at high magnetic field strength 53 

(7-Tesla). During scanning, male and female participants tasted sweet, salty, sour and 54 

tasteless liquids, delivered via a custom-built MRI-compatible tastant-delivery system. 55 

Our univariate analyses revealed that all tastes (vs. tasteless) activated primary taste 56 

cortex within the bilateral dorsal mid-insula, but no brain region exhibited a consistent 57 

preference for any individual taste. However, our multivariate searchlight analyses were 58 

able to reliably decode the identity of distinct tastes within those mid-insula regions, as 59 

well as brain regions involved in affect and reward, such as the striatum, orbitofrontal 60 

cortex, and amygdala. These results suggest that taste quality is not represented 61 

topographically, but by a distributed population code, both within primary taste cortex as 62 

well as regions involved in processing the hedonic and aversive properties of taste.  63 
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SIGNIFICANCE STATEMENT 64 

The insula is the primary cortical substrate involved in taste perception, yet some 65 

question remains as to whether this region represents distinct tastes topographically or 66 

via a population code. Using high field (7-Tesla), high-resolution functional magnetic 67 

resonance imaging in humans, we examined the representation of different tastes 68 

delivered during scanning. All tastes activated primary taste cortex within the bilateral 69 

mid-insula, but no brain region exhibited any consistent taste preference. However, 70 

multivariate analyses reliably decoded taste quality within the bilateral mid-insula as well 71 

as the striatum, orbitofrontal cortex, and bilateral amygdala. This suggests that taste 72 

quality is represented by a spatial population code within regions involved in sensory 73 

and appetitive properties of taste.   74 
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INTRODUCTION 75 

The sensation of taste begins on the tongue with sensory receptor cells tuned to 76 

one of the five basic tastes: sweet, salty, sour, bitter, and umami (Roper and Chaudhari, 77 

2017). These taste receptor cells signal to afferent sensory neurons, whose fibers travel 78 

along cranial nerves VII, IX, and X to reach their first synapse at the nucleus of the 79 

solitary tract in the medulla (Beckstead et al., 1980). In primates, these second-order 80 

taste afferents are relayed to the thalamic gustatory nucleus (known as either the basal 81 

ventral medial nucleus - VMb, or the parvocellular portion of the ventroposteromedial 82 

nucleus - VPMpc) (Pritchard et al., 1986) prior to reaching their cortical target in the 83 

mid-dorsal region of the insular cortex (Small, 2010). The nature of taste coding in the 84 

periphery is the subject of some controversy, with some studies supporting a labelled-85 

line model, wherein receptor cells and peripheral neurons are tuned to specific taste 86 

modalities (for review, see (Chandrashekar et al., 2006)), and others supporting an 87 

across-fiber model, wherein tastes are represented by a complex combinatorial code 88 

across specifically and broadly-tuned peripheral neurons (Tomchik et al., 2007). 89 

  At the cortical level, there are two basic models that can account for the 90 

representation of taste quality within the insular cortex. Within a topographic model, a 91 

specific taste, such as sweet, is represented at a discreet spatial location within 92 

gustatory cortex, analogous to somatotopy in the somatosensory system, or retinotopy 93 

in the visual system. Alternately, within a population coding model, specific tastes are 94 

represented by dispersed ensembles of cortical neurons without any clear spatial 95 

organization, much like olfactory representations in the piriform cortex (Stettler and Axel, 96 

2009). Currently, although there is some support for the topographical model in rodents 97 
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(Chen et al., 2011), human neuroimaging studies have failed to provide evidence for 98 

this possibility. Many of these previous studies, however, have relied on small sample 99 

sizes and relatively low resolution imaging (Schoenfeld et al., 2004; Prinster et al., 100 

2017). Higher resolution neuroimaging methods may be needed in order to identify 101 

topographically distinct insula regions selective for particular tastes. Relatedly, another 102 

possibility suggested by a previous human neuroimaging study (Schoenfeld et al., 2004) 103 

is that, while distinct tastes may be represented topographically, this representation may 104 

not be uniform from one subject to another. If so, then a taste topography may not be 105 

observable at the group level but may be revealed in individuals scanned on different 106 

days.  107 

Unlike retinotopy and somatotopy, where sensory signals are represented 108 

according to their well-defined location in space, the sensation of taste has no such 109 

spatial layout, as previous theories of a taste map on the tongue have been disproven 110 

(Chandrashekar et al., 2006). Nor is there any clear evidence for topographic 111 

organization within the sub-cortical taste nuclei in the brainstem or thalamus (Simon et 112 

al., 2006). Indeed, many neurophysiology studies in rodents and primates have 113 

provided evidence for some form of a population coding model. These studies report 114 

that the neurons in gustatory cortex are responsive to a complex variety of orosensory, 115 

viscerosensory, and motor signals, with relatively few neurons responsive solely to taste 116 

(Scott and Plata-Salamán, 1999; Scott and Giza, 2000). Indeed, in primates, most taste-117 

responsive neurons appear to be broadly tuned to multiple tastes, and there appears to 118 

be no observable topographic organization for specific tastes (Scott et al., 1991). If, as 119 

these primate studies suggest (Scott and Plata-Salamán, 1999; Kaskan et al., 2019), 120 
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tastes are represented by ensembles of gustatory cortical neurons without any clear 121 

topography, taste-specific neural responses might be discernable within gustatory 122 

cortex using multivariate pattern analysis (MVPA) techniques (Kriegeskorte et al., 2006), 123 

as has previously been demonstrated for olfaction in piriform cortex (Howard et al., 124 

2009). In fact, some evidence for this possibility in the human brain has recently been 125 

reported (Chikazoe et al., 2019).  126 

To distinguish between these competing models, we examined taste-evoked 127 

hemodynamic responses within the human brain using ultra-high resolution functional 128 

magnetic resonance imaging (MRI) at high magnetic field strength (7-Tesla). During 129 

scanning, participants tasted sweet, salty, sour and tasteless (control) liquids, delivered 130 

via a custom-built MRI-compatible tastant-delivery system. To identify brain regions 131 

exhibiting shared and distinct responses for each taste, we employed both standard 132 

univariate analyses as well as multivariate analysis techniques to examine distributed 133 

activation patterns across multiple brain voxels.  134 

 135 

MATERIALS AND METHODS 136 

Participants 137 

18 subjects (11 female) between the ages of 22 and 48 (Average: 27 years). 138 

Ethics approval for this study was granted by the NIH Combined Neuroscience 139 

Institutional Review Board under protocol number 10-M-0027. The institutional review 140 

board of the National Institutes of Health approved all procedures, and written informed 141 

consent was obtained for all subjects. Participants were excluded from taking part in the 142 

study if they had any history of neurological injury, known genetic or medical disorders 143 
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that may impact the results of neuroimaging, prenatal drug exposure, severely 144 

premature birth or birth trauma, current usage of psychotropic medications, or any 145 

exclusion criteria for MRI.  146 

Experimental Design 147 

All scanning was performed at the NIH Clinical Center in Bethesda, MD. 148 

Participant sessions began with a taste assessment performed within the 7T scanner 149 

itself, but prior to the beginning of the scan session. This was done to ensure that 150 

ratings were obtained as close in time as possible to the scan itself, without any effects 151 

of differing environmental context between the testing and scanning session. The taste 152 

assessment was followed by a high resolution anatomical reference scan and a 153 

functional MRI session, during which they performed our Taste Perception task. Five 154 

participants returned for a second session where they once again completed the Taste 155 

Perception task.  The time between these sessions varied from 6 to 98 days (average 156 

34 days). 157 

Taste Stimuli 158 

Participants received four tastant solutions during scanning and the pre-scan 159 

taste assessment: Sweet (0.6M sucrose), Sour (0.01M citric acid), Salty (0.20M NaCl), 160 

and Neutral (2.5mM NaHCO3 + 25mM KCl). To reduce within-subject variability, all 161 

participants received tastants at the same molar concentration. The specific 162 

concentrations used for this study were derived from median concentrations used in 163 

previous neuroimaging studies of taste perception, compiled in previous neuroimaging 164 

meta-analyses (Veldhuizen et al., 2011; Yeung et al., 2017). All tastants were prepared 165 



 

 8 

using sterile lab techniques and USP-grade ingredients by the NIH Clinical Center 166 

Pharmacy. 167 

Gustometer Description 168 

A custom-built pneumatically-driven MRI-compatible system delivered tastants 169 

during fMRI-scanning (Simmons et al., 2013b; Avery et al., 2015; 2017; 2018), see 170 

Figure 1. Tastant solutions were kept at room temperature in pressurized syringes and 171 

fluid delivery was controlled by pneumatically-driven pinch-valves that released the 172 

solutions into polyurethane tubing that ran to a plastic gustatory manifold attached to the 173 

head coil. The tip of the polyethylene mouthpiece was small enough to be comfortably 174 

positioned between the subject’s teeth. This insured that the tastants were always 175 

delivered similarly into the mouth. The pinch valves that released the fluids into the 176 

manifold were open and closed by pneumatic valves located in the scan room, which 177 

were connected to a stimulus delivery computer, which controlled the precise timing and 178 

quantity of tastants dispensed to the subject during the scan. Visual stimuli for 179 

behavioral and fMRI tasks were projected onto a screen located inside the scanner bore 180 

and viewed through a mirror system mounted on the head-coil. Both visual stimulus 181 

presentation and tastant delivery were controlled and synchronized via a custom-built 182 

program developed in the PsychoPy2 environment. 183 

Taste Assessment  184 

During blocks of the taste assessment task, the word ‘Taste’ appeared on the 185 

screen for 2.5s, and subjects received 0.5mL of either a sweet, sour, salty, or neutral 186 

tastant (Figure 1b). Next, the word “swallow” appeared on the screen for 2.5s, 187 

prompting subjects to swallow the tastant. Following this, subjects were asked to 188 
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indicate, using a hand-held response box, A) the identity of the tastant they received, by 189 

selecting it from one of four possible options (sweet, sour, salty, or neutral) presented 190 

on the screen  B) the pleasantness of the taste on a 0 (not pleasant at all) to 10 191 

(extremely pleasant) scale, and C) the intensity of the taste, on a 0 (not intense at all) to 192 

10 (extremely intense) scale. Subjects provided ratings via a hand-held fiber optic 193 

response box (Current Designs, Philadelphia, PA). Rating periods were self-paced, 194 

average of ~3s for rating trials and ~2s for identification trials. Following these rating 195 

periods, the word “wash” appeared on the screen and subjects received 1.2mL of the 196 

neutral tastant, to rinse out the preceding taste. This was followed by another (2.5s) 197 

prompt to swallow. A five-second fixation period separated successive blocks of the 198 

taste assessment task. Tastants were presented five times each (20 blocks total), in 199 

random order. Altogether, this session lasted between five to ten minutes. 200 

Taste Perception task: 201 

During the Taste Perception fMRI task (Figure 1c), the word ‘Taste’ appeared on the 202 

screen for 2.5s, and subjects received 0.5mL of either a sweet, sour, salty, or neutral 203 

tastant. Next, the word “swallow” appeared on the screen for 2.5s, prompting subjects to 204 

swallow. These taste and swallow periods occurred four times in a row, with the 205 

identical tastant delivered each time. Following these four periods, the word “wash” 206 

appeared on the screen and subjects received 1.2mL of the neutral tastant, to rinse out 207 

the preceding tastes. This was followed by another (2.5s) prompt to swallow. In total, 208 

these taste delivery blocks lasted 25 seconds. Participants were not instructed to 209 

perform any ratings during the scanning session. Nor were they asked the identity, 210 

pleasantness, or intensity of the tastants. Previous research has identified that the 211 
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insula is particularly sensitive to attentional orientation (Veldhuizen et al., 2007; 212 

Simmons et al., 2013a; Avery et al., 2015; 2017), and taste activity patterns vary 213 

significantly within the insula, according to task context (Bender et al., 2009). Following 214 

taste delivery blocks, a fixation cross ‘+’ appeared on the screen for 15 seconds. Two 215 

sweet, salty, sour, and neutral taste delivery blocks (16 total) were presented in random 216 

order throughout each run of this task. Each run lasted 325 seconds (5min25sec). 217 

Participants completed 8 runs of the Taste Perception task during one scan session.   218 

Imaging Methods 219 

fMRI data was collected at the NIMH fMRI core facility at the NIH Clinical Center 220 

using a Siemens 7T-830/AS Magnetom scanner and a 32-channel head coil. Each 221 

volume consisted of 68 1.2-mm axial slices (echo time (TE) = 23 ms, repetition time (TR) 222 

= 2500 ms, flip angle = 55 degrees, voxel size = 1.2 × 1.2 × 1.2 mm3). A Multi-Band 223 

factor of 2 was used to acquire data from multiple slices simultaneously. A GRAPPA 224 

factor of 2 was used for in-plane slice acceleration along with a 6/8 partial Fourier k-225 

space sampling. Each slice was oriented in the axial plane, with an Anterior-to-Posterior 226 

phase encoding direction. The scan window did not achieve full brain coverage though, 227 

and data was not acquired from areas at the top of the frontal and parietal lobes, as well 228 

as the very bottom of the cerebellum. See Figure 2a and 2c for boundaries of EPI scan 229 

window at subject and group level. Prior to task scans, a 1-minute EPI scan was 230 

acquired with the opposite phase encoding direction (Posterior-to-Anterior), which was 231 

used for correction of spatial distortion artifacts during preprocessing (see Image 232 

Preprocessing). An ultra-high resolution MP2RAGE sequence was used to provide an 233 
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anatomical reference for the fMRI analysis (TE = 3.02 ms, TR = 6000 ms, flip angle = 5 234 

degrees, voxel size = 0.70 × 0.70 × 0.70 mm). 235 

Image Preprocessing 236 

All fMRI pre-processing was performed in AFNI (http://afni.nimh.nih.gov/afni). The 237 

FreeSurfer software package (http://surfer.nmr.mgh.harvard.edu/) was additionally used 238 

for skull-stripping the anatomical scans. A de-spiking interpolation algorithm (AFNI’s 239 

3dDespike) was used to remove transient signal spikes from the EPI data, and a slice 240 

timing correction was then applied to the volumes of each EPI scan. The EPI scan 241 

acquired in the opposite (P-A) phase encoding direction was used to calculate a non-242 

linear transformation matrix, which was used to correct for spatial distortion artifacts. All 243 

EPI volumes were then registered to the very first EPI volume using a 6-parameter (3 244 

translations, 3 rotations) motion correction algorithm, and the motion estimates were 245 

saved for use as regressors in the subsequent statistical analyses. Volume registration 246 

and spatial distortion correction were implemented in the same non-linear 247 

transformation step, in order to minimize the number of interpolation steps performed on 248 

EPI data. For univariate analyses, smoothing with a 2.4mm (i.e. 2-voxel width) full width 249 

at half maximum Gaussian kernel was used to enhance image signal-to-noise ratio. 250 

Importantly, the core univariate results (see Figures 3 and 4) were not qualitatively 251 

different when examined with no spatial smoothing applied. No spatial smoothing was 252 

used for multivariate analyses. Finally, the signal intensity for each EPI volume was 253 

normalized to reflect percent signal change from each voxel’s mean intensity across the 254 

time-course.  255 
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Anatomical scans were first co-registered to the EPI scans and were then spatially 256 

normalized to Talairach space via a non-linear transformation implemented in AFNI’s 257 

3dQwarp. These non-linear transformation matrices were then used to register the 258 

subject-level statistical maps to Talairach atlas space. No voxel-size resampling was 259 

performed during this registration process, and all data was left at the original resolution 260 

(1.2 x 1.2 x 1.2 mm3).  261 

In addition to volume registration, motion-estimation procedures were also 262 

implemented to guard against potential artifactual confounds induced by uncontrolled 263 

subject motion. Briefly, the Euclidean-normalized derivative of the subject’s motion 264 

parameters was calculated for each TR, and a list of time points was created in which 265 

that value was greater than 0.3 (roughly 0.3mm motion). The TRs within this list were 266 

then censored during the subject-level regression analysis. Additionally, any subject 267 

with an average Euclidean-normalized derivative of greater than 0.3 during the task was 268 

excluded from the group-level analysis. Three subjects were thus excluded from the 269 

original group of 21 subjects, due to excessive head motion, leaving 18 subjects. 270 

Subject-level regression analysis 271 

The EPI data collected during the Taste Perception task were analyzed at the 272 

subject level using multiple linear regression models in AFNI’s 3dDeconvolve. The 273 

regression model included one regressor for each tastant block (sweet, salty, sour, and 274 

neutral) and one regressor for wash/swallow events. These regressors were 275 

constructed by convolution of a gamma-variate hemodynamic response function (HRF) 276 

with a boxcar function having a 20-second width (5 for wash events) beginning at the 277 

onset of each trial period. The regression model also included regressors of non-interest 278 
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to account for each run’s mean, linear, quadratic, and cubic signal trends, as well as the 279 

6 normalized motion parameters (3 translations, 3 rotations) computed during the 280 

volume registration preprocessing.  281 

In a supplemental analysis, to more aggressively correct for any swallowing-282 

related motion, we included 24 regressors in the subject-level regression model to 283 

account for participant head motion estimated during the volume registration 284 

preprocessing (including: the original 6 rigid body motion parameters, the squares of those 285 

parameters, the temporal derivatives of those parameters, and the squares of those temporal 286 

derivaties). To account for any motion-related artifacts induced by swallowing, we 287 

included a gamma-variate HRF for the onset of each swallowing period, as well as a 288 

parametrically-modulated HRF whose amplitude varied with the magnitude of head 289 

motion (estimated as the Euclidean-normalized derivative of the subject’s rigid-body 290 

motion parameters) during each individual swallowing event. 291 

Group-level Analyses 292 

To evaluate between the competing models of taste representation, we performed 293 

both univariate and multivariate analyses on data from the Taste Perception task. For 294 

the univariate analyses, we sought to identify brain areas exhibiting both shared and 295 

distinct activation for each taste. All group-level contrast maps created (sweet vs. sour, 296 

sweet vs. salty, salty vs. sour, and each taste vs. neutral) were separately corrected for 297 

multiple comparisons, as described below.  298 

Firstly, to identify brain areas exhibiting shared activation for each taste, we used the 299 

statistical contrast, all taste (sweet, salty, and sour) vs. neutral. For this analysis, we 300 

used the subject-level beta coefficient maps to perform group-level random-effects 301 
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analyses, using the AFNI program 3dttest++. This contrast was corrected for multiple 302 

comparisons using a cluster-size FWE correction using non-parametric permutation 303 

tests, described below. Secondly, to identify brain voxels exhibiting specific taste 304 

preferences, we performed a series of conjunctions of our taste contrast maps. For 305 

each of our tastes (sweet, salty, and sour), we identified brain voxels where activity for 306 

that taste was greater than both other tastes, as well as the neutral tastant. For example, 307 

to be considered as sweet-selective the voxels would need to exhibit a significantly 308 

greater response to sweet versus sour, versus salty, and versus neutral. The individual 309 

contrast maps which were used for these conjunction analyses were analyzed and 310 

separately corrected for multiple comparisons, using Threshold-Free Cluster 311 

Enhancement, implemented in the FSL function ‘randomise’ (Smith and Nichols, 2009). 312 

We performed these conjunction analyses at the level of individual subjects as well, 313 

separately correcting the statistical contrast maps that went into each conjunction using 314 

a voxel-wise FDR correction. In a less stringent approach to identifying differences 315 

between tastes at the group level, we also used the AFNI program 3dANOVA2 to 316 

identify a main effect of taste from among the three tastants (i.e. sweet, salty, and sour).  317 

Multivariate pattern analyses 318 

Our next analysis approach was to identify whether, within insula regions broadly 319 

responsive to multiple tastes, taste-specific neural responses might be discernable 320 

using multivariate pattern analysis (MVPA) techniques. The analysis, based on a linear 321 

support-vector-machine approach, was trained and tested on subject-level regression 322 

coefficient maps obtained from the Taste Perception task, using leave-one-run-out 323 

cross-validation. To generate the regression coefficient maps used as input for these 324 
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analyses, a separate subject-level regression model was applied to the EPI data, which 325 

modeled each of the eight task runs separately, so that all task conditions would have 326 

eight beta-coefficient maps for the purposes of model training and testing. These 327 

analyses were conducted using The Decoding Toolbox (Hebart et al., 2014). The mid-328 

insula regions-of-interest (ROIs) used for these analyses were identified as significantly 329 

responsive to all tastes vs. the tasteless solution, as described above.  330 

At the whole-brain level, we ran an MVPA searchlight analysis (Kriegeskorte et al., 331 

2006), which allowed us to identify the average classification accuracy within a multi-332 

voxel searchlight, defined as a sphere with a four-voxel radius centered on each voxel 333 

in the brain (251 voxels / 433 mm3 total). These searchlight analyses were again 334 

conducted using The Decoding Toolbox (Hebart et al., 2014), and results were tested in 335 

AFNI. For every subject, we performed a separate searchlight analysis which evaluated 336 

all three pairwise taste contrasts (sweet vs. sour, sweet vs. salty, salty vs. sour). The 337 

output of this searchlight analysis was a voxel-wise map of average classification 338 

accuracy minus chance (33% for the multiclass comparisons). To evaluate the 339 

classification results at the group level, we warped the resulting classification maps to 340 

Talairach atlas space, and applied a small amount (2.4mm FWHM) of spatial smoothing 341 

to normalize the distribution of scores across the dataset. We then performed group-342 

level random-effects analyses using the AFNI program 3dttest++ and applied a non-343 

parametric permutation test to correct for multiple comparisons.  344 

Assessment of covariance with pleasantness ratings 345 

 In a series of supplementary analyses, we examined the relationship between 346 

fMRI activation to tastants and participants’ self-reported pleasantness ratings of those 347 
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tastants in two separate ways. Firstly, we included participants’ average pleasantness 348 

ratings for each of the tastant solutions (including the neutral solution) in a separate 349 

subject-level regression model using parametric modulation regression in AFNI, which 350 

varies the height of the HRF by the height of the associated behavioral covariate. In this 351 

case, the predicted response to tastant delivery varied as a function of subjects’ 352 

pleasantness ratings. Importantly, this was distinct from the model described above (in 353 

Subject-level regression analysis), in which the pleasantness regressor was not 354 

included, due to collinearity with the individual tastant regressors. In total, this 355 

regression model included a single regressor for the onset of all tastant blocks, a 356 

parametric regressor for the pleasantness of those tastant blocks, as well as regressors 357 

of non-interest for motion, polynomial trend, and wash trials, as above. To estimate the 358 

amount of within-session variability accounted for by participants’ pleasantness ratings, 359 

we then performed a group-level random-effects analyses on the parametrically-360 

modulated beta-coefficient maps, using the AFNI program 3dttest++.  361 

Secondly, we performed a linear mixed-effects (LME) analysis at the group level, 362 

using the AFNI program 3dLME (Chen et al., 2013). This analysis was used to estimate 363 

the amount of variability accounted for by pleasantness ratings, across subjects. For 364 

this analysis, we provided the program with the subject-level beta-coefficient maps for 365 

each tastant (including neutral), as well as subjects’ pleasantness ratings for each of 366 

those tastants.  367 

Permutation testing for multiple comparison correction 368 

Multiple comparison correction was performed using AFNI’s 3dClustSim (AFNI 369 

version 19.0.25, March 15, 2019), within a whole-volume TSNR mask. This mask was 370 
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constructed from the intersection of the EPI scan windows for all subjects (after 371 

transformation to talairach space) with a brain mask in atlas space (Figure 2c). The 372 

mask was then subjected to a TSNR threshold, such that all remaining voxels within the 373 

mask had an average un-smoothed TSNR of 10 or greater. For one-sample t-tests, this 374 

program will randomly flip the sign of individual datasets within a sample 10,000 times. 375 

This process generates an empirical distribution of cluster-size at the desired voxel-wise 376 

statistical threshold (in this case, p < 0.001). The clusters which survive correction are 377 

those that are larger than 95% of the clusters within this empirical cluster-size 378 

distribution. Permutation tests utilizing cluster size have been demonstrated to 379 

accurately control false positive rates (see (Eklund et al., 2016), for discussion). 380 

 381 
RESULTS  382 

Behavioral Results 383 

We identified a main effect of taste intensity (F = 11.1, p < 0.001). Our post-hoc t-384 

tests revealed that the sweet, salty, and sour tastants were each rated as more intense 385 

than the neutral tastant (p < 0.001, bonferoni corrected for multiple comparisons), 386 

though they did not differ in intensity among themselves (p > 0.43; see Figure 1-1, Table 387 

1). We also identified a main effect of taste pleasantness (F = 14.4, p < 0.001), with the 388 

sweet tastant rated as the most pleasant (mean(sd) = 6.2(1.41); all comparisons: p < 389 

0.001), followed by the neutral tastant (mean(sd) = 4.7(0.7)). The sour and salty tastants 390 

did not differ in pleasantness (sour: mean(sd) = 3.7(1.5); salty: mean(sd) = 3.8(1.6); p > 391 

0.99). These pleasantness and intensity ratings are comparable to those reported in 392 

previous neuroimaging studies of taste using similar concentrations (Bender et al., 393 

2009). The average identification accuracy across all subjects was 93%(SD = 8%). 394 
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 395 

Imaging Results 396 

Univariate Contrasts: All tastes compared to the tasteless control significantly 397 

activated a bilateral region of the dorsal mid-insula, located in an area in the fundus of 398 

the central insular sulcus and the overlying frontoparietal operculum (Figure 3a, Table 399 

1). In the left insula, as well as the right, activation for taste vs. neutral extended 400 

ventrally from this dorsal mid-insula area down the central insular sulcus, extending 401 

towards the ventral anterior insula. A separate cluster was located in the dorsal right 402 

anterior insula, located in the fundus of the overlying frontal operculum, on the middle 403 

short insular gyrus. Outside of the insula, we observed significant activation in the 404 

bilateral post-central gyrus, approximately in the tongue and mouth region of 405 

somatosensory cortex, as well as bilateral regions of cerebellar lobule VI, regions 406 

associated with orosensory and motor movements (Suzuki et al., 2003). Finally, we 407 

observed activation for all tastes in a cluster of the right ventral thalamus, in the 408 

approximate location of the gustatory thalamic nucleus (Figure 3a, Table 1). These 409 

results were obtained using non-parametric cluster-size correction for multiple 410 

comparisons over the whole scan volume.  411 

Taste Specificity Analyses: A series of whole brain conjunction analyses was 412 

performed to identify voxels within the brain that were preferentially activated by each 413 

taste greater than both other tastes as well as the tasteless control. After correction for 414 

multiple comparisons using Threshold-Free Cluster-Enhancement and voxel-wise 415 

conjunction analysis, we did not identify any voxels within the insula or the wider brain 416 

exhibiting a significant preference for either sweet, sour, or salty taste (see Figure 4a, 417 
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uncorrected maps presented for display purposes only). In another analysis approach, 418 

we did not identify any regions of the brain that exhibited a main effect of taste quality 419 

(among sweet, sour, and salty), after correction for multiple comparisons. 420 

Subject-level Results: At the subject-level, a similar series of taste specificity 421 

analyses identified distributions of voxels within the insula that exhibited a selective 422 

preference for specific tastes. However, the distribution of these voxels was not 423 

consistent across subjects, nor were the dominant preferences in any consistent pattern 424 

(Figure 4b). To identify whether these taste-selective responses reflected a consistent 425 

spatial organization at the subject-level, we brought back a subset of our subjects for a 426 

second session of the Taste Perception task (N = 5). We observed that, within individual 427 

subjects, the patterns of taste-selective responses identified via the conjunction 428 

analyses did not remain consistent from day to day (Figure 4b).  429 

MVPA Results: To identify whether taste-selective activity patterns are present 430 

within insula regions broadly responsive to multiple tastes, we performed multivariate 431 

pattern analyses (MVPA) using the mid-insula ROIs identified above (Figure 3a). We 432 

were able to reliably classify between sweet, salty, and sour tastants within the bilateral 433 

dorsal mid-insula with an average accuracy of ~ 62% (i.e. 12% above chance; all 434 

pairwise p-values p < 0.001; see Figure 5a). In a supplemental analysis, we also 435 

performed the ROI analyses using leave-two-runs-out cross-validation. The results of 436 

this procedure did not substantively differ from the results using leave-one-out-cross-437 

validation. 438 

The multivariate searchlight analysis identified a number of brain regions that 439 

exhibited significant, above chance classification accuracy for discriminating between 440 
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tastes. Those regions included primary sensory areas such as bilateral regions of the 441 

dorsal mid-insular cortex, somatosensory cortex, and piriform cortex. Additionally, we 442 

also were able to reliably classify between distinct tastes within brain regions involved in 443 

affect and reward, including the bilateral amygdala, the left orbitofrontal cortex (BA11m), 444 

the mediodorsal thalamus, the dorsal striatum, and the subgenual prefrontal cortex 445 

(BA25) (see Figure 6 and Table 2 for a list of these regions and descriptive and 446 

statistical data).  447 

Pleasantness Analyses 448 

We also attempted to identify the effect of self-reported pleasantness ratings on 449 

the hemodynamic response to tastants. We performed both a group-level t-test of 450 

parametrically-modulated hemodynamic response functions as well as a group-level 451 

linear mixed-effects regression model. After correction for multiple comparisons, neither 452 

approach was able to identify any brain regions exhibiting a reliable relationship 453 

between pleasantness ratings and tastant response. Additionally, removal of the effect 454 

of pleasantness ratings, using the group-level LME model, did not noticeably diminish 455 

the size of clusters present with our main univariate contrast (i.e. taste vs. tasteless, 456 

Figure 3).  457 

 458 
DISCUSSION 459 
 460 

Prior evidence from optical imaging studies in rodent models has suggested that 461 

tastes are represented in topographically distinct areas within the insular cortex (Chen 462 

et al., 2011). However, studies in non-human primates instead have suggested that 463 

taste within the insula is represented within dispersed populations of cortical neurons, 464 

without any clear spatial organization (Scott and Plata-Salamán, 1999). Human 465 
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neuroimaging studies of taste to date have largely been conducted using low-resolution 466 

functional neuroimaging methods, which may not have the power to discriminate 467 

between distinct taste-specific regions within insular taste cortex. In order to 468 

discriminate between the competing topographical and population coding models, we 469 

examined the spatial representation of multiple tastes within the human brain using 470 

ultra-high resolution fMRI at high magnetic field strength. In agreement with previous 471 

human neuroimaging studies of taste (Small, 2010; Veldhuizen et al., 2011; Yeung et al., 472 

2017), sweet, sour, and salty tastant solutions (vs. a tasteless solution) activated 473 

regions of the anterior and mid-insular cortex. However, we did not observe any 474 

evidence that any region within the insula, or in the rest of the brain, exhibited a clear 475 

preference for a specific taste. 476 

One previous fMRI study that examined taste representation in the insula 477 

reported that patterns of taste-specific responses were highly variable across subjects, 478 

but suggested that those patterns were stable over time within subjects (Schoenfeld et 479 

al., 2004). To examine this possibility of a stable individual-level topography, we also 480 

examined the tastant responses of a subset of subjects which were scanned during two 481 

separate sessions. Using the same type of conjunction analyses we employed at the 482 

group level, we observed that the patterns of taste-specific responses were not only 483 

highly variable across subjects, but within subjects as well. While we were unable to 484 

rule out the possibility of a micro-scale organization of taste specific neurons within 485 

gustatory cortex, such as that observed in previous studies of rodents (Chen et al., 486 

2011), we find little evidence for discrete topographical regions for specific tastes in 487 

humans at the spatial scales observable with ultra-high resolution fMRI.  488 
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However, using multivariate pattern analysis at those same spatial scales, we 489 

were nonetheless able to discriminate between the responses to distinct tastes within 490 

the insula. Using an MVPA searchlight approach (Kriegeskorte et al., 2006), we 491 

identified that the bilateral dorsal mid-insula reliably classified between distinct tastes 492 

with an accuracy significantly greater than chance. These results support a model of 493 

insular functional organization wherein taste quality is encoded by distributed spatial 494 

patterns within primary gustatory regions of the insular cortex, like that observed for 495 

olfaction in piriform cortex (Howard et al., 2009; Stettler and Axel, 2009). These activity 496 

patterns may be represented either in dispersed ensembles of cortical neurons 497 

specifically tuned to individual tastes (i.e. labelled-lines), by a combinatorial code within 498 

cortical neurons broadly tuned to multiple tastes (Simon et al., 2006), or by some 499 

mixture of broadly-tuned and specialist neurons (Roper and Chaudhari, 2017).  500 

The actual location of the human primary gustatory area in the insula has also 501 

been the subject of some controversy. Many researchers have argued that the far 502 

anterior region of the dorsal insula is the likeliest candidate, given the location of Area G 503 

in the non-human primate insula (Rolls, 2016). However, numerous human 504 

neuroimaging studies over the past 15 years have implicated the dorsal anterior insula 505 

as playing a more domain-general role in cognition and attention (Kurth et al., 2010; 506 

Nelson et al., 2010), and many consider the human anterior insula to be a newly 507 

developed cortical structure (Craig, 2009), perhaps due to the expansion of language 508 

faculties in our species (Nieuwenhuys, 2012). The effects of task context, such as 509 

whether subjects identify or evaluate a taste during scanning, have also been shown to 510 

affect the spatial representation of that taste within the insula (Bender et al., 2009). 511 
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Nevertheless, a large number of human neuroimaging studies of taste, incorporating 512 

multiple imaging modalities (Kobayakawa et al., 1999; 2005; Veldhuizen et al., 2007; 513 

Iannilli et al., 2014), as well as cortical electrode stimulation studies in pre-surgical 514 

patients (Mazzola et al., 2017), point to the mid-to-posterior dorsal insula as the location 515 

of human primary gustatory cortex. In the present study, we identified regions of the 516 

dorsal mid-insula, anterior ventral insula, and mid-anterior insula that exhibited a 517 

significant activation to taste vs. tasteless solutions, consistent with meta-analyses of 518 

human neuroimaging studies (Veldhuizen et al., 2011; Yeung et al., 2017). Of those 519 

regions, the bilateral dorsal mid-insula regions exhibited the most consistent ability to 520 

discriminate between different tastant solutions, suggesting a focal role for the dorsal 521 

mid-insula in the primary sensory processing of taste.  522 

One recent human neuroimaging study, which was acquired using lower 523 

resolution fMRI (36.75mm3 at 3T; 8mm3 at 7T vs. 1.73mm3 for the present study) and 524 

within the context of a hedonic evaluation task, also provided evidence that multivariate 525 

methods could be used to classify tastes within the insula (Chikazoe et al., 2019). In 526 

agreement with the results of Chikazoe and colleagues, we identified regions of the mid-527 

insula that reliably classify between different tastes. In contrast to their results, however, 528 

we identified other regions of the brain that exhibited spatial activity patterns that 529 

discriminated between different tastes. These regions included other cortical sensory 530 

regions such as the piriform cortex, involved in olfactory processing (Sobel et al., 2000) 531 

as well as regions involved in various aspects of food sensation and reward, such as 532 

the bilateral amygdala, the orbitofrontal cortex, the dorsal striatum, and the mediodorsal 533 

thalamus. These results suggest that the presence of multivariate patterns supporting 534 
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information related to taste is not a unique feature of insular taste cortex, as previously 535 

suggested (Chikazoe et al., 2019). Notably, the amygdala, orbitofrontal cortex and 536 

striatum are all downstream regions in the taste pathway (Scott and Plata-Salamán, 537 

1999; Rolls, 2005), that receive primary (or secondary) projections from gustatory cortex, 538 

and that play different roles in food reward, aversion, and value based decision making 539 

(Kringelbach et al., 2003; Kringelbach, 2005; Rolls, 2005; Saez et al., 2017). The 540 

involvement of the amygdala in the perception of basic tastes has been demonstrated in 541 

patients undergoing amygdala resection, who exhibit increased sensitivity to sour taste 542 

and greater perceived taste intensity (Small et al., 1997). The activity of the amygdala, 543 

especially the central nucleus and basolateral amygdala, is strongly associated with 544 

conditioned taste aversion (Reilly and Bornovalova, 2005). The OFC, in concert with the 545 

amygdala and mediodorsal thalamus, are thought to represent the moment-to-moment 546 

value of environment stimuli and sensory experiences, informed by the body’s current 547 

state (Rudebeck and Murray, 2014). Importantly, while these MVPA results may 548 

indicate that these regions contain reliable information about taste quality, they don’t 549 

indicate the precise nature of that information (see (Hebart and Baker, 2018)). As these 550 

regions play key roles in taste perception and normative responses to food, the 551 

multivariate taste-specific patterns identified within them might reflect codes for taste 552 

quality, or they might reflect information about other stimulus dimensions such as the 553 

pleasantness or aversiveness of these distinct tastes.  554 

Limitations 555 

Within a supplemental analysis, we attempted to account for any effect of 556 

swallowing-induced head motion during the task by including a regressor for the onset 557 
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of each swallowing event within the subject-level regression model. We also included 558 

another parametrically-modulated regressor within that model to account for the 559 

magnitude of head motion estimated for each swallowing event. We re-analyzed our 560 

imaging data using these regressors at the subject, group, and decoding level, and our 561 

results remained consistent and largely unchanged (see Extended Data figures). 562 

However, while these measures may help to account for any head-motion related 563 

differences in swallowing, they cannot completely account for any neural differences 564 

due to differing oromotor actions during swallowing.   565 

Pleasantness is one of the defining features of the sense of taste, with some 566 

tastes, such as sweet, being inherently more pleasant than others, such as bitter. Within 567 

the present study, we attempted to minimize the effect of taste pleasantness, in an effort 568 

to dissociate taste pleasantness from taste quality. To this end, we specifically used 569 

mild concentrations of sweet, sour, and salty tastants and did not use a bitter tastant. 570 

We examined the effect of pleasantness upon tastant responses using two different 571 

approaches, one in which participants’ pleasantness ratings were used to account for 572 

trial-by-trial variance (i.e. amplitude modulation regression) and one in which ratings 573 

were used to account for any remaining variance at the group level. After correction for 574 

multiple comparisons, neither approach provided evidence for an effect of participants' 575 

self-reported pleasantness ratings upon the hemodynamic response to tastes. While a 576 

complete dissociation of taste quality and taste pleasantness may not be experimentally 577 

feasible, within the context of this study, in which tastes were only mildly pleasant or 578 

mildly aversive, variability in pleasantness did not account for a significant amount of 579 

variability in taste response.  580 
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Conclusion 581 

We set out to distinguish between two competing theories of taste representation 582 

in the insula using ultra-high resolution fMRI at high magnetic field strength. We 583 

identified a strong overlap in the activity for all three tastes in previously identified 584 

gustatory regions of the insula. We did not identify any regions within the insula or the 585 

wider brain that exhibited a preference for specific tastes. However, we were able to 586 

decode taste identity in a consistent manner within primary gustatory insula and other 587 

brain regions associated with food perception and reward. This suggests that taste 588 

quality exists in a distributed pattern across multiple voxels within gustatory cortex, 589 

potentially resulting from a population code among dispersed populations of taste-590 

responsive cortical neurons. This information is then presumably passed down through 591 

a network of cortical and sub-cortical regions involved in appetitive and behavioral 592 

responses to food.  593 
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Table 1. Pre-scan tastant ratings 720 
 721 
 Pleasantness Taste Contrast* Intensity Taste Contrast* 

Taste Mean(SD) 
Vs. 

Neutral  
Vs. 

Salty 
Vs. 

Sour Mean(SD) Vs. Neutral  
Vs. 

Salty 
Vs. 

Sour 
Sweet 6.21(1.41) 0.003 <0.001 <0.001 5.46(0.24) <0.001 0.72 0.43 

Sour 3.71(1.53) 0.22 0.99  5.03(0.18) 0.001 0.47  
Salty 3.80(1.62) 0.22   5.55(0.33) <0.001   

Neutral 4.68(0.67)    2.49(1.74)    
* Bonferroni corrected paired t-tests.  722 
 723 
Table 2. Brain regions responsive to tastants (vs. tasteless control). See Table 2-1 724 
for MNI coordinates 725 
 726 

Anatomical Location 
Peak Coordinates 

TLRC Peak Z Cluster p-value Volume (mm3) 

X Y Z       
Right Somatosensory Cortex 60 -1 23 5.20 < 0.01 2798 
Left Somatosensory Cortex -57 -15 12 5.04 < 0.01 2286 
Left Cerebellum -15 -60 -22 5.28 < 0.01 1106 
Left Mid-Insula -34 -7 14 5.46 < 0.01 900 
Right Cerebellum 22 -63 -19 4.96 < 0.01 757 
Right Mid-Insula 33 -8 14 5.09 < 0.01 689 
Right Mid-Anterior Insula 35 11 7 5.43 < 0.01 313 
Right Ventral Thalamus 10 -15 1 5.08 < 0.01 257 
Right Ventral Anterior Insula 37 7 -5 5.16 < 0.02 152 
 727 
Table 3. Brain regions where multivoxel patterns reliably discriminate between 728 
sweet, salty, and sour tastants. See Table 3-1 for MNI coordinates 729 
 730 
 731 
Location (multiple anatomical 
regions within a cluster are 
separated by semi-colons) 
  

Peak Coordinates Peak Z Peak 
ACC 

Cluster p-
value 

Volume 
(mm3) 

X Y Z   %     

Right Mid-Insula;  
Right Parietal Operculum 36 -9 10 5.65 14.00 

< 0.01 
2964 

Right Piriform Cortex 23 -3 -7 5.26 13.10 < 0.01 1510 
Left Amygdala -20 -4 -13 5.47 13.90 < 0.01 1337 
Right Pons 7 -16 -24 5.18 12.70 < 0.01 1109 
Left Somatosensory Cortex -52 -15 29 5.39 11.50 < 0.01 1085 
Left Mid-Insula -34 -4 9 5.13 14.08 < 0.01 931 
Right Hippocampus 19 -23 -12 4.86 11.50 < 0.01 757 
Right Somatosensory Cortex 53 -11 30 5.30 12.85 < 0.01 755 
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Right Parahippocampal Gyrus 28 -27 -19 4.80 11.80 < 0.01 679 
Left Periaqueductal Gray -5 -27 -11 4.78 10.60 < 0.01 662 
Subgenual Prefrontal Cortex 8 25 -3 5.05 13.40 < 0.01 655 
Left Cerebellum -20 -26 -27 5.06 10.30 < 0.01 534 
Right Amygdala 28 2 -22 4.40 13.20 < 0.01 491 
Right Dorsal Lateral Thalamus 14 -10 9 5.26 11.20 < 0.01 429 
Left Temporal Pole -27 11 -29 5.35 13.80 < 0.01 396 
Left Lateral Orbitofrontal Cortex -20 28 -10 5.11 10.90 < 0.01 359 
Left Dorsal Striatum -16 7 17 4.78 10.90 < 0.01 223 
Left Ventral Tegmental Area -4 -10 -9 4.68 11.03 < 0.02 219 
Right Temporal Pole 40 13 -27 4.61 12.08 < 0.02 207 
Right Lingual Gyrus 9 -63 0 4.48 11.90 < 0.02 200 
Right Mediodorsal Thalamus 4 -17 6 5.29 9.93 < 0.02 195 
Right Hippocampus 25 -29 -4 4.58 9.48 < 0.02 188 
Right Mid-Cingulate Cortex 7 9 27 4.99 8.56 < 0.03 175 
Right Inferior Temporal Gyrus 58 -7 -21 4.90 9.93 < 0.03 173 
Right Caudate Nucleus 9 2 6 4.40 11.60 < 0.03 173 
  732 
Figure Captions 733 
 734 
Figure 1: Tastant Delivery System and Task Design 735 
A) During scanning, participants tasted sweet, salty, sour and tasteless liquids, 736 
delivered via a custom-built MRI-compatible tastant-delivery system. B) While in the 737 
scanner, but prior to fMRI scanning, subjects rated the identity, pleasantness, and 738 
intensity of each taste solution. See behavioral results in Figure 1-1. During the fMRI 739 
task, received 0.5mL of sweet, sour, salty, and neutral tastant, in a block design (4 740 
identical taste events/block), followed by a wash period.  741 
 742 
Figure 2: Imaging Parameters 743 
Functional MRI data was acquired at ultra-high voxel resolution (1.2mm x 1.2mm x 744 
1.2mm) at high magnetic field strength (7-Tesla). A) Echo-planar images (EPI) were 745 
acquired in 68 axial slices, in a scan window that ranged from the top of the cingulate 746 
gyrus (superiorly) to the tip of the temporal pole (inferiorly). B) Anatomical images were 747 
transformed to Talairach atlas space using a high-fidelity non-linear warp. C) Average 748 
temporal signal-to-noise ratio (TSNR) of unblurred EPI images, within a mask 749 
constructed from the intersection of EPI scan windows for all subjects, after non-linear 750 
transformation to Talairach space. 751 
 752 
Figure 3: Taste-responsive regions of the brain 753 
A) All tastes (sweet, sour, and salty) reliably activated taste cortex in the dorsal mid-754 
insula, as well as primary lingual somatosensory cortex and a region of left ventral 755 
thalamus. Each of these regions has been previously identified as taste-responsive in 756 
prior human neuroimaging studies of taste (Small et al, 2010; Veldhuizen et al., 2011; 757 
Yeung et al., 2017). C) The hemodynamic response within the bilateral mid-insula, 758 
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estimated using finite impulse response functions, closely tracks the delivery of tastants 759 
during tastant blocks. The average response to each taste within the dorsal mid-insula 760 
is greater than the tasteless control, and this region exhibits no preferred activation for 761 
either taste. See Figure 3-1 for results after more aggressive correction for swallowing-762 
induced motion. 763 
 764 
Figure 4. Conjunction analyses of taste contrasts provide no clear evidence of 765 
topographical organization 766 
A) At the group level, whole brain conjunctions of taste contrasts, using corrected 767 
statistical contrasts, did not identify any voxels within the insula or the wider brain 768 
exhibiting a significant preference for either sweet, sour, or salty taste. B) Specificity 769 
maps from five subjects who were scanned on two separate sessions. Not only did 770 
specificity maps vary greatly between subjects, the patterns of taste-selective 771 
responses identified did not remain consistent within individual subjects from day to day. 772 
Images above show uncorrected specificity maps at low statistical threshold (p < 0.05).  773 
 774 
Figure 5: Multivariate pattern analyses decode taste quality within primary taste 775 
cortex  776 
Multivariate pattern analyses run within the bilateral mid-insula, a region broadly 777 
responsive to multiple tastes (Figure 3) show high accuracy for classifying between 778 
distinct tastes, as seen in A) pairwise classification accuracy plots and B) multi-class 779 
confusion matrices.  780 
 781 
Figure 6: Multivariate pattern analyses decode taste quality within brain regions 782 
involved in taste perception and reward  783 
A) Several regions of the brain were identified using a multivariate searchlight analysis, 784 
trained to distinguish between sweet, salty, and sour tastes. Among those regions were 785 
primary sensory regions for taste – the bilateral dorsal mid-insula – and smell – the 786 
bilateral piriform cortex, as well as limbic regions involved in affect and reward, such as 787 
the amygdala, orbitofrontal cortex, subgenual prefrontal cortex, mediodorsal thalamus. 788 
See Figure 6-1 for results after more aggressive correction for swallowing-induced 789 
motion. 790 
 791 
Extended Data 792 
Extended Data: Figure 1-1. Pre-Scan Tastant Ratings 793 
While in the scanner, but prior to fMRI scanning, subjects rated the identity, 794 
pleasantness, and intensity of each taste solution. 795 
 796 
Figure 3-1: Taste-responsive regions of the brain, with swallow regressors 797 
All tastes vs. neutral (see Figure 3) after more aggressive correction for swallowing-798 
induced motion within subject-level regression models. Results are consistent and 799 
largely unchanged. 800 
 801 
Figure 6-1: Multivariate searchlight analyses decode taste quality within brain 802 
regions involved in taste perception and reward  803 
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Several regions of the brain were identified using a multivariate searchlight analysis, 804 
trained to distinguish between sweet, salty, and sour tastes. These searchlight analyses 805 
were performed after more aggressive correction for swallowing-induced motion within 806 
subject-level regression models, with results comparable in magnitude and effect to 807 
main results. 808 
 809 
Table 2-1. Brain regions responsive to tastants (vs. tasteless control) – MNI 810 
Coordinates 811 
 812 

Anatomical Location Peak Coordinates (MNI) 
X Y Z 

Right Somatosensory Cortex 65 4 22 

Left Somatosensory Cortex -61 -14 10 

Left Cerebellum (Lobule VI) -16 -64 -25 

Left Mid-Insula -36 -4 12 

Right Cerebellum 23 -68 -21 

Right Mid-Insula 35 -6 12 

Right Mid-Anterior Insula 37 15 2 

Right Ventral Thalamus 11 -19 2 

Right Ventral Anterior Insula 39 10 -11 
 813 
Table 3-1. Brain regions where multivoxel patterns reliably discriminate between 814 
sweet, salty, and sour tastants – MNI Coordinates 815 
 816 

Anatomical Location Peak Coordinates (MNI) 
X Y Z 

Right Mid-Insula 39 -7 6 
Right Piriform Cortex 24 -1 -12 

Left Amygdala -21 -3 -19 
Right Pons 7 -18 -30 

Left Somatosensory Cortex -49 4 24 
Left Mid-Insula -40 -9 4 

Right Hippocampus 11 -17 -16 
Right Somatosensory Cortex 56 -8 30 

Right Parahippocampal Gyrus 30 -31 -24 
Left Periaqueductal Gray -15 -23 -15 

Subgenual Prefrontal Cortex 16 26 -4 
Left Cerebellum -20 -27 -34 
Right Amygdala 30 3 -30 

Right Dorsal Lateral Thalamus 15 -8 6 
Left Temporal Pole -29 12 -38 

Left Lateral Orbitofrontal Cortex -28 29 -13 
Left Dorsal Striatum -15 17 8 
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Left Ventral Tegmental Area 1 -19 -16 
Right Temporal Pole 41 14 -38 
Right Lingual Gyrus 10 -69 -11 

Right Mediodorsal Thalamus 17 -14 0 
Right Hippocampus 30 -32 -8 

Right Mid-Cingulate Cortex 5 14 25 
Right Inferior Temporal Gyrus 57 -8 -18 

Right Caudate Nucleus 8 2 1 
 817 

 818 














