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 43 
 44 

Knowledge about objects encompasses not only their prototypical features but also 45 
complex, atypical semantic knowledge (e.g.  ‘Pizza was invented in Naples’). This fMRI study 46 
of male and female human participants combines univariate and multivariate analyses to 47 
consider the cortical representation of this more complex semantic knowledge. Using the 48 
categories of food, people and places, this study investigates whether access to spatially 49 
related geographic semantic knowledge involves: a) the same domain-selective neural 50 
representations involved in access to prototypical taste-knowledge about food; b) elicits 51 
activation of neural representations classically linked to places when this geographic 52 
knowledge is accessed about food and people. In three experiments using word stimuli, 53 
domain-relevant and atypical conceptual access for the categories food, people and places 54 
were assessed. Results uncover two principles of semantic representation: food-selective 55 
representations in the left insula continue to be recruited when prototypical taste-knowledge is 56 
task-irrelevant and under conditions of high cognitive demand; access to geographic 57 
knowledge for food and people categories involves the additional recruitment of classically 58 
place-selective parahippocampal gyrus (PPA), retrosplenial complex (RSC) and transverse 59 
occipital sulcus (TOS). These findings underscore the importance of object category in the 60 
representation of a broad range of knowledge, while showing how the cross recruitment of 61 
specialised representations may endow the considerable flexibility of our complex semantic 62 
knowledge.  63 

 64 
Significance Statement: We know not only stereotypical things about objects (an apple is round, 65 
graspable, edible) but can also flexibly combine typical and atypical features to form complex 66 
concepts (the metaphorical role an apple plays in Judeo-Christian belief). In this fMRI study we 67 
observe that when atypical geographic knowledge is accessed about food dishes, domain-68 
selective sensorimotor related cortical representations continue to be recruited but that regions 69 
classically associated with place perception are additionally engaged. This interplay between 70 
categorically driven representations, linked to the object being accessed, and the flexible 71 
recruitment of semantic stores linked to the content being accessed, provides a potential 72 
mechanism for the broad representational repertoire of our semantic system. 73 
 74 

 75 
Conceptual and semantic knowledge are critical, both for effective interaction with the environment 76 
and for higher thought. The complexity and flexibility of our semantic representational abilities 77 
make an understanding of its neural substrates a continuing challenge and an area of active 78 
research. Contemporary theories have coalesced around the notion that conceptual representation 79 
is accomplished through a combination of domain specific cortical representations, potentially 80 
linked through domain general representations unbound to specific sensorimotor associations 81 
(Damasio et al. 2004; Patterson et al. 2007; Mahon and Caramazza 2008; Binder and Desai 2011; 82 
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Kiefer and Pulvermüller 2012; Binder et al. 2016; Lambon-Ralph et al. 2016). Under these models, 83 
much of conceptual knowledge is acquired and contained within those neural populations active 84 
when we interact with the world and these conceptual representations are further bound into 85 
coherent generalisable concepts through a convergent hub or hubs.  86 

Originating at its neuropsychological roots, inquiry has focused on object-concepts and the 87 
role that semantic categories play in the cortical representation of these objects. Over decades, 88 
evidence has accumulated showing the importance of these categories and the probabilistic 89 
cooccurrences of features that delineate them: brain insult can selectively impair specific object 90 
categories (e.g. tools, animals, food; for reviews, see Capitani et al., 2003, Rumiati and Foroni, 91 
2016); brain regions are selectively involved in the representation of specific categories and related 92 
features (Noppeney et al., 2006; He et al., 2013; Fernandino et al., 2015; Martin, 2016) and, in 93 
brain regions activated generally for semantic content (Binder et al., 2009), the voxel-level pattern 94 
of activation is sensitive to semantic object-category (Fairhall and Caramazza, 2013). 95 

While the investigation of the differential representation of object class in the brain has led 96 
to considerable advancements in our understanding, how we recognise and understand the typical 97 
aspects of objects represents a fraction of our rich semantic knowledge. Different kinds of 98 
knowledge about an object can be acquired and accessed in different ways. The shape, feel, 99 
colour and taste of an apple may be learned and represented through direct sensorimotor 100 
association. At the same time, it is hard to understand how snippets of knowledge such as that, ‘all 101 
Granny Smith apples are propagate descendants of the same tree’, could be similarly acquired 102 
through direct sensorimotor experience. Such knowledge is generally thought to be acquired 103 
‘verbally’, through symbolic language, and it is this verbally acquired conceptual knowledge that 104 
provides much of the depth and richness of human understanding, allowing us to combine basic 105 
elemental concepts into near infinite combinations. Verbal knowledge differs from directly acquired 106 
knowledge in that its passage through domain specific cortices is uninfluenced by semantic 107 
category and it can more flexibly represent knowledge atypical to a category (e.g. Granny Smith 108 
apples come from Australia; they were discovered by Maria Ann Smith). 109 

Category selective representations continue to be recruited when accessed knowledge is 110 
unbound to sensorimotor experience. When equivalent information (e.g. nationality) is accessed 111 
about either people or places, distinct neural networks are recruited (Fairhall and Caramazza, 112 
2013b; Fairhall et al., 2014). Moreover, there is some evidence for flexibility in this system. While 113 
accessing knowledge about specific famous people or places recruits only their respective 114 
category selective representation, accessing knowledge about kinds of people or places, a baker 115 
or a bakery, results in an asymmetric cross-activation of the two systems. Accessing knowledge 116 
about types of people additionally recruits classically place-selective regions, implying that the 117 
representation of these concepts is distributed across person and location selective 118 
representational systems (Fairhall and Caramazza, 2013b). 119 
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The goal of the present study is to assess how atypical object-knowledge is instantiated in 120 
the brain’s semantic system. Specifically, a) focusing on knowledge about traditional Italian food 121 
dishes, we consider whether atypical knowledge is represented in domain-selective cortical 122 
regions associated with sensorimotor representation and b) whether access to atypical knowledge 123 
(geographic region of origin) about the object categories food and people utilises representations 124 
in brain regions traditionally associated with other object categories.  125 
 126 
METHODS 127 
Participants 128 
Twenty-six right handed native Italian speakers were initially screened for participation in this 129 
study. As knowledge about provenance of items was anticipated to be variable in the population, 130 
only twenty participants who indicated they knew the provenance of at least 50% of each 131 
category’s items completed the entire study. Four participants were excluded because head 132 
motion exceeded 2.5 mm. Thus, we considered for the statistical analysis sixteen participants (6 133 
males, mean age 22 years).  134 

Participants underwent a medical interview with a neurologist and did not present with 135 
history of neurologic disorder. All participants gave informed consent and all procedures were 136 
approved by the University of Trento Human Research Ethics Committee. 137 
 138 
Experimental Design 139 
Stimuli were 32 words taken from 3 semantic categories (96 in total) depicting traditional Italian 140 
dishes, famous Italian people and Italian cities associated with a specific Italian region. The 141 
selected cultural feature, geographic knowledge in the form of the 13 (of 20) political/cultural 142 
regions of Italy from which the item originated, was chosen as this is unrelated to sensorimotor 143 
associations for food or people and broadly related to spatial information rather than a specific 144 
building or location. Additionally, 32 animal and tool words were used in the control condition. 145 

To select these 32 stimuli, we took 50 names of well-known food dishes, people and 50 146 
Italian cities and had an independent sample of 30 local people indicate their region of origin and 147 
selected items so that the rate of correct association with the provenance was matched across 148 
categories. Matching was performed by removing items until the mean accuracy value was 149 
equivalent across categories. Matching was successful for people (73.7%) and food (75.9%) 150 
categories but accuracies was significantly higher for cities (85.8%, p-values <.01). This is 151 
reflected in the behavioural responses for each category (see results).  152 

Due to the nature of the categories, word-stimuli necessarily differed between categories in 153 
terms of number of letters (people: 13.9, food: 11.2, places: 6.6) and an associated within-category 154 
Levenshtein orthographic distance (people: 12.4, food: 10.9, places: 6.2). However, results 155 
distinguishing food from the other categories cannot be driven by this effect, as food stimuli are 156 
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midway between places and people. All other comparisons considered the same stimuli across 157 
tasks.  158 

The fMRI study consisted of three runs (10min, 48sec each). Each run included 16 blocks, 159 
constituted of 8 word-stimuli, belonging to one of the three semantic categories: food, person, city 160 
and an additional control category composed of animal and tool names. Each block began with an 161 
8000ms coloured fixation cross, the colour of which indicated the semantic category of the 162 
upcoming block. The coloured fixation cross was used to prime the participant for the upcoming 163 
judgment in the domain-relevant experiment and was maintained across experiments for reasons 164 
of consistency. Words were presented centrally in black for 500ms and followed by 3500ms of 165 
black fixation cross (total trial duration 4sec). Both words and fixation crosses appeared on a gray-166 
scale phase-scrambled background. The presentation order of the blocks was pseudo-167 
randomised. The stimuli were projected in the MRI scanner to a mirror above the subject’s head. 168 
Responses were given on a two-button MR-compatible response device, using the left hand to 169 
dissociate the motor response interference from the left-lateralised semantic network. 170 
Psychophysics Toolbox Version 3 (psychtoolbox.org) and Matlab (www.mathworks.com) were 171 
used to display the stimulation sequence. 172 

Each of the three fMRI runs has a distinct experimental goal and task:  domain-relevant 173 
access; provenance-retrieving, provenance-matching. The domain-relevant access experiment 174 
was designed to elicit access to information relevant to each category (i.e. taste knowledge, social 175 
knowledge, spatial knowledge). In a one-back design, participants compared the presented item 176 
with the previous one along the domain-specific dimension, pressing one of two buttons to indicate 177 
if the presented item was more or less tasty (food), nicer (people) or bigger (city) than the 178 
preceding one. The provenance-retrieving experiment was designed to elicit access to non-179 
sensorimotor knowledge (i.e. Italian regional provenance). Participants indicated whether or not 180 
they knew the regional provenance of the presented item. The provenance-matching experiment 181 
likewise required access to the same geographic information, but was cognitively demanding, 182 
leaving few resources available for processes unrelated to the task. Here, subjects performed a 183 
one-back matching task, where they consecutively indicated whether or not the presented item 184 
came from the same geographic region as the preceding one. Stimuli were pseudo-randomised to 185 
make the probability of a match equal to 0.2. The control task was common across all experiments. 186 
Participants performed a one-back matching task indicating whether the presented nouns 187 
(tool/animal) was identical to the preceding. This control task was designed to control for reading 188 
processes and motor response with minimal semantic processing. 189 

The domain-relevant and provenance-matching experiments were counterbalanced in 190 
order but provenance-retrieval was always run first to prevent the unnecessary priming of taste (or 191 
social) aspects of the stimuli. Additionally, this allowed us to exclude items where the provenance 192 
was unknown from the 1-back tasks. Only items which were associated to a geographical origin in 193 
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the provenance-retrieval run entered the other two experiments, to ensure that judgments in 194 
subsequent tasks were performed on well-established information. The number of trials was kept 195 
fixed through repeated presentation of the same stimuli. Items were presented on average 1.71 196 
times per experiment and, for each participant, the number of repetitions was balanced across the 197 
three object categories.  198 

Before entering the scanner, participants were familiarized with the tasks by performing two 199 
abbreviated practice runs with a different set of stimuli. 200 
 201 
MRI scanning parameters 202 
Scanning was conducted on a Bruker BioSpin MedSpec 4T scanner and a USA Instruments eight-203 
channel phased-array head coil. The experiment consisted of three runs of 328 echo-planar 204 
volumes. Each volume consisted of 34 slices aligned along the anterior/posterior commissure. The 205 
resulting image matrix was 70 x 64 voxels, with voxel size 3x3x3 mm. Repetition time (TR) was 206 
2000 milliseconds, while echo time (TE) was 33 milliseconds.  207 

A T1-weighted MPRAGE structural image was acquired at the end of the experiment [voxel 208 
size 1mm3, sagittal slice orientation, centric phase encoding, image matrix 256 x 224, field of view 209 
256 x 224 mm, 176 slices with 1-mm thickness, GRAPPA acquisition with acceleration factor = 2, 210 
duration = 5.36 min, repetition time = 2700, echo time = 4.18, TI =1020 msec, 7° flip angle]. 211 
 212 
Post-scanner test 213 
After the fMRI scans, subjects were asked to indicate the provenance of each item seen during the 214 
previous experiments. Participants were presented with each item accompanied by a list of the 13 215 
possible Italian regions, and were instructed to choose one (forced choice). 216 
 217 
Statistical Analyses 218 
Functional MRI data analyses were performed in SPM12 (https://www.fil.ion.ucl.ac.uk/spm/) and 219 
CoSMoVMPA (http://www.cosmomvpa.org; Oosterhof et al. 2016) running on Matlab 220 
(www.mathworks.com). After discarding the first four volumes of each run for residual T1 effects, 221 
all images were corrected for the slice-acquisition delay, using the middle slice as reference. EPI 222 
images were realigned to correct for head movement and normalized to the standard SPM12 MNI-223 
EPI template. Volumes were resampled to a 3mm isotropic voxel size. Images were spatially 224 
smoothed using an isotropic Gaussian kernel of 5mm full-width half-maximum (FWHM). For the 225 
multivariate analyses, data were high-pass filtered at 1/64 seconds. 226 
A general linear model (GLM) was used to estimate the univariate neural response to the 227 
stimulation paradigm for each voxel, as a linear combination of effects of interest (stimuli, event-228 
duration: 2 secs) and effect of no interest (six motion parameters) as well as regressors that 229 
affected a high-pass filter of 128 seconds. For each subject, a statistical parametric map was 230 



 

 7  

computed for each condition. The resulting beta values were entered into a second level GLM and 231 
used to estimate a group-level random-effect response for each contrast of interest. Univariate 232 
contrasts were used to identify regional increases in the haemodynamic, and presumably neural, 233 
response. Weighted univariate contrasts were used as the primary analytical approach when a 234 
difference in response was hypothesised between conditions. This occurred in two contexts. 235 
Firstly, to identify whether a classical category-selective increase was seen for food stimuli 236 
presented as words in the domain-relevant task (contrast: [food > people & places]). Secondly, to 237 
assess whether there was a greater response for food and people when atypical geographic 238 
information was accessed in the provenance-retrieval experiment than in the domain-relevant 239 
experiment (contrast: [food & people > control]provenance-retrieval minus [food & people>control]domain-240 

relevant).  241 
Region of Interest (ROI) analyses were used to assess effects within a given region when 242 
motivated by theoretical or statistical considerations. To assess the influence of access to atypical 243 
geographic information about people and food items in classic place-selective regions, ROIs were 244 
constructed contrasting cities > people & food in the domain-relevant experiment. This contrast 245 
identified six clusters, which corresponded to bilateral PPA, TOS and RSC (c.f. figure 3B) at an 246 
uncorrected threshold (p<.01, extent>15 voxels). Place-selective regions are commonly localised 247 
with images and specific buildings or places and the use of city stimuli depicted as words 248 
necessitated this relaxed threshold. Crucially, ROI definition is non-inferential and the interrogation 249 
of effects within these ROIs remains fully valid.  250 

In a related follow-up analysis to assess the influence of intact geographic knowledge on 251 
these ROIs, trials where the object provenance was known were compared to trials where it was 252 
not in the provenance-retrieval experiment. New GLMs were formulated for each participant in the 253 
provenance-retrieval experiment. As in the original analysis, the response to each category was 254 
modelled but now with separate regressors for provenance ‘known’ and ‘unknown’ trials. This 255 
analysis was restricted to twelve participants who had unknown responses for each category. As 256 
the number of unknown trials were few and their distribution haphazard, Monte Carlo simulations 257 
were used to ensure the GLM design would not produce spurious differences between known and 258 
unknown trials. Parameters were identical to the previously described analysis preserving the 259 
frequency of known and unknown trials within each object category but randomly shuffling these 260 
‘known’ or ‘unknown’ designations over 500 permutations. Specifically, new randomised GLMs 261 
were run for each subject and the results entered into a group level GLM for ROI analyses 262 
(isolating bias due solely to the design characteristics). Paired t-test comparing known to unknown 263 
trials for each ROI and category and each permutation (9000 in total) yielded no significant 264 
increase in false positives. 265 

Cross-experiment multivariate pattern analysis (MVPA) was used as the primary analytic 266 
approach to assess whether food-related information representation was consistent over differing 267 
forms of semantic access. This approach is optimal to address this question as it relies on 268 
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information and representational states that are shared across experiments, is sensitive to subtle 269 
variations in the voxel-level patterns and permits efficient usage of the full dataset in a single test 270 
(while a univariate conjunction analysis would necessitate three separate tests).  271 

MVPA was performed on the echo-planar volumes corresponding to the near asymptotic 272 
value of the convolved haemodynamic response function (approximately 6 sec delay; 52 volumes 273 
per condition) for each block. A searchlight classification procedure was implemented using a 274 
searchlight sphere of radius 3 voxels and Linear Discriminant Analysis (LDA) classification trained 275 
to discriminate between pairs of categories. Critically, LDA was trained on two experiments and 276 
tested on the remaining (leave-one out), for all the possible combinations (cross-validation), 277 
ensuring that only information consistent across experiments could inform the classifier. Accuracy 278 
maps were smoothed using a 6mm FWHM isotropic Gaussian kernel.  The presence of food-279 
selective information was evaluated by first calculating voxels where there was more information 280 
distinguishing a) food from people compared to people from places and b) food from places 281 
compared to people from places. The resulting two maps were submitted to a random effect GLM 282 
for group level inference ([food versus people + food versus places]/2 > [people versus places], c.f. 283 
figure 2). 284 

Two control ROI analyses were performed within an ROI defined on the maximally 285 
responsive section of the left insula identified in the domain-relevant food selective contrast (p<.05, 286 
FWE voxel-corrected). This ROI approach was selected to maximise statistical power while 287 
avoiding any issue of circularity. Firstly, the presence of univariate food-selective effects in the 288 
provenance access experiments that could account for any multivariate effects was assessed. 289 
Secondly, to ensure that any overall multivariate effects were not driven by food selective 290 
representations common across only two out of the three combinations of experiments, decoding 291 
accuracy across each pair of tasks was assessed and the searchlight summary voxels within this 292 
ROI averaged. Circularity in this case is fully avoided as the data used to form the ROI only appear 293 
in either the testing or the training cross-validation folds.  294 
 295 
RESULTS 296 
Behavioural 297 
Participants’ in-scanner subjective (yes/no) reports in the provenance-retrieval experiment (69.1% 298 
people, 73.1% food, 87.1% place) matched closely to the objective (13 AFC) post-scanner test 299 
(people 72.8%, food 70.3%, place 87.3%). While in-scanner reports of knowledge about people 300 
and food was comparable (t(15)<1), participants were more likely to know the region in which a city 301 
was located (people; t(15)=2.76 p=.015; food: t(15)=3.38, p=0.004). Response accuracy in the 302 
provenance-matching experiment was similar across semantic categories (people 86.33%, food 303 
85.29%, place 85.85%; F(2,45)<1). Responses for the domain-relevant experiment were not 304 
analysed due to their subjective nature. 305 
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Reaction Times (RTs) did not differ between categories in experiment 1 (food: 1159 msec; 306 
people: 1089 msec; places: 1282 msec; p-values > .38), experiment 2 (food: 1146 msec; people: 307 
1102 msec; places: 989 msec; p-values > .38) or experiment 3 (food: 1224 msec; people: 1189 308 
msec; places: 1003 msec; p-values > .16). Due to recording error, RT data was unavailable for four 309 
subjects in experiment 1, six in experiment 2 and three in experiment 3 and it is possible that 310 
undetected RT differences between places and the other two categories may be present. 311 
However, due to the inconsistency of RT differences across experiments and the similarity 312 
between food and people responses these behavioural differences could not account for the fMRI 313 
results described hereafter.  314 
 315 
Word-cued access to taste-knowledge selectively activates the insula.  316 
To determine whether accessing domain-relevant taste-knowledge about food selectively recruits 317 
particular brain regions, univariate analysis was used to identify food-selective increases in the 318 
fMRI response via the weighted contrast food > [people and places] in the domain-relevant 319 
experiment. With respect to person and place stimuli, an increased response for food stimuli was 320 
seen in bilateral insulae, with a larger spatial extent in the left (see figure 1 and table 1). We 321 
observed an additional food-selective increase in the middle cingulate gyrus.  322 
 323 
 324 

 325 
Insert Figure 1 and Table 1 about here 326 

 327 
    328 

 329 
Common neural patterns for sensorimotor and verbal knowledge.  330 
Next, we sought to determine whether the food-selective representations apparent when taste 331 
information is accessed are also active when a) taste information is task-irrelevant and b) the 332 
accessed information relates to non-sensory motor knowledge. To assess whether common 333 
representations are preserved across different types of semantic access, we turned to a cross-334 
experiment MVPA. Cross-experiment MVPA was chosen as it allows the assessment of whether 335 
the representation of food evident in subtle voxel-level patterns of activity generalise across forms 336 
of semantic access. Specifically, whether the differential pattern of brain responses produced by 337 
different categories observed in one retrieval context could be used to predict categorical 338 
responses in another retrieval context (for a similar approach with modality, see Fairhall & 339 
Caramazza, 2013). For example, isolating that pattern of responses distinguishing food from 340 
people during the provenance-retrieving experiment and using this to predict the category 341 
producing neural activity in the domain-relevant experiment (see figure 2). Explicitly, we ran a 342 
cross-experiment searchlight linear discriminant classifier that was trained on two experiments and 343 
tested on the remaining one. We repeated this analysis for each combination of category and 344 
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experiment. In order to guarantee the food-selectivity of the information, we identified regions in 345 
which the accuracy for food classification was greater than the accuracy for people and cities 346 
classification. Significantly greater classification accuracy demonstrates the presence of a food-347 
selected information which is stable across experiments. 348 

This whole brain analysis revealed a pattern of representation of food knowledge that was 349 
consistent across tasks in the left insula (see figure 2. PeakMNI: -36 -4 -2, extent: 139 voxels, 350 
p=.0168, corrected). The locus of this effect bared a marked similarity to the region identified in the 351 
domain-relevant response identified in the previous section. Inspection of the average decoding 352 
accuracy for each category pair within this region revealed comparable above-chance decoding 353 
accuracy for food versus people 3.1% and food versus places 3.6%, which did not differ 354 
significantly from one another (t<1). Decoding accuracy for people versus places was descriptively 355 
lower 0.4% but statistical comparison is invalid due to circularity.   356 

A 47 voxel cluster in the right insula (peakMNI: 36, -4, 1), did not survive multiple comparison 357 
corrections. 358 

To assess whether subtle variations in the multivariate pattern were already evident in the 359 
overall fMRI response, univariate ROI analysis was performed on the left insula region defined in 360 
the domain-relevant experiment (see figure 2). Result revealed no significant food selectivity 361 
(food>[people & cities]) in the overall regional response for the provenance-retrieval (t(15)=1.2, 362 
p=.23) or provenance-matching (t(15)=1.1, p=.30) experiments, indicating that food-selective 363 
representations are present in the voxel-level pattern of the insula but not in the overall regional 364 
response. 365 
 366 
 367 

 368 
Insert Figure 2 about here 369 

 370 
    371 
  372 

 373 
To ensure that effects were not driven by patterns shared between only two of the three 374 

tasks, an alternate cross-validation strategy was implemented. For example, it is possible (if 375 
unlikely) that the left insula effect is driven by geographic information shared between provenance 376 
retrieval and matching experiments but not common to the domain-relevant experiment. Training 377 
and testing on pairs of experiments on data extracted from the left insula (defined by the univariate 378 
analyses in figure 1 to avoid circularity) revealed significant shared food-information across 379 
experiments. Effects were strongest between provenance-retrieving and domain-relevant 380 
comparison experiments (above chance decoding accuracy: 7.0%, p<.001) and across 381 
provenance-matching and domain-relevant comparison (acc: 5.4%, p=.002) but also remained 382 
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significant across the provenance-retrieving and the provenance-matching experiments (acc: 383 
3.3%, p<.04).  384 

 385 
386 
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Dual roles of object-domain and content-domain in semantic access.  387 
When one accesses spatial information about food or people (regional provenance) are 388 
representations in place-selective regions recruited? Were this the case, one should observe: 1) 389 
significantly greater activation when access to geographic information is required than when it is 390 
not (i.e. social or gustatory), 2) activation of place-selective regions during access to provenance 391 
information about people and food.  392 
 Univariate analyses were used to address whether between category effects differed 393 
across experiments. A whole brain analysis comparing greater responses for food and people 394 
during the provenance-retrieval task than the domain-relevant task (see methods). This revealed 395 
significantly greater activation when geographic information was accessed in bilateral RSC and left 396 
PPA (see figure 3A). ROI analysis was used to investigate this effect within classic place-selective 397 
regions. The contrast [cities]>[food & people] in the domain-relevant experiment identified six 398 
regions that corresponded to bilateral PPA, TOS and RSC. As an initial hemisphere by region by 399 
experiment by task ANOVA revealed no interactions or main effects of hemisphere, subsequent 400 
analysis is reported collapsed across hemispheres. Planned paired t-tests revealed significant 401 
recruitment of the PPA (all p-values < .015) and RSC (all p-values <.005) by food and people 402 
categories when geographic information was accessed, compared to the control task. A similar 403 
pattern was seen in the TOS (p-values <.05), although effects were not evident for food items in 404 
the provenance-matching experiment. Thus, for both food and person stimuli, across the three 405 
ROIs and two experiments, in 11/12 cases the results support cross regional processing of 406 
geographic knowledge. 407 
 To assess whether activation of place-selective regions during provenance retrieval was 408 
contingent on knowledge of the provenance of the object, a follow-up analysis was performed 409 
comparing trials where the participants reported that the provenance was known to those where it 410 
was reported to be unknown (see methods). This analysis showed a reduction in the response in 411 
place-selective ROIs when the provenance of a person or food exemplar was unknown. For 412 
people-stimuli, this was apparent in PPA (t(11)=3.06, p=.005), TOS (t(11)=4.11. p<.001) and RSC 413 
(t(11)=3.52, p=.002). On food-stimuli trials, this was evident in PPA (t(11)=2.17. p<.026) and RSC 414 
(t(11)=2.18, p=.026). For city-stimuli, no reduction in activity was evident when the regional location 415 
was unknown (all t-values <1). These results indicate that possession of geographical knowledge 416 
influences the response in place-selective regions for person and food stimuli. 417 
 418 
 419 

 420 
Insert Figure 3 and Table 2 about here 421 

 422 
    423 

 424 
  425 
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Discussion 426 
In this work, we address the interplay between category selective semantic representations and 427 
the content of the knowledge being accessed. Specifically, we a) used multivariate pattern analysis 428 
to determine whether those food-selective representations apparent when sensorimotor related 429 
information is accessed are also active when verbally weighted knowledge is accessed and taste 430 
knowledge is task-irrelevant, b) used univariate analysis to determine whether the content of 431 
accessed knowledge increases activity within neural populations classically associated with other 432 
object-categories related to that content. We found that a selective representation of food items in 433 
the insula, present when taste-knowledge is accessed, continues to show a food-selective pattern 434 
of response when non-sensorimotor, verbally acquired geographical knowledge is accessed. 435 
Conversely, we observe that access to atypical geographical knowledge about food and famous 436 
people involves the cross-recruitment of regions classically associated with knowledge about 437 
places.  438 
Word-cued category selective activation for access to food-knowledge.  439 
A preliminary goal was to identify non-perceptual category selective representations associated 440 
with food. The domain-relevant experiment revealed a food-selective response when taste-441 
information was accessed in bilateral insula, the probable location of primary gustatory cortices in 442 
humans (Small et al., 2003; Veldhuizen et al., 2011). The insula has been shown to be selectively 443 
activated when viewing images of food (Killgore et al. 2003; Simmons et al. 2005; see van der 444 
Laan et al. 2011 for a review) and may reflect the automatic generation of inferences about taste 445 
when viewing images of food (Martin, 2016). Flavour perception is a multisensory experience 446 
combining taste, olfaction as well as visual and auditory cues about food (Zampini and Spence, 447 
2012). The present result shows that food-related insula activation is not solely the multisensory 448 
stimulus response to the image of food but persists during word reading. As the link between 449 
stimulus and gustatory response must pass through the abstract code of language, this finding 450 
indicates that conceptual representation, contributes to the food-selective response in the insula.  451 

Food-selective activation for access to taste knowledge was also seen in the mid-cingulate 452 
cortex. While remote from gustatory cortices, anatomic, resting state and functional co-activation 453 
data has shown this region to be tightly coupled with that food-selective insula (Mesulam and 454 
Mufson, 1982; Taylor et al., 2009; Cauda et al., 2011), although the role of this region in access to 455 
taste information remains uncertain.  456 
 457 
Food-selective representations in the insula persist during taste-irrelevant semantic 458 
access. 459 
Next, we consider whether domain relevant representations continue to play a role when the 460 
associated feature (here, taste) is no longer relevant to the knowledge being accessed. Using a 461 
cross-experiment training/testing multivariate classifier, we determined whether food-selective 462 
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patterns of response generalised across all three experiments. Specifically, whether spatially 463 
related information, in the form of verbally weighted geographic knowledge, produced similar 464 
activation patterns to the retrieval of taste information. We observed that food-selective 465 
representations in the left insula continue to be recruited when taste information is task irrelevant. 466 
The slow-paced domain-relevant task may encourage the incidental retrieval of non-task relevant 467 
information such as taste. In contrast, the high cognitive demand of the provenance-matching 468 
experiment, where presented items had to be matched with their preceding item in terms of the 13 469 
possible geographic regions of origin, renders incidental retrieval unlikely. The generalisation and 470 
preservation of the food-selective representation to all experiments argues that recruitment of 471 
representation in the insula is not epiphenomenal and is a part of wild-type semantic access. When 472 
we access information about an object unrelated to its category, domain-selective neural 473 
populations continue to add to the representation of that concept.  474 

Collectively these results show that food-selective semantic representations are present 475 
when accessing taste information and that these continue to play a role in representation across 476 
access to variations of semantic knowledge unrelated to sensorimotor food associations. This 477 
provides further support for the notion that conceptual representations may be grounded in 478 
sensorimotor experience (Kiefer and Pulvermüller, 2012; Martin, 2016) and that they are important 479 
for a broad range of semantic knowledge, extending beyond those primary sensorimotor 480 
associations to other, unrelated, forms of knowledge. The exact nature of this contribution, and its 481 
role in access to domain-unrelated knowledge, remains a question for future research.   482 
 483 
Category and content interact to facilitate complex semantic knowledge 484 
Our final goal was to assess the interplay between the type of semantic content accessed about 485 
objects and cross-activation of category selective semantic representations. Specifically, we 486 
addressed whether spatial information, in the form of verbally weighted geographic knowledge 487 
about famous Italian dishes and people, cross-recruited semantic representations normally 488 
associated with buildings and monuments. Whole brain analysis revealed an increase in activation 489 
in bilateral RSC and left PPA for people and food when geographic information was accessed, 490 
compared to domain-relevant access. More sensitive ROI analysis confirmed this and showed that 491 
accessing geographic information about food and people increased responses across the network 492 
of place-selective brain regions, bilateral PPA, TOS and RSC (Epstein and Kanwisher, 1998; Dilks 493 
et al., 2011; Persichetti and Dilks, 2018).  494 

This network of classically place-selective regions have previously been shown to be 495 
recruited when we retrieve information about the nationality or vintage of famous monuments 496 
(Fairhall et al., 2014) and the function of various kinds of buildings (Fairhall and Caramazza, 2013). 497 
Places, which are commonly and probabilistically associated with spatial knowledge, recruit these 498 
regions in the retrieval of a wide variety of information even of a non-spatial nature (vintage, 499 
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function). Here we see that other categories recruit this system when the specific kind of content 500 
being accessed is closely related to spatial information. This flexibility allows for both category 501 
selective representations of information probabilistically associated with that category, while at the 502 
same time endowing the flexibility to recruit verbally acquired information related to the repertoire 503 
of information that can be flexibly accessed about the same object. As we saw, the recruitment of 504 
place-selective regions was stronger on trials where the province was known than when it was not. 505 
This relationship strengthens the link between spatially related geographic knowledge in the 506 
recruitment of these regions. However, it does not directly inform as to the nature of this 507 
representational content. Different potential mechanisms exist for the involvement of these regions 508 
in the atypical combination of geographic knowledge with people and food items. The conceptual 509 
system may consider broad geographic regions as a spatial feature associated with the object or 510 
as a separate discrete object which is transiently linked to the person or food item. It is also 511 
possible that effects in place-selective regions arise only from the silent naming of the region. 512 
While this last alternative cannot be fully discounted, these place-selective regions are not typically 513 
associated with naming or language (Fedorenko and Thompson-Schill, 2014), and are strongly 514 
associated with spatially related cognition, and a semantic rather than nominal account for this 515 
effect remains the most parsimonious. 516 
 517 

Inquiry into semantic representation is often focused on those fundamental, stereotypical 518 
conceptual properties that allow us to directly interact with the world, the properties of knives, 519 
bread and jam that allow us to make and consume a sandwich. At the same time, it is possible to 520 
ponder not just the taste or consistency of a food dish but its role in a particular historic event or 521 
the country or region from where it comes. It is these atypical aspects of objects, that may not arise 522 
automatically when presented with the item, and do not represent features typically associated with 523 
that object class, that are critical to more elaborate semantic knowledge and higher-level thought. 524 
While models such as the hub-and-spoke posit that atypical indirect associations are made 525 
through a linking hub (Patterson et al, 2007), the mechanism behind the flexible conceptual 526 
combination of atypical semantic content associated with different domains remains largely 527 
unknown (Frankland and Greene, 2019). Collectively, the present results uncover two principles. 528 
Firstly, category persistently drives representation, even when the accessed knowledge is 529 
unrelated to the defining features of that category. Secondly, complex knowledge about objects 530 
traverses category selective cortices, with specific geographic content associated with food or 531 
people cross-recruiting those regions commonly associated with knowledge about places. This 532 
interplay between categorically driven representations, linked indelibly to the concept being 533 
accessed, and the flexible recruitment of semantic stores linked to the content being accessed, is a 534 
potential mechanism for the astounding functional repertoire of our semantic representational 535 
system. Future work will determine how these systems work with amodal non-selective 536 
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representations reported elsewhere (Binder et al., 2009; Fairhall and Caramazza, 2013a; 537 
Frankland and Greene, 2019) and are coordinated through semantic control regions (Thompson-538 
Schill et al., 1997; Martin and Chao, 2001; Lambon-Ralph et al., 2016). 539 
 540 
 541 
 542 
  543 
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Figure Captions 631 
Figure 1. Word-cued food-selective activation when making taste judgments about famous Italian 632 

dishes. Shown is the univariate response comparing access to taste knowledge about food to 633 

domain relevant judgments about people (likeability) and cities (size). Significant clusters of 634 

activation are present in bilateral insula and the left mid-cingulate gyrus (p<.05, corrected; see 635 

table 1).  636 

 637 

Figure 2. Food-Selective representations that generalise across sensorimotor and verbal 638 

knowledge. A) Searchlight linear discriminant analyses (LDA) was performed by extracting the 639 

local patterns from the echo-planar images within a 3-voxel radius sphere consecutively centred at 640 

each cortical location. B) Extracted patterns were then trained to distinguish between pairs of 641 

categories within two experiments and tested on the remaining experiment. C) This was performed 642 

in three cross-validation steps to isolate only information that was common across experiments. D) 643 

This was repeated for the three category-pair combinations and brain maps formed of search-light 644 

accuracies.  Information content related to food was isolated by contrasting E) [food v. people] > 645 

[people v. places] and F) [food v. places] > [people v. places]. G) the resulting maps averaged for 646 

statistical inference via weighted contrast. Results reveal selective representations of food 647 

knowledge that are consistent across access to taste and geographic knowledge in the left insula 648 

(p<.001 voxel-wise threshold, p<0.05 FWE cluster-corrected).  649 

 650 

Figure 3. Selective effect of accessing geographic content for food and people compared to 651 

places. A. Whole brain analysis of increased cortical recruitment for access to geographic 652 

knowledge compared to domain relevant content for food and people (see text). B. ROI analysis. 653 

ROIs were defined on place-selective response in the domain-relevant experiment and 654 

interrogated in provenance retrieval and matching experiments. Signal plots show bilateral 655 

response in each ROI. Access to geographic knowledge increases responses for food and people 656 

in the place-selective network. Error bars are absent from the domain-relevant experiment plots 657 
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due to the circularity of ROI definition/interrogation for this experiment. ***p<.001, **p<.005, *p<.05, 658 

ns = not significant. 659 

Tables 660 
 661 

 662 
Table 1. Location, Significance and extent of clusters showing a greater domain-relevant 663 

response for food than for places and people. 664 
 665 

Cluster PFWE voxels Peak, PFWE    T x y z (MNI) 
Left insula <.001 179 5.46 5.71 -33 -4 1 
Right insula .001 147 4.30 5.26 36 -1 -5 
Left mid cingulate gyrus .007 116 4.70 4.82 0 -7 43 

 666 
 667 
Table 2. Location, significance and extent of clusters more active accessing geographic the 668 

domain-relevant content for food and people 669 
Cluster PFWE voxels Peak, PFWE    T x y z (MNI) 

left RSC <.001 352 0.001 5.71 -6 -61 13 
right RSC   0.011 5.26 9 -49 4 
left PPA 0.023 62 0.061 4.82 -24 -37 -17 

 670 
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