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Abstract 55 

Learning novel facts is central to modern life. While cortical regions involved in this 56 

process have been identified, the neural substrates underlying successful knowledge 57 

acquisition have remained elusive. In this fMRI study, we presented human participants 58 

(N=29; 7, male) with a naturalistic learning task where 120 fictitious encyclopaedic facts 59 

relating to people or places drawn from three imaginary civilisations. We then compared 60 

items that were subsequently recalled to those that were forgotten on a memory test 61 

that targeting associative learning, administered on average a day and a half later. To 62 

complement univariate analysis, multivariate pattern analysis was used to identify 63 

regions sensitive to semantic content during encoding, identifying medial precuneus, 64 
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left angular gyrus (AG), intraparietal sulcus (IPS), ventral occipitotemporal cortex 65 

(VOTC), and the lateral anterior temporal lobes (latATL) bilaterally. Within these 66 

regions, the strength of informational content within the precuneus and left latATL 67 

predicted subsequent retrieval. In contrast, planned analyses did not find univariate 68 

differences between remembered and forgotten facts. Targeted follow-up ROI analysis 69 

indicated a possible role of response magnitude in left inferior frontal gyrus and no 70 

univariate or multivariate effects within medial temporal lobe structures. Collectively, 71 

these results support a model of fact learning predominantly driven by the richness of 72 

representations within semantic systems that is partially distinct from episodic learning 73 

mechanisms. 74 

 75 

Significance Statement 76 

The ability to acquire factual knowledge is central to education, work, and daily life, yet the 77 

neural mechanisms that support successful fact learning remain unknown. This study shows 78 

that successful learning of new facts is predicted not by how much the brain activates, but by 79 

the quality of semantic representation in high-level cortical regions, including the precuneus 80 

and anterior temporal lobe. These findings reveal a cortical route for factual learning that is 81 

distinct from traditional episodic memory mechanisms and emphasise the importance of 82 

conceptual integration with prior knowledge. This work advances our understanding of how 83 

the brain supports real-world learning and provides a novel framework for studying long-term 84 

knowledge acquisition. 85 

 86 

Introduction 87 

Central to the modern human experience is our ability to rapidly acquire complex, 88 

encyclopaedic, factual knowledge. It is natural to learn things such as: Granny Smith apples 89 

are the genetically identical descendants of an Australian apple tree cultivated in 1868. Unlike 90 

general conceptual knowledge (e.g., an apple is an edible fruit), this form of semantic 91 

knowledge is highly associative, involving linking multiple concepts to form a novel, specific 92 

representation in an ad hoc manner. This aspect of cognition plays a central role in 93 

professional, scholastic and day-to-day life, yet neural processes that lead to successful 94 

learning – to the ability to later recall a fact – remain unknown.  95 

 96 

Previous imaging studies that have investigated the processing of new encyclopaedic 97 

facts (e.g. ‘Melville R. Bissel invented the carpet sweeper’) have implicated the left dorsolateral 98 
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 4 

and dorsomedial prefrontal cortex (Maguire and Frith, 2004). The general importance of left 99 

lateral prefrontal cortex (PFC) in processing new factual information was also reported by 100 

Simmons and colleagues (2010), who additionally showed that different brain regions are 101 

selectively involved in attempts to learn content from distinct knowledge domains, such as 102 

people, places, and objects. While these studies have identified regions involved generally in 103 

the attempted learning of facts, the key aspect of learning is that the information is encoded 104 

into long term memory, rather than merely comprehended. Insight into which aspects of the 105 

neural response evident during comprehension support successful learning would require 106 

directly contrasting the encoding of remembered versus forgotten facts. 107 

 108 

Decades of research have provided insight into the cortical systems engaged during 109 

semantic comprehension and conceptual processing (Thompson-Schill et al., 1997; Martin 110 

and Chao, 2001; Tyler and Moss, 2001; Binder et al., 2009; Fairhall and Caramazza, 2013a; 111 

Fernandino et al., 2015; Martin, 2016; Chen et al., 2017; Lambon-Ralph et al., 2017; Liuzzi et 112 

al., 2020). What emerges is a highly distributed picture of meaning representation shared 113 

across a) neural populations specialised for particular conceptual features and domains of 114 

knowledge present in those sensorimotor brain areas active when we interact with the world; 115 

b) more generalised representations of meaning predominantly within internalised ‘default 116 

mode’ regions (latATL, AG, precuneus, ventromedial PFC) that nonetheless express some 117 

derived selectivity for particular knowledge domains; and c) semantic control systems, 118 

particularly the lateral and dorsomedial PFC, that guide access to information relevant to the 119 

current context or goal. Components of this semantic system could differentially contribute to 120 

successful and fact encoding. Semantic control regions could enhance learning by shaping 121 

representation within the current context, representational regions may support successful 122 

encoding through the formation of richer semantic associations or, alternatively, episodic 123 

encoding mechanisms, particularly in the hippocampus and surrounding medial temporal lobe 124 

(MTL: Burgess et al., 2002; Diana et al., 2007; Eichenbaum et al., 2007), play a central role in 125 

the rapid binding of novel factual content into memory. 126 

 127 

To effectively address these possibilities, it may be necessary to expand inquiry 128 

beyond measures of the amount of neural activity to the quality of semantic representation 129 

during encoding by extending analyses to multivariate measures of the richness of 130 

informational content. Prior work has demonstrated that brain activity during sentence 131 

processing is sensitive to semantic content, both in terms of overall activation levels (Simmons 132 

and Martin, 2009; Rabini et al., 2021; Ubaldi et al., 2022) and in the structure of distributed 133 

JN
eurosci

 Acce
pted M

an
uscr

ipt



 5 

activity patterns (Pereira et al., 2018; Acunzo et al., 2022; Fairhall, 2024). Building on this, the 134 

present study uses multivariate analysis to assess whether the quality of semantic 135 

representation during encoding predicts subsequent memory. 136 

 137 

Specifically, we generated 120 fictitious facts from two semantic classes, either relating 138 

to people or places to quantify the sensitivity to semantic class through multivariate pattern 139 

analysis, with high decoding accuracy of person- versus place-related facts indicative of a 140 

stronger representation of meaning. Subsequent memory testing, on average 31 hours later, 141 

allowed us to quantify semantic representation separately for successful and unsuccessful 142 

encoding events.  143 

 144 

 145 

  146 
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 6 

Materials and Methods 147 

Participants 148 

Thirty-three native Italian speakers were recruited for the study. Four participants were 149 

excluded due to an insufficient number of high-confidence correct trials (20 or fewer). The final 150 

sample included 29 participants (7 males; age: x̅ = 25.2; sd = 5.2). None of the remaining 151 

participant exhibited excessive head movement (within-run movement <2 mm). Before 152 

entering the scanner, participants underwent a medical interview with a neurologist, and all 153 

reported no history of neurological or psychiatric disorder. Participants gave informed consent 154 

and were compensated for participation (15 €/hour). The study was conducted in accordance 155 

with the Declaration of Helsinki (1964, amended in 2013) and was approved by the Ethics 156 

Committee at the University of Trento. 157 

 158 

Experimental Design 159 

Stimuli. Stimuli consisted of 120 Italian spoken facts and 12 control stimuli consisting of 160 

random word sequences. The facts related to an imaginary world, where three different 161 

civilizations were spread across three continents (see Table 1 for examples and Table S1 for 162 

the full stimulus list). The facts were divided into 60 facts regarding people and 60 regarding 163 

places (20 each per civilization). None of the facts about places mentioned people and vice 164 

versa. Each fact was recorded with a sample rate of 48 kHz and the stimulus duration was 5 165 

seconds (x̅=5.01, SD=0.43) and did not differ between person- and place-related stimuli 166 

(p=.93). Stimuli were carefully constructed to represent plausible yet fictitious facts and 167 

balance retrieval performance for person and place-related items, and a behavioural pilot 168 

(N=14) confirmed no significant difference in memory performance between categories. 169 

Control stimuli consisted of a series of 8-12 random words among which there were two words 170 

regarding places for half the stimuli and two regarding people in the other half. 171 

 172 

Table 1 about here 173 

 174 

 175 

fMRI Experimental Task. The fMRI session was divided into 4 experimental runs. Stimuli 176 

were presented only once. In each run, there were 15 facts about people and 15 about places, 177 

divided into three content-related blocks. Each block consisted of, in random order, 5 facts 178 

about people and 5 about places from the same continent/civilisation, plus 2 control stimuli (1 179 
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 7 

with people-related words and 1 with place-related words). This resulted in a total of 36 180 

stimulus presentations per run. The audio stimuli were presented using Matlab 181 

(www.mathworks.com) and Psychophysics Toolbox Version 3 (psychtoolbox.org). 182 

Participants lay in the scanner with their eyes closed. Each trial lasted 10 seconds: 5 seconds 183 

for the stimulus and a 5-second inter-stimulus interval.  184 

Participants were aware of the subsequent memory test but were not given instruction 185 

to actively memorise the stimuli and instead asked to listen carefully and try to recreate the 186 

world in their minds. This instruction was intended to encourage participants to build 187 

representation of the world in their mind by linking together the facts they were given. 188 

However, we cannot exclude that participants interpreted this as an instruction to actively 189 

perform imagery of the individual facts. To futher encourage engagement, participants were 190 

asked to press a button with the left index finger if they heard the sequence of unrelated words 191 

(control condition). Participants performed with high accuracy (97.1% hits, 0.03% false 192 

alarms).  193 

 194 

Subsequent Memory Task. The post-scanner retrieval test was performed, on average, 30 195 

hours and 48 minutes after the encoding phase. Six participants were tested on the same day, 196 

while the remaining 23 participants were tested 1-3 days later. A trend towards a negative 197 

correlation between encoding-retrieval interval and retrieval accuracy (r(27)=-0.33) did not 198 

reach significance (p=.076). Direct comparison between those tested on the same versus 199 

subsequent days revealed no significant difference (t(27)=1.08, p=.29). 200 

The retrieval test consisted of a probe question with a two-alternative forced choice 201 

response. Importantly, stimuli were constructed such that both the target and lure had been 202 

presented in the encoding set and were therefore matched for familiarity (consider the ‘secret 203 

meetings’, ‘marriages’, and ‘duels’ examples in Table 1). In this way, accurate performance 204 

could not be based on familiarity alone and required the probe to be associated with the 205 

specific factual context. 206 

To distinguish truly correct answers from lucky guesses – necessary for the efficient 207 

post hoc sorting of encoding trials – after participants responded to the probe question, they 208 

indicated their level of confidence in their response (' High’ or ‘Low’, for similar approaches 209 

see Sperling et al., 2003; Fairhall et al., 2010). The post-scanner retrieval test allowed us to 210 

categorise encoding trials into the conditions: Known High Confidence (HC), Known Low 211 

Confidence (LC) and Incorrect. 212 

 213 
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 8 

MRI scanning parameters. Functional and structural data were collected with a Prisma 3T 214 

scanner (Siemens AG, Erlangen, Germany). Participants lay in the scanner with their eyes 215 

closed, and a fixation cross was presented through a mirror system connected to a 42”, MR-216 

compatible Nordic NeuroLab LCD monitor positioned at the back of the magnet bore. Audio 217 

stimuli were presented through Siemens’ pneumatic headphones. Data collection was 218 

conducted at the Center for Mind/Brain Sciences (CIMeC), University of Trento, using a 64-219 

channel head coil. Functional images were acquired using echo planar (EPI) T2*-weighted 220 

scans. Acquisition parameters were: repetition time (TR) of 2 s, an echo time (TE) of 28 ms, 221 

a flip angle of 75°, a field of view (FoV) of 100 mm, and a matrix size of 100 x 100. Total 222 

functional acquisition consisted of 732 volumes across the four experimental runs. Each 223 

volume consisted of 78 AC/PC-aligned axial slices, with a 2×2×2mm voxel resolution, which 224 

covered the whole brain. High-resolution (1×1×1 mm) T1-weighted MPRAGE sequences were 225 

also collected (sagittal slice orientation, centric phase encoding, image matrix = 288 × 288, 226 

field of view = 288 mm, 208 slices with 1-mm thickness, repetition time = 2290 ms, echo time 227 

= 2.74 ms, TI = 950 ms, 12° flip angle). 228 

 229 

fMRI Data Analysis. Data were analysed and pre-processed with Statistical Parametric 230 

Mapping - SPM12 (Wellcome Trust Centre for Neuroimaging, University College London, UK). 231 

The first 4 volumes of each run were dummy scans. Functional images were corrected for 232 

head movement and normalized to the Montreal Neurological Institute (MNI) space, 233 

resampled with the same voxel size (2×2×2mm) and spatially smoothed with a 6 mm FWHM 234 

kernel. For univariate analysis, subject-specific parameter estimates (β weights) for each of 235 

the 7 conditions (HC-correct, LC-correct and unknown for person and place trials and the 236 

control condition) were derived through the general linear model (GLM). Before computing the 237 

GLM, the four runs were concatenated to avoid empty parameters in one or more conditions. 238 

The 6 head-motion parameters were included as additional regressors of no interest. For 239 

second-level analysis, brain maps for each subject for each condition were entered into a 240 

random effects GLM. Statistical maps are reported with an initial voxel-wise p value of <.001, 241 

corrected for multiple comparisons at the cluster level using family-wise error (FWE) correction 242 

at p < .05, as implemented in SPM12. 243 

 244 

Information-Based Mapping -- Multivariate Pattern Analysis. Multivariate analysis was 245 

performed using the CoSMoMVPA toolbox for Matlab (Oosterhof et al., 2016). For each 246 

participant, localised patterns of information in fMRI data were obtained using the searchlight 247 

method (Kriegeskorte et al., 2006), whereby for each voxel v, the values for the 200 nearest 248 
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 9 

voxels were extracted. Brain data were the three smoothed, normalised, volumes following 249 

each sentence presentation with a lag of 8 seconds to account for the hemodynamic response 250 

and to target later stages of sentence comprehension. A linear discriminant analysis was used 251 

to classify the semantic-class of the sentence (person- or place-related sentence) separately 252 

for HC-correct and all incorrect trials (irrespective of confidence). LDA was performed using 253 

leave-one-out cross validation with four folds corresponding to the four fMRI runs. For each 254 

cross-validation iteration, the number of person- and place-related samples was balanced 255 

across training/testing partitions by randomly leaving out the excessive samples, with this 256 

process being repeated until all samples had been included at least once. The accuracy of the 257 

classifier was then recorded at voxel location v.  258 

 259 

After subtracting chance decoding accuracy (0.5), the resulting semantic-class decoding 260 

accuracy maps (one for HC Correct and one for Incorrect trials) from each subject were 261 

smoothed with a 5 mm FWHM kernel, masked using a custom grey-matter mask, and 262 

submitted to a second-level random-effects GLM for inferential statistical analysis. Statistical 263 

maps are reported with an initial voxel-wise p value of <.001, FWE-corrected for multiple 264 

comparisons at the cluster level (p<.05). 265 

 266 

ROI Analysis 267 

Regions of interest were defined using MarsBaR (http://marsbar.sourceforge.net). Values 268 

were then extracted from subject-level maps and entered into standard statistical analyses. 269 

All reported t-tests are two sided.  270 

  271 
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 10 

Results 272 

Memory-Test 273 

To identify successful and unsuccessful encodings events, we employed a difference-due-to-274 

memory (Dm) paradigm (Brewer et al., 1998; Wagner et al., 1998) based on subsequent 275 

memory performance. Participants performed a 2-alternative forced-choice (2AFC) memory 276 

test after scanning (on average: 30 hours and 48 minutes). Here, a target had to be selected 277 

in favour of a lure that had been previously paired with another fact and each trial was followed 278 

by a binary confidence judgment (high-confidence [HC] or low-confidence [LC]). Participants 279 

responded with high confidence 51.9% of the time (52.9% for person-related trials, 50.8% for 280 

place-related trials; no significant difference, t(28)=1.17, p=.25). Accuracy was analysed via 281 

repeated measures ANOVA with the factors confidence and semantic class (Figure 1A). 282 

Accuracy for HC trials (68.8%) was robustly above chance (t(28)=8.34, p<.00001) and 283 

significantly greater than for LC trials (F(1,28)=70.51, p<.0001), which were only slightly above 284 

chance (53.6%; t(28)=2.48, p<.020). Overall, participants were 2.6% more likely to remember 285 

person than place facts (F(1,28)=4.92,p=.035) but this did not interact with confidence level 286 

(F(1,28)=1.44, p=.708).  287 

 288 

Figure 1 about here 289 

 290 

To isolate genuine memory signals, we focused our neuroimaging analysis on HC-291 

correct trials and excluded LC-correct trials. Correcting for lucky guesses ([accuracy-chance] 292 

÷ [1-chance]; chance = 0.5 for 2AFC) suggested that only 13% of LC-correct coded responses 293 

reflected true memory, with the remaining 87% likely reflecting forgotten items. In contrast, 294 

54% of HC-correct responses were estimated to reflect true memory. While some trials 295 

designated as HC-correct may still reflect forgotten items, this approach allowed us to more 296 

reliably identify genuinely remembered encoding events and substantially reduce noise in the 297 

fMRI analysis.  298 

 299 

Multivariate Pattern Analysis of Informational Content 300 

Firstly, to identify cortical regions with high sensitivity to semantic class (person-related vs. 301 

place-related facts) during encoding trials irrespective of retrieval success, we averaged 302 

multivariate decoding accuracy maps across HC-correct and incorrect trials. Results showed 303 

robust sensitivity to the semantic content of presented facts in the precuneus, VOTC, left and 304 
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right latATL, as well as a large left posterior parietal cluster encompassing peaks in posterior 305 

IPS and the AG (Figure 2A and Table 2).  306 

 307 

Figure 2 and Table 2 about here 308 

 309 

 310 

To assess whether the strength of information representation in specific brain regions 311 

led to successful encoding and subsequent recollection, ROIs were formed around areas 312 

showing peak sensitivity to informational content. Differences between HC-correct and 313 

incorrect encoding trials were then compared within these regions (Figure 2B). Importantly, as 314 

ROIs were defined using classification blind to future recall success and a group-level contrast 315 

orthogonal to that success, the subsequent comparison of successful versus unsuccessful 316 

learning was independent and statistically unbiased (Friston et al., 2006).  317 

 318 

The strength of information representation was highly predictive of subsequent 319 

retrieval in the precuneus (t(28)=3.40, p=.0020) and left latATL (t(28)=3.44, p=.0019), surviving 320 

correction for multiple comparisons (alpha=.0083). Differences did not approach significance 321 

in other regions (p-values>=.2). Regional variation in successful encoding effects were 322 

confirmed by repeated measures ANOVA of the differences between remembered and 323 

forgotten facts (F(5,140)=2.92, p=.016). Post hoc paired t-tests indicated that effects in the 324 

precuneus were significantly higher than left IPS (t(28)=2.11, p=.044) and VOTC (t(28)=2.50, 325 

p=.019) as well as right latATL (t(28)=3.74, p<.001), while effect in the left latATL were 326 

significantly greater than left VOTC (t(28)=2.33, p=.027) and right lateral ATL (t(28)=3.11, 327 

p=.004).  328 

 329 

 330 

To investigate whether successful encoding was associated with differences in overall 331 

activation within the precuneus and left latATL, the univariate contrast remembered>forgotten 332 

was performed within these ROIs. No significant differences were present (precuneus: t(28)=-333 

0.03, p=.97; left latATL: t(28)=0.26, p=.80), indicating that representational strength, rather than 334 

greater regional activation, underlies successful learning in these regions. It is possible that 335 

the relationship between response magnitude and future recall success varies as a function 336 

of semantic class – modulation of a selective response for one of the two categories predicts 337 
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better future recall. While neither region showed a selective univariate response for person- 338 

or place-related facts  (precuneus: t(28)=-0.74, p=.46); left latATL: t(28)=-1.6, p=.11), to fully 339 

exclude this possibility the interaction between semantic class and recall success was 340 

investigated via repeated measures ANOVA. This analysis indicated no selective modulation 341 

as a function of future recall success in either the precuneus (F(1, 28)=0.81, p=.38) or left latATL 342 

(F(1, 28)=0.03, p=.86). 343 

 344 

Overall, these results show a differential importance of multivariate informational 345 

richness in successful learning across those regions representing information during semantic 346 

processing, indicating the particular importance of the left latATL and the precuneus.  347 

 348 

Response Magnitude Effects 349 

To assess whether successful leaning was also associated with changes in the amount of 350 

neural activity, parallel univariate analyses were performed. Regions showing greater 351 

responses during the processing of facts, irrespective of retrieval success, were identified via 352 

the contrast [HC-correct and incorrect trials] > control task (a sequence of 8-12 unrelated word; 353 

see methods). This analysis revealed increased responses in posterior aspects of the left 354 

angular gyrus, left latATL and left premotor cortex, bilateral retrosplenial complex (RSC) and 355 

the right posterior parahippocampal gyrus (pPHG; Figure 3 and Table 3). 356 

 357 

Figure 3 about here 358 

 359 

RSC and pPHG are frequently associated with place-related knowledge19,20 and their 360 

involvement may solely reflect the presence of place-related stimuli. To test this possibility, we 361 

contrasted HC-correct and incorrect person-related trials > control. This contrast identified a 362 

persistent response in a bilateral RSC cluster (xyzmni: -6, -54. 16; 4, -60, 24; extent: 251 voxels, 363 

p=.004 FWE-corrected), indicating that person-related processing contributed to this effect. 364 

Person-related increases in activation were only evident in the right PHG at uncorrected 365 

thresholds (xyzmni: 28, -32, -20; extent: 30 voxels). Both clusters were significant for place-366 

related trials > control (p<.001, FWE-corrected). These findings suggests that the involvement 367 

of these regions may reflect their role within the episodic-memory-related medial temporal 368 

lobe division of the default-mode network (Andrews-Hanna et al., 2014; Reagh and 369 

Ranganath, 2023), rather than a response driven solely by place-related processing. 370 
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 371 

As in the multivariate analysis, we assessed differences between learned and 372 

forgotten facts using ROIs centred on regions engaged during fact processing. ROIs were 373 

constructed by masking a 5mm sphere centred at the peak of each region with the univariate 374 

map identifying task-related responses (see Figure 3, p<.001). We then tested the difference 375 

between HC-correct and incorrect trials within each ROI. No effects survived correction for 376 

multiple comparisons (alpha<.0083). Uncorrected differences were observed in the left latATL 377 

(t(28)=2.26, p=.032) and right RSC (t(28)=2.26, p=.032). ANOVA did not detect significant 378 

differences in the effect of successful encoding across regions (F(5,140)=1.68, p=.14). 379 

 380 

Collectively, these results suggest that response magnitude differences were not 381 

consistently associated with successful encoding, in contrast to the stronger and more 382 

regionally specific role of representation strength that was observed in the multivariate 383 

analysis. 384 

 385 

Supplemental ROI Analyses Targeting Semantic Control Regions and Medial Temporal 386 

Lobe Structures 387 

Our planned analysis strategy did not identify regions of interest within medial temporal 388 

structures or semantic control systems. To ensure that the absence of encoding effects in 389 

these regions was not the result of differential sensitivity within our analysis pipeline, we 390 

performed additional targeted ROI analyses. Specifically, MTL structures were identified by 391 

creating a probability map via Neurosynth (https://neurosynth.org) using the search term 392 

‘episodic memory’. Peaks were located in left and right medial temporal lobes (xyzmni: -26   -393 

16   -20; 22   -24   -20; see figure S1). Around each peak, a 5mm radius sphere was formed 394 

and masked with the Neurosynth probability map thresholded at Z>8. The resulting ROIs 395 

encompassed part of the anterior hippocampi and surrounding parahippocampal cortices (see 396 

supplementary figure S1). Paired t-tests revealed no significant differences between HC-397 

correct and incorrect trials in the amount of activation (left MTL: t(28)=1.152, p=.14; right MTL: 398 

t(28)=0.66, p=.52) or multivariate information content (left MTL: t(28)=0.50, p=.62; right MTL: 399 

t(28)=-0.69, p=.50). 400 

 401 

To target semantic control regions, ROIs were constructed using 5mm radius spheres 402 

centred on peak coordinates identified in a recent meta-analysis of semantic control (Jackson, 403 
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2021) located in the left inferior frontal gyrus (xyzmni: -48, 22, 20) and dorsomedial PFC 404 

(dmPFC; xyzmni: -2, 20, 52; see figure S1). Increased activation for HC-correct over incorrect 405 

trials was present in left IFG (t(28)=2.44, p=.021) to a greater extent than dmPFC (F(1,28)=4.88, 406 

p=.036), where no significant increase was observed (t(28)=0.71, p=.49). Comparisons of 407 

multivariate informational content for HC-correct and incorrect trials revealed no significant 408 

differences (IFG: t(28)=0.57, p=.57; dmPFC: t(28)=0.99, p=.33).  409 

 410 

Taken together, these results suggest that a role for semantic control regions cannot 411 

be excluded, but provide no evidence for medial temporal lobe involvement, even under 412 

targeted analysis. 413 

 414 

Discussion 415 

In this work, we assessed the neural events that distinguish facts that are learned from those 416 

that are forgotten. Using a subsequent recognition memory test that controlled for the level of 417 

familiarity, we targeted learning that involved associating different concepts into an 418 

encyclopaedic fact. Multivariate analysis identified a network of regions that were sensitive to 419 

the semantic class (person-/place-related) of the presented facts. Of these, the quality of 420 

representation in the precuneus and left latATL predicted encoding success.  421 

 422 

The network of regions involved in the representation of semantic content during the 423 

encoding phase, irrespective of later retrieval success, encompassed key elements of the 424 

semantic system: medial precuneus, left AG and VOTC, and bilateral latATL. These areas 425 

have consistently been shown to be sensitive to semantic content both at the level of single 426 

concepts (Fairhall and Caramazza, 2013a; Liuzzi et al., 2020; Leonardelli and Fairhall, 2022) 427 

and sentences conveying more complex information (Pereira et al., 2018; Acunzo et al., 2022; 428 

Fairhall, 2024). Critical comparisons of representational strength between remembered and 429 

forgotten facts across regions revealed differential contribution to successful semantic 430 

learning. Specifically, representational strength in left latATL and precuneus was seen to be 431 

predictive of future retrieval success. 432 

 433 

Both regions are associated with higher-level semantic processing. The left ATL has 434 

long been considered a primary semantic ‘hub’ (Damasio et al., 2004; Patterson et al., 2007; 435 

Lambon-Ralph et al., 2017; see also Simmons and Martin, 2009), serving to flexibly integrate 436 
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conceptual representations in brain areas more closely related to sensorimotor systems, such 437 

as VOTC. The relatively posterior latATL region observed here has been consistently 438 

implicated in imaging studies of domain-general semantic representation (e.g. Vandenberghe 439 

et al., 1996; Devlin et al., 2000; Jackson, 2021). Moreover, this region has been linked to the 440 

processing of unique entities (e.g., “Eiffel Tower”, “Albert Einstein”; Gorno-Tempini et al., 1998; 441 

Fairhall and Caramazza, 2013b). Unlike domain-specific knowledge (e.g., the general 442 

category of “people” or “tools”), unique entities are associated with rich, individuated sets of 443 

information that must be flexibly integrated – much like the complex facts learned in this study.  444 

 445 

The precuneus is a central hub of the internalised default-mode network (Buckner et 446 

al., 2008; Andrews-Hanna et al., 2014), and its predominant anatomical connectivity to 447 

prefrontal and association cortices rather than to primary sensorimotor regions has led to the 448 

proposal that it is involved in elaborating highly integrated information (Cavanna and Trimble, 449 

2006). This is supported by the finding that the precuneus shows increased activation during 450 

the integration of semantic information across domains (Rabini et al., 2021), and evidence 451 

from MEG–fMRI fusion studies that conceptual representations emerge in this region later 452 

than in regions more closely linked to sensory processing, such as VOTC (Leonardelli and 453 

Fairhall, 2022).  454 

 455 

Together, the left latATL and precuneus are well placed within the cortical semantic 456 

system to support the integration of complex, internally constructed information. Their role in 457 

successful factual encoding may reflect their broader roles in combining diverse conceptual 458 

elements and handling richly associated, abstracted information. At the same time, the 459 

absence of encoding-related effects in regions more closely associated with perceptual 460 

processes suggests that successful fact learning in this paradigm may rely more on verbal-461 

semantic integration and abstract conceptual structuring than on perceptually- and cognitively-462 

grounded representations (Paivio, 1971; Martin, 2016; Barsalou, 2020).  463 

 464 

The cognitive basis of this effect remains uncertain. A potential candidate is variations 465 

in depth of processing (Craik and Lockhart, 1972; Craik and Tulving, 1975) – the extent to 466 

which information is meaningfully processed and connected to existing knowledge. It is 467 

possible that multivariate effects within left latATL and the precuneus reflect stronger 468 

representations of single concepts. However, accurate recall performance required the 469 

integration of the components of the fact, suggesting that higher-level semantic combination 470 
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may play a role. This possibility is consistent with schema-based accounts, which propose 471 

that episodic encoding is facilitated when new information fits within existing semantic 472 

structures (Alba and Hasher, 1983). Recent work has reported that consistent schema 473 

representation across encoding and retrieval in default-mode regions, including the 474 

precuneus, is predictive of episodic memory performance (Masís-Obando et al., 2022; Reagh 475 

and Ranganath, 2023). It is possible that similar processes occur for semantic learning, and 476 

that successful encoding may reflect the degree to which individual facts were effectively 477 

embedded within these schematic structures. 478 

 479 

While representational strength in high-level semantic regions emerged as a key factor 480 

in successful learning, we also considered whether successful encoding was associated with 481 

differences in the magnitude of neural activation. During encoding, processing factual 482 

compared to control stimuli elicited greater responses in elements of the semantic system, left 483 

AG and latATL, bilateral RSC and an area of the right posterior parahippocampal cortex that 484 

have been associated with a medial temporal lobe subdivision of the default-mode network 485 

(Andrews-Hanna et al., 2014). Within this network, reliable increases in neural activity 486 

associated with subsequent successful encoding were not observed. While the possibility of 487 

undetected gross modulations cannot be entirely excluded, the current results suggest that 488 

the informational structure of neural representations, as captured by the multivariate analysis, 489 

may be more critical in the successful learning of new factual knowledge. 490 

 491 

Our planned analysis did not identify ROIs either in semantic control systems or MTL 492 

structures associated with episodic encoding. To better evaluate the absence of such effects 493 

with higher power, supplemental ROIs were defined in semantic control regions and MTL 494 

structures. Assessment within two elements of the semantic control system, found modest 495 

evidence of univariate changes in left IFG but no further evidence of either multivariate or 496 

univariate modulation. This indicates that enhanced recruitment of IFG cannot be excluded as 497 

a potential mechanism of successful fact encoding, however some caution is warranted in 498 

interpreting this unplanned analysis.  499 

 500 

In contrast to semantic control regions, univariate and multivariate increases 501 

associated with successful encoding in MTL ROIs did not approach significance. The failure 502 

to find effects with this targeted analysis suggests that these regions are not key drivers of the 503 

successful fact learning.  While it is improbable that MTL structures are irrelevant to fact 504 
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acquisition, the lack of encoding effects here supports a dissociation between episodic and 505 

semantic encoding and consolidation. This is consistent with patient studies that have shown 506 

that fast mapping (FM) of novel word-image semantic associations can be formed in the 507 

absence of hippocampal structures and in the presence of profound episodic deficits (Sharon 508 

et al., 2011; see also Vargha-Khadem et al., 1997). The same work instead highlighted left 509 

ATL damage in the impairment of such semantic associations. In FM paradigms, a novel item 510 

is paired with a referent (a semantically related known object), and participants answer a 511 

question directed towards the novel item which is named in the question. It is unclear whether 512 

such learning results in rapid lexical integration (Coutanche and Thompson-Schill, 2014; 513 

Gurunandan et al., 2023), and subsequent declarative memory formation is only present when 514 

associations can be scaffolded more strongly to the semantic referent, the encoding task 515 

involves inferential processing, name-object associations are stable, and may depend on 516 

residual hippocampal function (Merhav et al., 2014; Smith et al., 2014; Warren and Duff, 517 

2014). Collectively, the FM literature points to a potential mechanism of semantic encoding 518 

that is less dependent on MTL structures and relies on consistent information pairing, rich 519 

semantic context and strong semantic scaffolding with prior knowledge.   520 

 521 

Within memory models, it has been proposed that semantic knowledge develops 522 

gradually over successive episodic experiences of similar events (‘a birthday party’). MTL-523 

mediated, situationally induced, reinstatement of previous memories leads to the formation of 524 

a semantic memory (or schema) that encompasses the commonalities shared across 525 

birthdays, but loses details of specific birthdays (McClelland et al., 1995; Moscovitch and 526 

Gilboa, 2024). This gradual process is believed to be contingent on MTL structures in both 527 

reinstatement and encoding (Moscovitch and Gilboa, 2024). This apparent need for multiple 528 

exposure for the formation of general conceptual knowledge may be less applicable to the 529 

type of encyclopaedic learning investigated in the present study. Here well-established 530 

concepts of a diverse range are bound together in a highly flexible way to form a specific new 531 

fact. In the real world, such knowledge is often acquired through one-shot learning, verbally 532 

rather than through direct episodic experience, and relies on highly established concepts 533 

forming a robust semantic scaffolding. There are reasons to believe these types of learning 534 

proceed on different timescales and potentially via different neural mechanisms.  535 

 536 

The findings of the present study indicate that the best predictor of the successful learning of 537 

facts is the quality of semantic representation, rather than the amount of neural activity, within 538 

the left lateral ATL and precuneus. The location of these effects, within regions associated 539 
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with the flexible conceptual integration of richly associated abstracted information, potentially 540 

reflects the representation and combination of disparate conceptual elements necessary for 541 

the learning of encyclopaedic facts. The absence of encoding effects within MTL structures is 542 

consistent with a mechanism of factual learning success that is partially distinct from episodic 543 

processes – one that modulated more by information within high-level semantic regions than 544 

the rapid associations formed within MTL structures. 545 

 546 
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 690 

Figure Captions 691 

Figure 1. Behavioural performance on the 2-alternative forced-choice memory test. A. Above 692 
chance accuracy as a function of semantic class for high and low confidence responses. Error 693 
bars indicate ±1 standard error B. Estimated contribution of true memory and lucky guesses 694 
to correct responses. Low-confidence correct trials are predominantly composed of lucky 695 
guesses. ns: non-significant.  696 

   697 

Figure 2. A. Regions expressing multivariate sensitivity to semantic class (person-/place-698 
related) irrespective of retrieval success (HC-correct and incorrect trials) and ROI location 699 
(voxel-wise threshold, p<.001, FWE cluster-corrected for multiple comparisons, p<.05). Error 700 
bars indicate one standard error B. Upper: Increased decoding accuracy of semantic class 701 
separately for facts that were subsequently remembered versus forgotten. Lower: Above 702 
chance decoding accuracy of semantic class separately for learned and forgotten facts. Error 703 
bars are excluded from the lower panel due to ROI-definition-interrogation circularity with 704 
respect to baseline. *p<.05, **p<.005,***p<.001. Abbreviations: AG: Angular Gyrus; IPS: 705 
Intraparietal Sulcus; latATL: lateral Anterior Temporal Lobe; VOTC: Ventral Occipitotemporal 706 
Cortex 707 

JN
eurosci

 Acce
pted M

an
uscr

ipt



 22 

 708 

Figure 3. Increased activation during fact processing [(HC-correct & incorrect) > control] and 709 
ROIs used for the univariate analysis (voxel-wise threshold, p<.001, FWE cluster-corrected 710 
for multiple comparisons, p<.05). Comparison of successful versus unsuccessful encoding did 711 
not reveal significant differences within these ROIs. Abbreviations: AG: Angular Gyrus; latATL: 712 
lateral Anterior Temporal Lobe; preM: Premotor Cortex; RSC: Retrosplenial Complex; pPHG: 713 
posterior Parahippocampal Gyrus. 714 

  715 
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Table 1: Twelve examples of the 120 stimuli used in the scanner experiments as well as probe 716 
questions used in the post-scanner memory test. Facts described either person-related or 717 
place-related information about three fictitious civilizations (the ‘Taffians’, ‘Caritidéi’ and 718 
‘Sionans’). Stimuli are translated from Italian. See Supplementary Table 1 for full stimulus list 719 
in English and Italian.  720 

 721 

 Scanner (encoding) Post Scanner (retrieval)   

 Fact Probe Question Target Lure 

P
e
rs

o
n

-R
e

la
te

d
 

The great emperor Solingo III governed the 

Taffian subjects harshly. 

Who governs the taffiano people? Emperor Solingo III King Aleandro II 

After the Civil War, secret meetings between 

Taffians were banned. 

What was banned after the Civil War in 

Taffio? 

Secret meetings Marriage between 

Taffians and Caratidéi 

After the War of the Dragons, marriage between 

Taffians and Caratidéi was banned. 

What was banned after the Dragon 

War in Carátide? 

Marriage between 

Taffians and Caratidéi 

Duels between nobles 

Caratidéi soldiers are known to be professional 

climbers. 

What are the Caratidéi soldiers famous 

for? 

Being professional 

climbers 

Being horse trainers 

The Sionans have always been a people of 

farmers and landowners. 

Which of the civilisations were made 

up of farmers and landowners? 

The people Zionan The Caratidéo people 

After the Dragon War, duels between Sionan 

nobles were banned. 

What was banned after the Dragon 

War in Sionán? 

Duels between nobles Secret meetings 

P
la

c
e

-R
e

la
te

d
 

The state of Taffio is the westernmost one on 

the planet. 

What is the westernmost state? Taffio Sionán 

The capital of the state of Taffio is the imperial 

city of Naiborún. 

What is the capital of Taffio? Naiborún Azzara Avi 

The state of Carátide has a shell-like shape. What shape does the state of Carátide 

take? 

Shell-shaped Donut-shaped 

The capital of the state of Carátide is the 

underground city of Minarea. 

What is the capital of the state of 

Carátide? 

Minarea Naiborún 

The capital of Sionán is the large metropolitan 

city of Azzara Avi. 

What is the capital of Sionán? Azzara Avi Minaréa 

The royal palace of Sionan is located near a red 

mill. 

Where is the royal palace of Sionán 

located? 

Near a red mill Inside a cave 

 722 

 723 

 724 

 725 

 726 

Table 2. Location, extent and significance of regions sensitive to semantic class during 727 
encoding, irrespective of recall success (HC-correct and incorrect trials).  728 

 
cluster  peak 

 
p(FWE-corr) voxels  T x,y,z (mm) 

precuneus <.001 1915  6.30  -6 -58  20  

left AG <.001 2634  5.94 -54 -68  24  

left IPS 
  

 5.87 -30 -84  40  

left latATL .003 512  5.22 -56 -12 -24  
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left VOTC <.001 1031  5.19 -30 -46  -4  

right latATL .014 363  4.83  52 -12 -14  

 729 

Abbreviations: AG: Angular Gyrus; IPS: Intraparietal Sulcus; latATL: 730 
lateral Anterior Temporal Lobe; VOTC: Ventral Occipitotemporal 731 
Cortex. 732 

 733 

  734 
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Table 3. Location, extent and significance of regions exhibiting a greater univariate response 735 
for fact-presentation compared to control stimuli ([HC-correct and incorrect trials] > control).  736 

 
cluster  peak 

 
p(FWE-corr) voxels  T x,y,z (mm) 

left AG <.001 627  6.47 -42 -72  28  

left latATL   .013 200  6.14 -60 -10 -16  

left preM   .003 271  5.29 -34  14  60  

left RSC <.001 607  5.26 -12 -56  16  

right RSC 
  

 4.83  14 -56  20  

right pPHG   .017 188  5.29  28 -32 -20  

 737 

Abbreviations: AG: Angular Gyrus; latATL: lateral Anterior Temporal Lobe; preM: 738 
Premotor Cortex; RSC: Retrosplenial Complex; pPHG: posterior 739 
Parahippocampal Gyrus. 740 

 741 

 742 

 743 
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