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Abstract

Learning novel facts is central to modern life. While cortical regions involved in this
process have been identified, the neural substrates underlying successful knowledge
acquisition have remained elusive. In this fMRI study, we presented human participants
(N=29; 7, male) with a naturalistic learning task where 120 fictitious encyclopaedic facts
relating to people or places drawn from three imaginary civilisations. We then compared
items that were subsequently recalled to those that were forgotten on a memory test
that targeting associative learning, administered on average a day and a half later. To
complement univariate analysis, multivariate pattern analysis was used to identify

regions sensitive to semantic content during encoding, identifying medial precuneus,



65
66
67
68
69
70
71
72
73
74

75
76

77
78
79
80
81
82
83
84
85

86

87

88
89
90
91
92
93
94
95

96

97
98

left angular gyrus (AG), intraparietal sulcus (IPS), ventral occipitotemporal cortex
(VOTC), and the lateral anterior temporal lobes (latATL) bilaterally. Within these
regions, the strength of informational content within the precuneus and left latATL
predicted subsequent retrieval. In contrast, planned analyses did not find univariate
differences between remembered and forgotten facts. Targeted follow-up ROI analysis
indicated a possible role of response magnitude in left inferior frontal gyrus and no
univariate or multivariate effects within medial temporal lobe structures. Collectively,
these results support a model of fact learning predominantly driven by the richness of
representations within semantic systems that is partially distinct from episodic learning

mechanisms.

Significance Statement

The ability to acquire factual knowledge is central to education, work, and daily life, yet the
neural mechanisms that support successful fact learning remain unknown. This study shows
that successful learning of new facts is predicted not by how much the brain activates, but by
the quality of semantic representation in high-level cortical regions, including the precuneus
and anterior temporal lobe. These findings reveal a cortical route for factual learning that is
distinct from traditional episodic memory mechanisms and emphasise the importance of
conceptual integration with prior knowledge. This work advances our understanding of how
the brain supports real-world learning and provides a novel framework for studying long-term

knowledge acquisition.

Introduction

Central to the modern human experience is our ability to rapidly acquire complex,
encyclopaedic, factual knowledge. It is natural to learn things such as: Granny Smith apples
are the genetically identical descendants of an Australian apple tree cultivated in 1868. Unlike
general conceptual knowledge (e.g., an apple is an edible fruit), this form of semantic
knowledge is highly associative, involving linking multiple concepts to form a novel, specific
representation in an ad hoc manner. This aspect of cognition plays a central role in
professional, scholastic and day-to-day life, yet neural processes that lead to successful

learning — to the ability to later recall a fact — remain unknown.

Previous imaging studies that have investigated the processing of new encyclopaedic

facts (e.g. ‘Melville R. Bissel invented the carpet sweeper’) have implicated the left dorsolateral
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and dorsomedial prefrontal cortex (Maguire and Frith, 2004). The general importance of left
lateral prefrontal cortex (PFC) in processing new factual information was also reported by
Simmons and colleagues (2010), who additionally showed that different brain regions are
selectively involved in attempts to learn content from distinct knowledge domains, such as
people, places, and objects. While these studies have identified regions involved generally in
the attempted learning of facts, the key aspect of learning is that the information is encoded
into long term memory, rather than merely comprehended. Insight into which aspects of the
neural response evident during comprehension support successful learning would require

directly contrasting the encoding of remembered versus forgotten facts.

Decades of research have provided insight into the cortical systems engaged during
semantic comprehension and conceptual processing (Thompson-Schill et al., 1997; Martin
and Chao, 2001; Tyler and Moss, 2001; Binder et al., 2009; Fairhall and Caramazza, 2013a;
Fernandino et al., 2015; Martin, 2016; Chen et al., 2017; Lambon-Ralph et al., 2017; Liuzzi et
al., 2020). What emerges is a highly distributed picture of meaning representation shared
across a) neural populations specialised for particular conceptual features and domains of
knowledge present in those sensorimotor brain areas active when we interact with the world;
b) more generalised representations of meaning predominantly within internalised ‘default
mode’ regions (latATL, AG, precuneus, ventromedial PFC) that nonetheless express some
derived selectivity for particular knowledge domains; and c) semantic control systems,
particularly the lateral and dorsomedial PFC, that guide access to information relevant to the
current context or goal. Components of this semantic system could differentially contribute to
successful and fact encoding. Semantic control regions could enhance learning by shaping
representation within the current context, representational regions may support successful
encoding through the formation of richer semantic associations or, alternatively, episodic
encoding mechanisms, particularly in the hippocampus and surrounding medial temporal lobe
(MTL: Burgess et al., 2002; Diana et al., 2007; Eichenbaum et al., 2007), play a central role in

the rapid binding of novel factual content into memory.

To effectively address these possibilities, it may be necessary to expand inquiry
beyond measures of the amount of neural activity to the quality of semantic representation
during encoding by extending analyses to multivariate measures of the richness of
informational content. Prior work has demonstrated that brain activity during sentence
processing is sensitive to semantic content, both in terms of overall activation levels (Simmons
and Martin, 2009; Rabini et al., 2021; Ubaldi et al., 2022) and in the structure of distributed
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activity patterns (Pereira et al., 2018; Acunzo et al., 2022; Fairhall, 2024). Building on this, the
present study uses multivariate analysis to assess whether the quality of semantic

representation during encoding predicts subsequent memory.

Specifically, we generated 120 fictitious facts from two semantic classes, either relating
to people or places to quantify the sensitivity to semantic class through multivariate pattern
analysis, with high decoding accuracy of person- versus place-related facts indicative of a
stronger representation of meaning. Subsequent memory testing, on average 31 hours later,
allowed us to quantify semantic representation separately for successful and unsuccessful

encoding events.
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Materials and Methods

Participants

Thirty-three native Italian speakers were recruited for the study. Four participants were
excluded due to an insufficient number of high-confidence correct trials (20 or fewer). The final
sample included 29 participants (7 males; age: X = 25.2; sd = 5.2). None of the remaining
participant exhibited excessive head movement (within-run movement <2 mm). Before
entering the scanner, participants underwent a medical interview with a neurologist, and all
reported no history of neurological or psychiatric disorder. Participants gave informed consent
and were compensated for participation (15 €/hour). The study was conducted in accordance
with the Declaration of Helsinki (1964, amended in 2013) and was approved by the Ethics

Committee at the University of Trento.

Experimental Design

Stimuli. Stimuli consisted of 120 Italian spoken facts and 12 control stimuli consisting of
random word sequences. The facts related to an imaginary world, where three different
civilizations were spread across three continents (see Table 1 for examples and Table S1 for
the full stimulus list). The facts were divided into 60 facts regarding people and 60 regarding
places (20 each per civilization). None of the facts about places mentioned people and vice
versa. Each fact was recorded with a sample rate of 48 kHz and the stimulus duration was 5
seconds (x=5.01, SD=0.43) and did not differ between person- and place-related stimuli
(p=.93). Stimuli were carefully constructed to represent plausible yet fictitious facts and
balance retrieval performance for person and place-related items, and a behavioural pilot
(N=14) confirmed no significant difference in memory performance between categories.
Control stimuli consisted of a series of 8-12 random words among which there were two words

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

Table 1 about here

fMRI Experimental Task. The fMRI session was divided into 4 experimental runs. Stimuli
were presented only once. In each run, there were 15 facts about people and 15 about places,
divided into three content-related blocks. Each block consisted of, in random order, 5 facts

about people and 5 about places from the same continent/civilisation, plus 2 control stimuli (1
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with people-related words and 1 with place-related words). This resulted in a total of 36
stimulus presentations per run. The audio stimuli were presented using Matlab
(www.mathworks.com) and Psychophysics Toolbox Version 3 (psychtoolbox.org).
Participants lay in the scanner with their eyes closed. Each trial lasted 10 seconds: 5 seconds

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

Participants were aware of the subsequent memory test but were not given instruction
to actively memorise the stimuli and instead asked to listen carefully and try to recreate the
world in their minds. This instruction was intended to encourage participants to build
representation of the world in their mind by linking together the facts they were given.
However, we cannot exclude that participants interpreted this as an instruction to actively
perform imagery of the individual facts. To futher encourage engagement, participants were
asked to press a button with the left index finger if they heard the sequence of unrelated words
(control condition). Participants performed with high accuracy (97.1% hits, 0.03% false

alarms).

Subsequent Memory Task. The post-scanner retrieval test was performed, on average, 30
hours and 48 minutes after the encoding phase. Six participants were tested on the same day,
while the remaining 23 participants were tested 1-3 days later. A trend towards a negative
correlation between encoding-retrieval interval and retrieval accuracy (re7»=-0.33) did not
reach significance (p=.076). Direct comparison between those tested on the same versus

subsequent days revealed no significant difference (t27y=1.08, p=.29).

The retrieval test consisted of a probe question with a two-alternative forced choice
response. Importantly, stimuli were constructed such that both the target and lure had been
presented in the encoding set and were therefore matched for familiarity (consider the ‘secret
meetings’, ‘marriages’, and ‘duels’ examples in Table 1). In this way, accurate performance
could not be based on familiarity alone and required the probe to be associated with the

specific factual context.

To distinguish truly correct answers from lucky guesses — necessary for the efficient
post hoc sorting of encoding trials — after participants responded to the probe question, they
indicated their level of confidence in their response (' High’ or ‘Low’, for similar approaches
see Sperling et al., 2003; Fairhall et al., 2010). The post-scanner retrieval test allowed us to
categorise encoding trials into the conditions: Known High Confidence (HC), Known Low

Confidence (LC) and Incorrect.
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MRI scanning parameters. Functional and structural data were collected with a Prisma 3T
scanner (Siemens AG, Erlangen, Germany). Participants lay in the scanner with their eyes
closed, and a fixation cross was presented through a mirror system connected to a 42”, MR-
compatible Nordic NeuroLab LCD monitor positioned at the back of the magnet bore. Audio
stimuli were presented through Siemens’ pneumatic headphones. Data collection was
conducted at the Center for Mind/Brain Sciences (CIMeC), University of Trento, using a 64-
channel head coil. Functional images were acquired using echo planar (EPI) T2*-weighted
scans. Acquisition parameters were: repetition time (TR) of 2 s, an echo time (TE) of 28 ms,
a flip angle of 75°, a field of view (FoV) of 100 mm, and a matrix size of 100 x 100. Total
functional acquisition consisted of 732 volumes across the four experimental runs. Each
volume consisted of 78 AC/PC-aligned axial slices, with a 2x2x2mm voxel resolution, which
covered the whole brain. High-resolution (1x1x1 mm) T1-weighted MPRAGE sequences were
also collected (sagittal slice orientation, centric phase encoding, image matrix = 288 x 288,
field of view = 288 mm, 208 slices with 1-mm thickness, repetition time = 2290 ms, echo time
=2.74 ms, Tl =950 ms, 12° flip angle).

fMRI Data Analysis. Data were analysed and pre-processed with Statistical Parametric
Mapping - SPM12 (Wellcome Trust Centre for Neuroimaging, University College London, UK).
The first 4 volumes of each run were dummy scans. Functional images were corrected for
head movement and normalized to the Montreal Neurological Institute (MNI) space,
resampled with the same voxel size (2x2x2mm) and spatially smoothed with a 6 mm FWHM
kernel. For univariate analysis, subject-specific parameter estimates (B weights) for each of
the 7 conditions (HC-correct, LC-correct and unknown for person and place trials and the
control condition) were derived through the general linear model (GLM). Before computing the
GLM, the four runs were concatenated to avoid empty parameters in one or more conditions.
The 6 head-motion parameters were included as additional regressors of no interest. For
second-level analysis, brain maps for each subject for each condition were entered into a
random effects GLM. Statistical maps are reported with an initial voxel-wise p value of <.001,
corrected for multiple comparisons at the cluster level using family-wise error (FWE) correction

at p<.05, as implemented in SPM12.

Information-Based Mapping -- Multivariate Pattern Analysis. Multivariate analysis was
performed using the CoSMoMVPA toolbox for Matlab (Oosterhof et al., 2016). For each
participant, localised patterns of information in fMRI data were obtained using the searchlight

method (Kriegeskorte et al., 2006), whereby for each voxel v, the values for the 200 nearest
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voxels were extracted. Brain data were the three smoothed, normalised, volumes following
each sentence presentation with a lag of 8 seconds to account for the hemodynamic response
and to target later stages of sentence comprehension. A linear discriminant analysis was used
to classify the semantic-class of the sentence (person- or place-related sentence) separately
for HC-correct and all incorrect trials (irrespective of confidence). LDA was performed using
leave-one-out cross validation with four folds corresponding to the four fMRI runs. For each
cross-validation iteration, the number of person- and place-related samples was balanced
across training/testing partitions by randomly leaving out the excessive samples, with this
process being repeated until all samples had been included at least once. The accuracy of the

classifier was then recorded at voxel location v.

After subtracting chance decoding accuracy (0.5), the resulting semantic-class decoding
accuracy maps (one for HC Correct and one for Incorrect trials) from each subject were
smoothed with a 5 mm FWHM kernel, masked using a custom grey-matter mask, and
submitted to a second-level random-effects GLM for inferential statistical analysis. Statistical
maps are reported with an initial voxel-wise p value of <.001, FWE-corrected for multiple

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

ROI Analysis

Regions of interest were defined using MarsBaR (http://marsbar.sourceforge.net). Values
were then extracted from subject-level maps and entered into standard statistical analyses.

All reported t-tests are two sided.
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Results

Memory-Test

To identify successful and unsuccessful encodings events, we employed a difference-due-to-
memory (Dm) paradigm (Brewer et al., 1998; Wagner et al.,, 1998) based on subsequent
memory performance. Participants performed a 2-alternative forced-choice (2AFC) memory
test after scanning (on average: 30 hours and 48 minutes). Here, a target had to be selected
in favour of a lure that had been previously paired with another fact and each trial was followed
by a binary confidence judgment (high-confidence [HC] or low-confidence [LC]). Participants
responded with high confidence 51.9% of the time (52.9% for person-related trials, 50.8% for
place-related trials; no significant difference, t8=1.17, p=.25). Accuracy was analysed via
repeated measures ANOVA with the factors confidence and semantic class (Figure 1A).
Accuracy for HC trials (68.8%) was robustly above chance (ts=8.34, p<.00001) and
significantly greater than for LC trials (F1,28=70.51, p<.0001), which were only slightly above
chance (53.6%; ts=2.48, p<.020). Overall, participants were 2.6% more likely to remember
person than place facts (F128=4.92,p=.035) but this did not interact with confidence level
(F1,28=1.44, p=.708).

Figure 1 about here

To isolate genuine memory signals, we focused our neuroimaging analysis on HC-
correct trials and excluded LC-correct trials. Correcting for lucky guesses ([accuracy-chance]
+ [1-chance]; chance = 0.5 for 2AFC) suggested that only 13% of LC-correct coded responses
reflected true memory, with the remaining 87% likely reflecting forgotten items. In contrast,
54% of HC-correct responses were estimated to reflect true memory. While some trials
designated as HC-correct may still reflect forgotten items, this approach allowed us to more
reliably identify genuinely remembered encoding events and substantially reduce noise in the

fMRI analysis.

Multivariate Pattern Analysis of Informational Content

Firstly, to identify cortical regions with high sensitivity to semantic class (person-related vs.
place-related facts) during encoding trials irrespective of retrieval success, we averaged
multivariate decoding accuracy maps across HC-correct and incorrect trials. Results showed

robust sensitivity to the semantic content of presented facts in the precuneus, VOTC, left and

10
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right latATL, as well as a large left posterior parietal cluster encompassing peaks in posterior
IPS and the AG (Figure 2A and Table 2).

Figure 2 and Table 2 about here

To assess whether the strength of information representation in specific brain regions
led to successful encoding and subsequent recollection, ROIs were formed around areas
showing peak sensitivity to informational content. Differences between HC-correct and
incorrect encoding trials were then compared within these regions (Figure 2B). Importantly, as
ROls were defined using classification blind to future recall success and a group-level contrast
orthogonal to that success, the subsequent comparison of successful versus unsuccessful

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

The strength of information representation was highly predictive of subsequent
retrieval in the precuneus (t(28=3.40, p=.0020) and left latATL (t2s=3.44, p=.0019), surviving
correction for multiple comparisons (alpha=.0083). Differences did not approach significance
in other regions (p-values>=.2). Regional variation in successful encoding effects were
confirmed by repeated measures ANOVA of the differences between remembered and
forgotten facts (F(s140=2.92, p=.016). Post hoc paired t-tests indicated that effects in the
precuneus were significantly higher than left IPS (t2s=2.11, p=.044) and VOTC (t28=2.50,
p=.019) as well as right IatATL (t8=3.74, p<.001), while effect in the left latATL were
significantly greater than left VOTC (t28=2.33, p=.027) and right lateral ATL (t@2¢=3.11,
p=.004).

To investigate whether successful encoding was associated with differences in overall
activation within the precuneus and left latATL, the univariate contrast remembered>forgotten
was performed within these ROIs. No significant differences were present (precuneus: t(zs)=-
0.03, p=.97; left latATL: t28=0.26, p=.80), indicating that representational strength, rather than
greater regional activation, underlies successful learning in these regions. It is possible that
the relationship between response magnitude and future recall success varies as a function

of semantic class — modulation of a selective response for one of the two categories predicts

11
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better future recall. While neither region showed a selective univariate response for person-
or place-related facts (precuneus: tpg)=-0.74, p=.46); left latATL: t8=-1.6, p=.11), to fully
exclude this possibility the interaction between semantic class and recall success was
investigated via repeated measures ANOVA. This analysis indicated no selective modulation
as a function of future recall success in either the precuneus (F(1,26=0.81, p=.38) or left latATL
(F@, 28=0.03, p=.86).

Overall, these results show a differential importance of multivariate informational
richness in successful learning across those regions representing information during semantic

processing, indicating the particular importance of the left [atATL and the precuneus.

Response Magnitude Effects

To assess whether successful leaning was also associated with changes in the amount of
neural activity, parallel univariate analyses were performed. Regions showing greater
responses during the processing of facts, irrespective of retrieval success, were identified via
the contrast [HC-correct and incorrect trials] > control task (a sequence of 8-12 unrelated word;
see methods). This analysis revealed increased responses in posterior aspects of the left
angular gyrus, left [atATL and left premotor cortex, bilateral retrosplenial complex (RSC) and

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

Figure 3 about here

RSC and pPHG are frequently associated with place-related knowledge'®?° and their
involvement may solely reflect the presence of place-related stimuli. To test this possibility, we
contrasted HC-correct and incorrect person-related trials > control. This contrast identified a
persistent response in a bilateral RSC cluster (xyzmni: -6, -54. 16; 4, -60, 24; extent: 251 voxels,
p=.004 FWE-corrected), indicating that person-related processing contributed to this effect.
Person-related increases in activation were only evident in the right PHG at uncorrected
thresholds (xyzmni: 28, -32, -20; extent: 30 voxels). Both clusters were significant for place-
related trials > control (p<.001, FWE-corrected). These findings suggests that the involvement
of these regions may reflect their role within the episodic-memory-related medial temporal
lobe division of the default-mode network (Andrews-Hanna et al., 2014; Reagh and

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

12
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As in the multivariate analysis, we assessed differences between learned and
forgotten facts using ROIs centred on regions engaged during fact processing. ROls were
constructed by masking a 5mm sphere centred at the peak of each region with the univariate
map identifying task-related responses (see Figure 3, p<.001). We then tested the difference
between HC-correct and incorrect trials within each ROI. No effects survived correction for
multiple comparisons (alpha<.0083). Uncorrected differences were observed in the left latATL
(tee)=2.26, p=.032) and right RSC (t(2=2.26, p=.032). ANOVA did not detect significant

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

Collectively, these results suggest that response magnitude differences were not
consistently associated with successful encoding, in contrast to the stronger and more
regionally specific role of representation strength that was observed in the multivariate

analysis.

Supplemental ROI Analyses Targeting Semantic Control Regions and Medial Temporal

Lobe Structures

Our planned analysis strategy did not identify regions of interest within medial temporal
structures or semantic control systems. To ensure that the absence of encoding effects in
these regions was not the result of differential sensitivity within our analysis pipeline, we
performed additional targeted ROI analyses. Specifically, MTL structures were identified by
creating a probability map via Neurosynth (https://neurosynth.org) using the search term
‘episodic memory’. Peaks were located in left and right medial temporal lobes (xyzmni: -26 -
16 -20; 22 -24 -20; see figure S1). Around each peak, a 5mm radius sphere was formed
and masked with the Neurosynth probability map thresholded at Z>8. The resulting ROls
encompassed part of the anterior hippocampi and surrounding parahippocampal cortices (see
supplementary figure S1). Paired t-tests revealed no significant differences between HC-
correct and incorrect trials in the amount of activation (left MTL: t2s=1.152, p=.14; right MTL:
t28=0.66, p=.52) or multivariate information content (left MTL: t(2=0.50, p=.62; right MTL:
t28)=-0.69, p=.50).

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

centred on peak coordinates identified in a recent meta-analysis of semantic control (Jackson,

13
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2021) located in the left inferior frontal gyrus (Xyzmni: -48, 22, 20) and dorsomedial PFC
(dmPFC; xyzmni: -2, 20, 52; see figure S1). Increased activation for HC-correct over incorrect
trials was present in left IFG (t28)=2.44, p=.021) to a greater extent than dmPFC (F1,2s)=4.88,
p=.036), where no significant increase was observed (t2s=0.71, p=.49). Comparisons of
multivariate informational content for HC-correct and incorrect trials revealed no significant
differences (IFG: t(28=0.57, p=.57; dmPFC: t(26)=0.99, p=.33).

Taken together, these results suggest that a role for semantic control regions cannot
be excluded, but provide no evidence for medial temporal lobe involvement, even under

targeted analysis.

Discussion

In this work, we assessed the neural events that distinguish facts that are learned from those
that are forgotten. Using a subsequent recognition memory test that controlled for the level of
familiarity, we targeted learning that involved associating different concepts into an
encyclopaedic fact. Multivariate analysis identified a network of regions that were sensitive to
the semantic class (person-/place-related) of the presented facts. Of these, the quality of

representation in the precuneus and left latATL predicted encoding success.

The network of regions involved in the representation of semantic content during the
encoding phase, irrespective of later retrieval success, encompassed key elements of the
semantic system: medial precuneus, left AG and VOTC, and bilateral latATL. These areas
have consistently been shown to be sensitive to semantic content both at the level of single
concepts (Fairhall and Caramazza, 2013a; Liuzzi et al., 2020; Leonardelli and Fairhall, 2022)
and sentences conveying more complex information (Pereira et al., 2018; Acunzo et al., 2022;
Fairhall, 2024). Critical comparisons of representational strength between remembered and
forgotten facts across regions revealed differential contribution to successful semantic
learning. Specifically, representational strength in left latATL and precuneus was seen to be

predictive of future retrieval success.

Both regions are associated with higher-level semantic processing. The left ATL has
long been considered a primary semantic ‘hub’ (Damasio et al., 2004; Patterson et al., 2007;

Lambon-Ralph et al., 2017; see also Simmons and Martin, 2009), serving to flexibly integrate

14
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conceptual representations in brain areas more closely related to sensorimotor systems, such
as VOTC. The relatively posterior latATL region observed here has been consistently
implicated in imaging studies of domain-general semantic representation (e.g. Vandenberghe
et al., 1996; Devlin et al., 2000; Jackson, 2021). Moreover, this region has been linked to the
processing of unique entities (e.g., “Eiffel Tower”, “Albert Einstein”; Gorno-Tempini et al., 1998;
Fairhall and Caramazza, 2013b). Unlike domain-specific knowledge (e.g., the general
category of “people” or “tools”), unique entities are associated with rich, individuated sets of

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

The precuneus is a central hub of the internalised default-mode network (Buckner et
al., 2008; Andrews-Hanna et al., 2014), and its predominant anatomical connectivity to
prefrontal and association cortices rather than to primary sensorimotor regions has led to the
proposal that it is involved in elaborating highly integrated information (Cavanna and Trimble,
2006). This is supported by the finding that the precuneus shows increased activation during
the integration of semantic information across domains (Rabini et al., 2021), and evidence
from MEG—MRI fusion studies that conceptual representations emerge in this region later
than in regions more closely linked to sensory processing, such as VOTC (Leonardelli and
Fairhall, 2022).

Together, the left [atATL and precuneus are well placed within the cortical semantic
system to support the integration of complex, internally constructed information. Their role in
successful factual encoding may reflect their broader roles in combining diverse conceptual
elements and handling richly associated, abstracted information. At the same time, the
absence of encoding-related effects in regions more closely associated with perceptual
processes suggests that successful fact learning in this paradigm may rely more on verbal-
semantic integration and abstract conceptual structuring than on perceptually- and cognitively-

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

The cognitive basis of this effect remains uncertain. A potential candidate is variations
in depth of processing (Craik and Lockhart, 1972; Craik and Tulving, 1975) — the extent to
which information is meaningfully processed and connected to existing knowledge. It is
possible that multivariate effects within left latATL and the precuneus reflect stronger
representations of single concepts. However, accurate recall performance required the

integration of the components of the fact, suggesting that higher-level semantic combination
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may play a role. This possibility is consistent with schema-based accounts, which propose
that episodic encoding is facilitated when new information fits within existing semantic
structures (Alba and Hasher, 1983). Recent work has reported that consistent schema
representation across encoding and retrieval in default-mode regions, including the
precuneus, is predictive of episodic memory performance (Masis-Obando et al., 2022; Reagh
and Ranganath, 2023). It is possible that similar processes occur for semantic learning, and
that successful encoding may reflect the degree to which individual facts were effectively

embedded within these schematic structures.

While representational strength in high-level semantic regions emerged as a key factor
in successful learning, we also considered whether successful encoding was associated with
differences in the magnitude of neural activation. During encoding, processing factual
compared to control stimuli elicited greater responses in elements of the semantic system, left
AG and IatATL, bilateral RSC and an area of the right posterior parahippocampal cortex that
have been associated with a medial temporal lobe subdivision of the default-mode network
(Andrews-Hanna et al., 2014). Within this network, reliable increases in neural activity
associated with subsequent successful encoding were not observed. While the possibility of
undetected gross modulations cannot be entirely excluded, the current results suggest that
the informational structure of neural representations, as captured by the multivariate analysis,

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

Our planned analysis did not identify ROls either in semantic control systems or MTL
structures associated with episodic encoding. To better evaluate the absence of such effects
with higher power, supplemental ROIs were defined in semantic control regions and MTL
structures. Assessment within two elements of the semantic control system, found modest
evidence of univariate changes in left IFG but no further evidence of either multivariate or
univariate modulation. This indicates that enhanced recruitment of IFG cannot be excluded as
a potential mechanism of successful fact encoding, however some caution is warranted in

interpreting this unplanned analysis.

In contrast to semantic control regions, univariate and multivariate increases
associated with successful encoding in MTL ROls did not approach significance. The failure
to find effects with this targeted analysis suggests that these regions are not key drivers of the

successful fact learning. While it is improbable that MTL structures are irrelevant to fact
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acquisition, the lack of encoding effects here supports a dissociation between episodic and
semantic encoding and consolidation. This is consistent with patient studies that have shown
that fast mapping (FM) of novel word-image semantic associations can be formed in the
absence of hippocampal structures and in the presence of profound episodic deficits (Sharon
et al., 2011; see also Vargha-Khadem et al., 1997). The same work instead highlighted left
ATL damage in the impairment of such semantic associations. In FM paradigms, a novel item
is paired with a referent (a semantically related known object), and participants answer a
question directed towards the novel item which is named in the question. It is unclear whether
such learning results in rapid lexical integration (Coutanche and Thompson-Schill, 2014;
Gurunandan et al., 2023), and subsequent declarative memory formation is only present when
associations can be scaffolded more strongly to the semantic referent, the encoding task
involves inferential processing, name-object associations are stable, and may depend on
residual hippocampal function (Merhav et al., 2014; Smith et al., 2014; Warren and Duff,
2014). Collectively, the FM literature points to a potential mechanism of semantic encoding
that is less dependent on MTL structures and relies on consistent information pairing, rich

semantic context and strong semantic scaffolding with prior knowledge.

Within memory models, it has been proposed that semantic knowledge develops
gradually over successive episodic experiences of similar events (‘a birthday party’). MTL-
mediated, situationally induced, reinstatement of previous memories leads to the formation of
a semantic memory (or schema) that encompasses the commonalities shared across
birthdays, but loses details of specific birthdays (McClelland et al., 1995; Moscovitch and
Gilboa, 2024). This gradual process is believed to be contingent on MTL structures in both
reinstatement and encoding (Moscovitch and Gilboa, 2024). This apparent need for multiple
exposure for.the formation of general conceptual knowledge may be less applicable to the
type of encyclopaedic learning investigated in the present study. Here well-established
concepts of a diverse range are bound together in a highly flexible way to form a specific new
fact. In the real world, such knowledge is often acquired through one-shot learning, verbally
rather than through direct episodic experience, and relies on highly established concepts
forming a robust semantic scaffolding. There are reasons to believe these types of learning

proceed on different timescales and potentially via different neural mechanisms.

The findings of the present study indicate that the best predictor of the successful learning of
facts is the quality of semantic representation, rather than the amount of neural activity, within

the left lateral ATL and precuneus. The location of these effects, within regions associated
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with the flexible conceptual integration of richly associated abstracted information, potentially
reflects the representation and combination of disparate conceptual elements necessary for
the learning of encyclopaedic facts. The absence of encoding effects within MTL structures is
consistent with a mechanism of factual learning success that is partially distinct from episodic
processes — one that modulated more by information within high-level semantic regions than

the rapid associations formed within MTL structures.

Acknowledgments

This project was supported by the European Research Council (ERC) Starting Grant under
the European Union’s Horizon 2020 research and innovation programme (Grant No. 640594,

CRASK - Cortical Representation of Abstract Semantic Knowledge).

References

Acunzo DJ, Low DM, Fairhall SL (2022) Deep neural networks reveal topic-level
representations of sentences in medial prefrontal cortex, lateral anterior temporal lobe,
precuneus, and angular gyrus. Neuroimage 251:119005.

Alba JW, Hasher L (1983) Is memory schematic? - ProQuest. Psychol Bull 93:203—-231.

Andrews-Hanna JR, Smallwood J, Spreng RN (2014) The default network and self-
generated thought: Component processes, dynamic control, and clinical relevance. Ann
N'Y Acad Sci 1316:29-52.

Barsalou LW (2020) Challenges and opportunities for grounding cognition. J Cogn 3:1-24.

Binder JR, Desai RH, Graves WW, Conant LL (2009) Where is the semantic system? A
critical review and meta-analysis of 120 functional neuroimaging studies. Cereb Cortex
19:2767-2796.

Brewer JB, Zhao Z, Desmond JE, Glover GH, Gabrieli JDE (1998) Making memories: Brain
activity that predicts how well visual experience will be remembered. Science (80- )
281:1185-1187.

Buckner RL, Andrews-Hanna JR, Schacter DL (2008) The brain’s default network: Anatomy,
function, and relevance to disease. Ann N Y Acad Sci 1124:1-38.

Burgess N, Maguire EA, O’keefe J (2002) Review The Human Hippocampus and Spatial
and Episodic Memory appears to remain in humans (Abrahams et al. Neuron 35:625—
641.

Cavanna AE, Trimble MR (2006) The precuneus: A review of its functional anatomy and
behavioural correlates. Brain 129:564-583.

Chen L, Lambon Ralph MA, Rogers TT (2017) A unified model of human semantic
knowledge and its disorders. Nat Hum Behav 1:1-24.

Coutanche MN, Thompson-Schill SL (2014) Fast mapping rapidly integrates information into
existing memory networks. J Exp Psychol Gen 143:2296.

18



578
579

580
581

582
583

584
585
586

587
588

589
590

591
592

593
594
595

596
597

598
599

600
601

602
603

604
605
606

607
608

609
610
611

612
613
614
615

616
617

618
619

620

Craik FI, Lockhart RS (1972) Memory, attention, and aging: Selected works of Fergus I. M.
Craik. J Verbal Learning Verbal Behav 11:671-684.

Craik FI, Tulving E (1975) Depth of processing and the retention of words in episodic
memory. J Exp Psychol Gen 104:268—-294.

Damasio H, Tranel D, Grabowski T, Adolphs R, Damasio A (2004) Neural systems behind
word and concept retrieval. Cognition 92:179-229.

Devlin JT, Russell RP, Davis MH, Price CJ, Wilson J, Moss HE, Matthews PM, Tyler LK
(2000) Susceptibility-induced loss of signal: Comparing PET and fMRI on a semantic
task. Neuroimage 11:589-600.

Diana RA, Yonelinas AP, Ranganath C (2007) Imaging recollection and familiarity in the
medial temporal lobe: a three-component model. Trends Cogn Sci 11:379-386.

Eichenbaum H, Yonelinas AP, Ranganath C (2007) The medial temporal lobe and
recognition memory. Annu Rev Neurosci 30:123—-152.

Fairhall SL (2020) Cross recruitment of domain-selective cortical representations enables
flexible semantic knowledge. J Neurosci 40:3096-3103.

Fairhall SL (2024) Sentence-level embeddings reveal dissociable word- and sentence-level
cortical representation across coarse- and fine-grained levels of meaning. Brain Lang
250:1053809.

Fairhall SL, Anzellotti S, Ubaldi S, Caramazza A (2014) Person- and place-selective neural
substrates for entity-specific semantic access. Cereb Cortex 24:1687-1696.

Fairhall SL, Caramazza A (2013a) Brain regions that represent amodal conceptual
knowledge. J Neurosci 33:10552—-10558.

Fairhall SL, Caramazza A (2013b) Category-selective neural substrates for person- and
place-related concepts. Cortex 49:2748-2757.

Fairhall SL, Sharma S, Magnusson J, Murphy B (2010) Memory related dysregulation of
hippocampal function in major depressive disorder. Biol Psychol 85.

Fernandino L, Binder JR, Desai RH, Pendl SL, Humphries CJ, Gross WL, Conant LL,
Seidenberg MS (2015) Concept representation reflects multimodal abstraction: A
framework for embodied semantics. Cereb Cortex:1-17.

Friston KJ, Rotshtein P, Geng JJ, Sterzer P, Henson RN (2006) A critique of functional
localisers. Neuroimage 30:1077-1087.

Gorno-Tempini ML, Price CJ, Josephs O, Vandenberghe R, Cappa SF, Kapur N, Frackowiak
RSJ (1998) The neural systems sustaining face and proper-name processing. Brain
121:2103-2118.

Gurunandan K, Cooper E, Tibon R, Henson RN, Greve A (2023) No evidence of fast
mapping in healthy adults using an implicit memory measure: failures to replicate the
lexical competition results of Coutanche and Thompson-Schill (2014). Memory
31:1320-1339.

Jackson RL (2021) The neural correlates of semantic control revisited. Neuroimage
224:117444.

Kriegeskorte N, Goebel R, Bandettini P (2006) Information-based functional brain mapping.
Proc Natl Acad Sci U S A 103:3863—-3868.

Lambon-Ralph MA, Jefferies E, Patterson K, Rogers TT (2017) The neural and

19



621
622

623
624

625
626

627
628

629
630
631

632
633

634
635

636
637
638

639
640

641
642
643

644
645

646

647
648
649

650
651
652

653
654

655
656

657
658
659

660
661

662
663

computational bases of semantic cognition. Nat Rev Neurosci 18:42-55 Available at:
http://dx.doi.org/10.1038/nrn.2016.150.

Leonardelli E, Fairhall SL (2022) Similarity-based fMRI-MEG fusion reveals hierarchical
organisation within the brain’s semantic system. Neuroimage 259:119405.

Liuzzi AG, Aglinskas A, Fairhall SL (2020) General and feature-based semantic
representations in the semantic network. Sci Rep 10.

Maguire EA, Frith CD (2004) The brain network associated with acquiring semantic
knowledge. Neuroimage 22:171-178.

Martin A (2016) GRAPES—Grounding representations in action, perception, and emotion
systems: How object properties and categories are represented in the human brain.
Psychon Bull Rev 23:979-990.

Martin A, Chao LL (2001) Semantic memory and the brain: Structure and processes. Curr
Opin Neurobiol 11:194-201.

Masis-Obando R, Norman KA, Baldassano C (2022) Schema representations in distinct
brain networks support narrative memory during encoding and retrieval. Elife 11:1-25.

McClelland JL, McNaughton BL, O’Reilly RC (1995) Why there are complementary learning
systems in the hippocampus and neocortex: insights from the successes and failures of
connectionist models of learning and memory. Psychol Rev 102:419.

Merhav M, Karni A, Gilboa A (2014) Neocortical catastrophic interference in healthy and
amnesic adults: A paradoxical matter of time. Hippocampus 24:1653—1662.

Moscovitch M, Gilboa A (2024) Systems Consolidation, Transformation, and Reorganization:
Multiple Trace Theory, Trace Transformation Theory, and Their Competitors (Kahana
MJ, Wagner AD, eds). Oxford University Press.

Oosterhof NN, Connolly AC, Haxby J V. (2016) CoOSMoMVPA: Multi-modal multivariate
pattern analysis of neuroimaging data in matlab/GNU octave. Front Neuroinform 10:27.

Paivio A (1971) Imagery and verbal processes. New York: Holt Rinehart and Winston.

Patterson K, Nestor PJ, Rogers TT (2007) Where do you know what you know? The
representation of semantic knowledge in the human brain. Nat Rev Neurosci 8:976—
987.

Pereira F, Lou B, Pritchett B, Ritter S, Gershman SJ, Kanwisher N, Botvinick M, Fedorenko
E (2018) Toward a universal decoder of linguistic meaning from brain activation. Nat
Commun 9.

Rabini G, Ubaldi S, Fairhall SL (2021) Combining Concepts Across Categorical Domains: A
Linking Role of the Precuneus. Neurobiol Lang 2:354-371.

Reagh ZM, Ranganath C (2023) Flexible reuse of cortico-hippocampal representations
during encoding and recall of naturalistic events. Nat Commun 14.

Sharon T, Moscovitch M, Gilboa A (2011) Rapid neocortical acquisition of long-term arbitrary
associations independent of the hippocampus. Proc Natl Acad Sci U S A 108:1146—
1151.

Simmons WK, Martin A (2009) The anterior temporal lobes and the functional architecture of
semantic memory. J Int Neuropsychol Soc 15:645-649.

Simmons WK, Reddish M, Bellgowan PSF, Martin A (2010) The selectivity and functional
connectivity of the anterior temporal lobes. Cereb Cortex.

20



664
665
666

667
668
669

670
671
672

673
674

675
676
677

678
679

680
681
682

683
684
685

686
687

688
689
690
691

692
693
694
695
696

697

698
699
700
701
702
703
704
705
706
707

Smith CN, Urgolites ZJ, Hopkins RO, Squire LR (2014) Comparison of explicit and incidental
learning strategies in memory-impaired patients. Proc Natl Acad Sci U S A 111:475-
479.

Sperling R, Chua E, Cocchiarella A, Rand-Giovannetti E, Poldrack R, Schacter DL, Albert M
(2003) Putting names to faces: Successful encoding of associative memories activates
the anterior hippocampal formation. Neuroimage 20:1400-1410.

Thompson-Schill SL, D’Esposito M, Aguirre GK, Farah MJ (1997) Role of left inferior
prefrontal cortex in retrieval of semantic knowledge: A reevaluation. Proc Natl Acad Sci
U S A94:14792-14797.

Tyler LK, Moss HE (2001) Towards a distributed account of conceptual knowledge. Trends
Cogn Sci 5:244-252.

Ubaldi S, Rabini G, Fairhall SL (2022) Recruitment of Control and Representational
Components of the Semantic System during Successful and Unsuccessful Access to
Complex Factual Knowledge. J Neurosci 42:4879-4890.

Vandenberghe R, Price C, Wise R, Josephs O, Frackowiak RSJ (1996) Functional anatomy
of a common semantic system for words and pictures. Nature 383:254—-256.

Vargha-Khadem F, Gadian DG, Watkins KE, Connelly A, Van Paesschen W, Mishkin M
(1997) Differential effects of early hippocampal pathology on episodic and semantic
memory. Science (80- ) 277:376-380.

Wagner AD, Schacter DL, Rotte M, Koutstaal W, Maril A, Dale AM, Rosen BR, Buckner RL
(1998) Building memories: Remembering and forgetting of verbal experiences as
predicted by brain activity. Science (80-) 281:1188—-1191.

Warren DE, Duff MC (2014) Not so fast: Hippocampal amnesia slows word learning despite
successful fast mapping. Hippocampus 24:920-933.

Figure Captions

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

Figure 2. A. Regions expressing multivariate sensitivity to semantic class (person-/place-
related) irrespective of retrieval success (HC-correct and incorrect trials) and ROI location
(voxel-wise threshold, p<.001, FWE cluster-corrected for multiple comparisons, p<.05). Error
bars indicate one standard error B. Upper: Increased decoding accuracy of semantic class
separately for facts that were subsequently remembered versus forgotten. Lower: Above
chance decoding accuracy of semantic class separately for learned and forgotten facts. Error
bars are excluded from the lower panel due to ROI-definition-interrogation circularity with
respect to baseline. *p<.05, **p<.005,"**p<.001. Abbreviations: AG: Angular Gyrus; IPS:
Intraparietal Sulcus; lIatATL: lateral Anterior Temporal Lobe; VOTC: Ventral Occipitotemporal
Cortex
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Figure 3. Increased activation during fact processing [(HC-correct & incorrect) > control] and
ROIls used for the univariate analysis (voxel-wise threshold, p<.001, FWE cluster-corrected
for multiple comparisons, p<.05). Comparison of successful versus unsuccessful encoding did
not reveal significant differences within these ROls. Abbreviations: AG: Angular Gyrus; latATL:
lateral Anterior Temporal Lobe; preM: Premotor Cortex; RSC: Retrosplenial Complex; pPHG:
posterior Parahippocampal Gyrus.
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Table 1: Twelve examples of the 120 stimuli used in the scanner experiments as well as probe
questions used in the post-scanner memory test. Facts described either person-related or
place-related information about three fictitious civilizations (the ‘Taffians’, ‘Caritidéi’ and
‘Sionans’). Stimuli are translated from Italian. See Supplementary Table 1 for full stimulus list

in English and ltalian.

Scanner (encoding)

Post Scanner (retrieval)

Fact Probe Question Target Lure
The great emperor Solingo Il governed the Who governs the taffiano people? Emperor Solingo Il King Aleandro Il
Taffian subjects harshly.
After the Civil War, secret meetings between What was banned after the Civil Warin  Secret meetings Marriage between
Taffians were banned. Taffio? Taffians and Caratidéi
3 After the War of the Dragons, marriage between What was banned after the Dragon Marriage between Duels between nobles
® Taffians and Caratidéi was banned. War in Carétide? Taffians and Caratidéi
[}
4
S Caratidéi soldiers are known to be professional What are the Caratidéi soldiers famous  Being professional Being horse trainers
» climbers. for? climbers
3
a
The Sionans have always been a people of Which of the civilisations were made The people Zionan The Caratidéo people
farmers and landowners. up of farmers and landowners?
After the Dragon War, duels between Sionan What was banned after the Dragon Duels between nobles Secret meetings
nobles were banned. War in Sionén?
The state of Taffio is the westernmost one on What is the westernmost state? Taffio Sionan
the planet.
The capital of the state of Taffio is the imperial What is the capital of Taffio? Naiborun Azzara Avi
city of Naiborun.
- The state of Carétide has a shell-like shape. What shape does the state of Carétide Shell-shaped Donut-shaped
2 take?
g
Iy The capital of the state of Caratide is the What is the capital of the state of Minarea Naiborin
§ underground city of Minarea. Caratide?
o
The capital of Sionan is the large metropolitan What is the capital of Sionan? Azzara Avi Minaréa
city of Azzara Avi.
The royal palace of Sionan is located near a red Where is the royal palace of Sionén Near a red mill Inside a cave
mill. located?

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

cluster peak
P(FWE-corr)y 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 .003 512 522 -56-12-24
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left VOTC <.001 1031 519 -30-46 -4
right latATL .014 363 483 52-12-14

Abbreviations: AG: Angular Gyrus; IPS: Intraparietal Sulcus; latATL:
lateral Anterior Temporal Lobe; VOTC: Ventral Occipitotemporal
Cortex.
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Table 3. Location, extent and significance of regions exhibiting a greater univariate response
for fact-presentation compared to control stimuli ((HC-correct and incorrect trials] > control).

cluster peak

P(FwEcorr) 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 .003 271 529 -34 14 60
left RSC <.001 607 526 -12-56 16
right RSC 483 14-56 20
right PPHG  .017 188 529 28-32-20

Abbreviations: AG: Angular Gyrus; latATL: lateral Anterior Temporal Lobe; preM:

Premotor

Cortex; RSC:

Parahippocampal Gyrus.

Retrosplenial

Complex;  pPHG:

posterior
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