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Abstract

Schemata enhance memory formation for related novel information. This is true even
when this information is neutral with respect to schema-driven expectations. This
assimilation of novel information into schemata has been attributed to more effective
organizational processing that leads to more referential connections with the activated
associative schema network. Animal data suggest that systems consolidation of novel
assimilated information is also accelerated. In the current study, we used both multivariate
and univariate fMRI analyses to provide further support for these proposals and to
elucidate the neural underpinning of these processes. 28 Participants (5 male) over-
learned fictitious schemata for seven weeks and then encoded novel related and control
facts in the scanner. These facts were retrieved both immediately and two weeks later,
also in the scanner. Our results conceptually replicate previous findings with respect to
enhanced vmPFC-hippocampus coupling during encoding of novel related information and
point to a prior knowledge-effect that is distinct from situations where novel information is
experienced as congruent or incongruent with a schema. Moreover, the combination of
both multi- and univariate results further specified the proposed contributions of the
vmPFC, precuneus and angular gyrus-network to the more efficient encoding of schema-
related information. In addition, our data provide further evidence for more efficient
systems consolidation of such novel schema-related and potentially assimilated

information.

Significance Statement

Our prior-knowledge in a certain domain, often termed schema, heavily influences whether
and how we form memories for novel information that can be related to them. The results
of the current study show how a ventromedial prefrontal-precuneal-angular network
contributes to the more efficient encoding of novel related information. Furthermore, the
observed increase in prefrontal-hippocampal coupling during this process points to a
critical distinction from the previously described mechanisms supporting the encoding of
information that is experienced as congruent with schema-driven expectations. In addition,
we find further support for the proposal based on animal data that prior-knowledge

enhances also the consolidation of schema-related information.
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Introduction

Whether and how we encode, consolidate and later retrieve novel information is heavily
influenced by our prior-knowledge (Alba and Hasher, 1983; Gilboa and Marlatte, 2017).
The impact of prior-knowledge on memory has been studied in the framework of schemata
(Bartlett, 1932) which are previously acquired and continuously developing associative
networks (Ghosh and Gilboa, 2014).

A prominent line of research on the prior-knowledge effect investigates how the
congruency of information with schema-driven expectations affects memory, e.g.
remembering a palm-tree vs. a polar bear at a beach (van Kesteren et al., 2012; Greve et
al., 2019). However, prior-knowledge enhances also memory for novel, previously
unknown - and hence expectation-neutral - information that can be related to it, for
instance when we learn new facts in our academic field (Brandt et al., 2005; Witherby and
Carpenter, 2021). The vmPFC together with the ventral precuneus/retrosplenial cortex
(vPC/RSC) are involved also in this effect of prior-knowledge where the contribution of the
hippocampus and its coupling with the vmPFC remain so far inconsistent across studies
(Tse et al., 2011; van Kesteren et al., 2014; Brod et al., 2016; Liu et al., 2016; Sommer,
2017).

The mnestic advantage for novel schema-related but expectation-neutral
information has been attributed to the activation of schema-knowledge. This allows more
effective organizational processing leading to assimilation into the associative structure
(Ericsson and Kintsch, 1995). In particular, the newly encoded information might be
integrated via spreading activations into the existing associative network resulting in
referential connections and the association with appropriate retrieval cues (Long and Prat,
2002).

These processes underlying assimilation would not necessarily result in enhanced
mean activity in the involved brain areas compared to encoding of schema-unrelated
information. The first goal of the current study was therefore to find support for such
processes by using multivariate representational similarity analyses (RSA). In particular,
after participants had acquired knowledge of experimental schemata (Fig. 1 A) we
contrasted the similarity of activity patterns during three encoding rounds of novel schema-
related with those of tightly matched control facts. By this means we tested the hypothesis
that the rapid integration of schema-related facts into the associative structures results in
more consistent representation across encoding rounds (i.e. greater pattern robustness;

Xue et al., 2010; Bruett et al., 2020). Moreover, we tested whether the more effective
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organizational processing would be reflected in more consistent encoding operations
across novel schema-related facts. Finally, we tested the hypothesis that assimilation
should be evident in higher similarity between encoding of novel schema-related facts and
the retrieval of overlearned schema-knowledge.

A second goal of the current study was to provide further evidence with respect to
hippocampal-vmPFC coupling during encoding of novel schema-related but expectation-
neutral information. In the two studies observing stronger coupling participants encoded
arbitrary associations (Liu et al., 2016; Sommer, 2017) whereas in the third students
learned real facts, i.e. associations of an already taught with a new term, in their or another
discipline (van Kesteren et al., 2014). The diverging results might be caused by the fact
that in the other discipline both terms forming a new fact were novel (Carpenter et al.,
2018) or that only in the latter study meaningful information was encoded. Both factors
were addressed in the current paradigm with the goal to better understand hippocampal-
vmPFC coupling during encoding of novel schema-related information.

A series of animal studies showed that prior-knowledge not only influences
encoding but also accelerates systems consolidation of novel schema-related expectation-
neutral information, i.e. randomly paired flavor-location associations (Tse et al., 2007). In
the aforementioned study using a similar design, we showed that also in humans schema-
related information might be more rapidly transferred from hippocampal to cortical retrieval
(Sommer, 2017). Using meaningful knowledge structures we also showed that nightly
replay might underlie this effect (Hennies et al., 2016). A third goal of the current study was
therefore to use those meaningful associative structures to conceptually replicate our
previous findings and to provide further evidence that novel schema-related expectation-
neutral information is transferred more rapidly to neocortical retrieval. To test this
hypothesis, participants’ memory for novel facts was tested in the MRI scanner
immediately after encoding and 2 weeks later.

Methods

Participants

Thirty-two native Germans (mean age: 25.90 years; SD: 3.71 years; 6 males; randomly
assigned to one of the two schemata) participated in the study. All had normal or
corrected-to-normal vision, and no history of neurological and psychiatric disorders.
Participants were required to have no knowledge beyond that of basic schooling at the
primary level in the two schema categories (arthropods and cell biology) and no particular

interest in biology, medicine, chemistry, and zoology. Informed consent was obtained from
4
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all participants before the study, which was approved by the Ethics Committee of the
Hamburg Medical Association. The first participant could not be analyzed due to data loss.
Two participants dropped out of the study during the schema-knowledge acquisition. For
one participant, retrieval results are missing due to technical failure, leaving 28 participants

(5 male, 14 for each of the two schemata).

Stimuli

The aim was to experimentally construct two fictitious schemata that fulfilled the four
previously identified criteria, i.e. an associative network structure, basis on multiple
episodes, lack of unit detail, and adaptability, (Ghosh and Gilboa, 2014) and the
neuroscientific definition, i.e. consolidated cortical representation (van Kesteren et al.,
2012). At the same time, we aimed to minimize previously described confounds when pre-
existing, e.g. academic or other expert, knowledge is used: i) higher
curiosity/interest/motivation to learn novel facts in the domain of expertise and ii) the
possibility that novel schema-related information had been known before (Witherby and
Carpenter, 2021). Moreover, in the area of expertise participants have a higher familiarity
with the names of the concepts the novel information has to be associated with, e.g. when
“blossom end rot” has to be associated with calcium deficiency the term “blossom end rot”
is for experts familiar but novel for control participants (Carpenter et al., 2018). Such
greater cue familiarity results in a processing advantage and in differences in (meta-)
memory (Chua et al., 2012). Importantly, as the goal of the current study was to
characterize the effects of prior-knowledge on memory due to more effective
organizational processing and not to in-/congruency, we aimed to minimize the influence of
schema driven expectations with respect to the novel facts. However, we also aimed to
use not arbitrary associative structures as in our previous and the animal studies (Tse et
al., 2007, 2011; Sommer, 2017) but more ecological valid, i.e. meaningful experimental
schemata. Novel facts related to such meaningful knowledge structures can be only
neutral with respect to specific expectations based on prior experience (as for instance
palm-trees and not polar bears are expected at a beach scenery) but are still consistent
with more general knowledge. To stay with the above example, even if there is no specific
schema-driven expectation for the cause for “blossom end rot” the novel fact “calcium
deficiency” is similar to many other possibilities, e.g. sodium deficiency or a fungal attack,
that are generally consistent with the student’s knowledge about phytology. The absence
of specific schema-driven expectations results at the same time in more detailed, less

generalized and gist-like memories (Tse et al., 2007, 2007; Sommer, 2017) which diverges
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from the more typical schema studies on the effect of schema-congruency where higher
false alarm rates are observed (Rojahn and Pettigrew, 1992; van Kesteren et al., 2012).

Schemata

The stimuli from our previous study were translated into German and modified for the
purpose of the current study (Hennies et al., 2016). The schemata were constructed with
four hierarchical levels (Fig.1 A). The two schemata were parallel in structure and
contained facts at each level. In particular, each schema comprised facts about the
category (arthropods or cells), its two sub-categories (ant and crabs, cell-types and
organelles), their three families each (e.g. symbiotic, hunter and weaver ants) and detailed
characteristics of the 12 individual exemplars (two in each family). The detailed facts
(approximately 25 facts) about anatomy, habitat, food preferences, and behavioral
characteristics for each of the 12 exemplars comprised the main part of the ‘arthropods’-
schema. For the ‘cells’-schema a matched number of facts for each of the 12 exemplars
existed (see Hennies et al., 2016 for family labels and pictures of the exemplars of the
‘cells’-schema). In addition, each exemplar was presented on 12 different pictures. Novel
names were invented for all exemplars in order to avoid large differences in length and
complexity of the names. The whole hierarchical associative structure and all facts, i.e. the
pictures of the exemplars, related to its nodes and elements were considered as schema -

similar to studies employing pre-existing academic or trivial real-world knowledge.
Novel, schema-related facts

For each of the exemplars of both schemata six additional facts were created. Each facts
existed in two, equally likely alternatives (e.g. Styga is 2 or 4 cms long, NIV contains
copper or nickel, Fig. 1B). One version, which was randomly chosen for each participant,
was encoded as novel schema-related (SR) fact, the other one served as lure for the 2-
alterantive forced-choice memory tests. This design ensured that participants could not
guess the correct response based on their schema-knowledge and that the novel schema-
related facts were indifferent with respect to schema congruency and expectations. The
SR facts for the ‘arthropods’-schema served as non-schema related (NS) control facts for
the participants who acquired knowledge for the ‘cells’-schema and vice versa. The facts
were kept vague to minimize participants guessing about what type of exemplars the
control facts were about. The novel facts for both schemata were counterbalanced for the

number of words, number of syllables, and numerical values. None of the facts were
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longer than eight words or 14 syllables so that all facts could easily be read within the
presentation time.

Procedure

This experiment was realized with custom-written scripts using Cogent 2000, developed by
the Cogent 2000 team at the Functional Imaging Laboratory and the Institute for Cognitive
Neuroscience (University College, London).

Acquisition of structured, associative schema-knowledge

In a first session in the institute, participants were randomly assigned to one of the two
schemata and performed a test on their prior-knowledge in that category. This pretest
involved one picture and 6 statements about each of the 12 category exemplars (using
their real not the invented names). When a picture was presented the participant could
select the name of the exemplar from 6 response options or select a “?” to indicate not
knowing. In response to the statements participants could select “true”, “false” or “?”. All
questions were presented without a time limit. No subjects achieved more than the cut-off
of 20% correct responses and therefore all could take part in the experiment.

The acquisition of schema-knowledge started after the pre-test in the first session
and involved seven more sessions in the institute, which were separated by seven days.
There were very few exceptions, when participants could not make that day, they came
within around 2 days. Sessions were ~1 h long (only session 1 took 2 h), but this could
vary as participants completed most tasks in a self-paced way. Between the sessions at
the institute, participants deepened their schema-knowledge by working through
homework. The first two sessions in the institute and the corresponding homework will be
described more in detail in order to give an impression how acquisition of structured
schema-knowledge was achieved.

In the first session participants started to learn general background information
about their schema (on the category and sub-category level), that was presented self-
paced on the computer. Participant’s assigned to the ‘arthropods’-schema learned for
instance that arthropods have an exoskeleton, a segmented body, compound eyes, that
the exoskeletons are based on chitin and vary with respect to their stability, that ants have
two antenna, two mandibles, live in colonies etc. Participants did at the end of the first
session a multiple-choice test on the acquired knowledge with 32 questions with 87.7%
(£10%) accuracy (Fig. 1 B). In the following homework the schema facts from session 1

and additional facts were presented as reading material. In addition, the families and



s
O
p-
@)
7p)
-
-
®
=
O
D
e
O
)
@)
O
<
@)
0p)
O
| -
-
)
Z
-

217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247

exemplars were introduced including the first facts about both hierarchy levels. Moreover,
each exemplar was presented on 2 pictures from different perspective. Participants were
asked to work through the material and to answer open questions in writing to facilitate
and deepen the learning. They were told, that their answers were evaluated in the next
session in the institute.

In the second session in the institute, participants were asked to free recall the facts
about the exemplars followed by the multiple choice and ten open questions about the
schema background. They then repeated learning the background facts followed again by
multiple choice and open questions. In the following homework, they repeated the general
background facts as well as learning more facts about the families and exemplars by
reading and responding to open question. After this homework they had learned all
relevant schema-related facts the first time. From there on, this knowledge was repeated
and deepened.

In the remaining 6 sessions in the institute and the 5 homework sessions between
them participants continued in the same way to recapitulate the facts about all hierarchy
levels of their schema, including 12 pictures of each exemplar and their knowledge was
tested using various multiple choice and open questions as well as picture naming tests. At
the end of each session participants’ schema-knowledge was assessed with multiple
choice tests for which they did not receive feedback. Based on their performance in these
tests the homework sessions were individually adjusted.

Participants showed close to ceiling performance in the multiple-choice and picture
naming tests in all session in the institute and participants achieved the cut-off of 85%
correct responses after the final session (Fig 1 B). A final test on schema-knowledge (24
questions) about 14 days after the last session in the institute and directly after the
delayed retrieval of novel schema-related and control facts in the MR scanner (Fig 1B)
showed that participants had successfully acquired schema-knowledge. Participants
reached 91.8% (+1.4%) high confidence correct responses and across all confidence
levels 96.9% (+0.8%) correct responses (Fig 2B). The response times for high confidence
schema-knowledge retrieval was similar to high confidence immediate retrieval of novel
schema-related facts and substantially faster than their delayed high confidence retrieval,

which occurred in the same session (Fig. 2 D).
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Learning exemplar names of the control schema

Differences in familiarity with the names of the schema and control exemplars could affect
memory formation independent of the hierarchical, associative knowledge structure that
was acquired only for the schema (Chua et al., 2012). The goal was therefore to minimize
potential differences in familiarity between the names of schema and control exemplars
prior to learning novel facts. Starting in session 2, participant were learning and writing
down the names of the control exemplars in random order without any information about
the nature of them. Participants expected to be tested on their memory for these 12 words
in the next session. Participants were asked to recapitulate the names of the control
exemplars in each of the following homework sessions and were tested for them in each of
the sessions in the institute. As intended, this procedure resulted in high familiarity and
perfect memory for the names of the exemplars of the control schema. However, this tight
experimental control also probably established to some degree semanticized and
arbitrarily interconnected representations of the control exemplar names, which potentially

reduces the observable prior knowledge effect.
Encoding and retrieval of novel schema-related and control facts

Encoding and retrieval of schema-related (SR) and not schema-related (NS) control facts
took place in the MR scanner. Three encoding rounds for SR and NS facts were followed
by four additional encoding rounds outside of the scanner only for NS facts to reach similar
performance in the following immediate memory test in the MR scanner. Similar memory in
the immediate retrieval test for novel schema-related and control facts is a critical
prerequisite to relate potential differences in forgetting until the delayed memory test to
divergent consolidation trajectories. About two weeks later (15.17 £1.95 days) there was a
delayed retrieval test followed by the aforementioned retrieval of schema-knowledge.

The encoding and immediate retrieval rounds took place on the day following the
eighth session in the institute. After arrival, participants wrote down the names of the 12
schema and the 12 control exemplars in order to activate their schema-knowledge.
Participants were instructed to memorize each novel fact carefully, to focus only on the
facts that was presented at the time, and to give each facts equal memorization effort.
Participants were also informed about how they would be tested in the retrieval test. In
each of the three encoding rounds all novel 72 SR and 72 NS facts (6 for each exemplar)
were presented in pseudorandom order (consecutive facts were from different category

members). Each encoding round was distributed across two fMRI runs. Each trial started
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with the presentation of a fact for 4s (Fig. 1 B). Participants were asked in the first round to
indicate within this time interval whether they will remember the fact (i.e. judgement of
learning; van Buuren et al., 2014; Witherby and Carpenter, 2021) and in the two
subsequent rounds whether they remembered the fact (judgement of memory). Therefore,
the tasks differed between the first and the later encoding rounds, which we considered
acceptable because implicitly there is always an unavoidable difference between the first
and subsequent encounters with new information. To foreshadow the results of our across
round representational similarity analyses (Figs. 5 and 6), similarity between the first two
rounds was rather greater which speaks against a major influence of the different tasks on
fMRI results. They had for each hand one button box, pressing the left index finger to
indicate ‘yes, pressing the right for ‘no’. The presentation of the facts was followed by a
fixation cross for 500ms, followed by an active baseline task. In this task the fixation cross
changed its color from white to either red or blue and participants were instructed to press
a corresponding button as quickly as possible. The baseline task was introduced to
prevent rehearsal of the previously encoded novel facts and to reduce activity in the
default mode network in the implicit baseline (Stark and Squire, 2001). This baseline
lasted between 2 - 4 s (jittered) before the next stimulus was presented. After the 3
encoding rounds, participants left the scanner and encoded the NS facts for 4 additional
rounds because we aimed for equal performance in the immediate memory test for NR
and NS facts. The previous study and further piloting showed that to achieve comparable
performance NS items need to be presented twice as many times as SR items (Hennies et
al., 2016). The procedure was the same as before.

Participants entered then the scanner again for the immediate retrieval test. All 72
SR and 72 NS facts were tested in a two-alternative forced choice task distributed across
two fMRI runs. Each trial started with the presentation of a fixation cross in the middle of
the screen between 2-4 sec (jittered). This was followed by the presentation of a fact
together with its alternative fact for 6 s. Participants had to choose the correct answer by
pressing the corresponding button on one of the two button boxes with the right or left
hand within the 6 s interval. Participants had to indicate their confidence by choosing
between the options sure, unsure, guess. After each trial the same active baseline task
that was employed during the encoding followed. Approximately 2 weeks later participants
returned for the delayed retrieval test in the scanner, which was identical to the first test,
but the order of facts was re-randomized. After retrieving all 72 SR and 72 NS facts
distributed across 2 fMRI runs participants were tested in a final fMRI run on 24 of

10
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schema-knowledge facts that were tested in a similar format, i.e. forced choice with
confidence ratings.

It should be noted that the lure of a novel fact during retrieval (e.g. ‘4 cm’ when
‘Styga is 2 cm long’ was learned) was not systematically associated as a novel fact with
another exemplar (e.g. ‘4 cm’ was not necessarily a novel fact related to another
exemplar). This lack of a systematic using each novel fact as both, lure and target might
preclude an unambiguous interpretation of the results as noted by a reviewer: The novel
schema-related and control facts might have been more familiar than the lures during the
recognition tests and the responses could reflect familiarity driven item memory and not
assimilation into the schema. However, although we did not systematically used each lure
as target in a different recognition trial many lures or at least very similar responses
appeared in more than one trial which reduces this potential confound (a list of all retrieval

questions and the response alternatives can be found at https://osf.io/aj28h/).

As described participants encoded and retrieved (‘Did you remember?’) the control
facts in seven rounds (compared to three rounds for schema-related facts) and
immediately retrieved them then. This many rounds was necessary to reach similar
performance in the immediate memory test, which was critical for the second goal of the
study, i.e. to test prior knowledge effects on consolidation. However, on the other hand the
repetitive encoding of object-location associations, respectively word lists has been
recently shown to result itself in accelerated system consolidation that is stabilized during
sleep (Brodt et al., 2016, 2018; Himmer et al., 2019). In the current study this effect might
be even stronger due to the over-learned and consolidated names of the control
exemplars. In other words, the tight experimental control might also have resulted in
consolidated memory traces for the novel control facts — even if via a different mechanism
as hypothesized for the novel schema-related facts.
fMRI data acquisition
Functional magnetic resonance imaging (fMRI) was performed on a 3 T system (Siemens
Trio) with a 32-channel head coil. An echo planar imaging T2*-sensitive sequence in 50
contiguous axial slices (3 x 3 x 2.8 mm) with 1 mm gap; TR, 2.96 s; TE, 30 ms; PAT factor
2; flip angle, 80°; matrix 64 x 64) was employed. High resolution (1 x 1 x 1 mm voxel size)
T1-weighted structural MRIs were acquired for each subject using a 3D MPRAGE

sequence as part of the first scanning session.
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fMRI data preprocessing

Functional imaging data were processed using the Statistical Parametric Mapping 12
software (SPM12, Wellcome Department of Cognitive Neurology, London, UK;
http://www.fil.ion.ucl.ac.uk/spm). Functional images were realigned and unwarped to
correct for susceptibility-by-movement artifacts. The anatomical image were coregistered
to the mean functional image of that participant. The anatomical images were then
transformed into standard stereotaxic space using DARTEL as implemented in SPM12
and the deformation field applied to the functional images of the same participant.
Functional images were smoothed with full-width at half-maximum of 6 mm for the
univariate and of 3 mm for the multivariate analyses.

Univariate fMRI analyses

Individual subjects and group level data were analyzed using the general lineal model
(GLM) as implemented in SPM 12 in a mass univariate approach. One first level model
was set up for encoding and retrieval. The two runs for each of the three encoding rounds
as well for the two runs of each immediate and delayed retrieval were concatenated where
the run specific constant, the autocorrelation structure and high pass filter were
appropriately adjusted. Regressors were created by convolving the onsets with the
canonical hrf. For each of the three encoding rounds one regressor for SR and NS facts
was created (due to ceiling effects we did not subdivide encoding events into those with a
positive and a negative judgment of learning, respectively memory). For immediate and
delayed retrieval, regressors were created for the high confidence correct, combined for
medium and low confidence correct and for incorrect responses as well as for the final
retrieval of the schema facts. In addition, six movement regressors were added as
nuisance variables.

On the second level, encoding related activity was analyzed by the main effect of
condition in an encoding round x condition (SR vs NS facts) ANOVA. The analysis of
retrieval activity was restricted to high confidence hits because for those a behavioral
effect of schema-knowledge was observed (Fig. 2 C) which is consistent with previous
literature (Long and Prat, 2002; Bein et al., 2020) and it has been argued high confident
responses are most informative (e.g., Xiao et al., 2016; Lee et al., 2019). Retrieval activity
was analyzed by the main effect of condition and the interaction of condition and delay in a
delay (immediate vs. delayed) x condition (SR vs NS facts) ANOVA. To identify areas that

might be involved in semantic memory, retrieval activity during high confidence retrieval of
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the schema facts (after the delayed retrieval of novel facts) was contrasted against high
confidence immediate retrieval of novel schema-related facts in a paired t-test.

In addition, two Psycho-Physiological-Interactions (PPI; Friston et al., 1997) were
conducted based on previous literature (e.g., Sommer, 2017). The first PPIl used as seed
the vmPFC cluster (thresholded p < 0.001 uncorrected) that was identified by the analysis
of encoding activity and contrasted its functional coupling during encoding SR and NS
facts for each of the three encoding rounds. On the second level, coupling differences
between conditions were analyzed across encoding rounds in an ANOVA with the factor
round. The second PPI used as seed the vmPFC cluster identified by the retrieval second
level model to be more active during retrieval of SR than control facts immediately and
delayed. This PPI contrasted coupling during immediate as well as delayed retrieval of SR
with control facts. On the second level, it was analyzed where this coupling increases from
immediate to delayed retrieval.

Multivariate fMRI analyses

In order to get parameter estimates for each individual trial as input for the multivariate
analyses, for each trial an independent first-level model was created with one regressor
containing only the corresponding trial and one for all other trials in that fMRI run (Mumford
et al., 2012). In addition, six movement regressors were added as nuisance variables as
well a high-pass filter applied and corrected for autocorrelation. The t-maps testing the
beta of the trial of interest in each model against the implicit baseline were used for the
following RSA to reduce the influence of noisy voxels (Dimsdale-Zucker and Ranganath,
2018). In all RSA we employed a whole brain searchlight approach (radius 3 voxels) and
correlated (Pearson's linear rank correlation) the resulting vectors of trial-specific t-values
across conditions of interest. The resulting correlation coefficients were averaged within
condition after Fisher's Z-transformation and saved as value for the center voxel of the

current searchlight.
Encoding-encoding similarity

In a first RSA we aimed to find support for a more rapid integration of novel schema-
related facts into the activated associative structure in terms of a greater consistency of
the distributed activity pattern across encoding rounds. Therefore we analyzed the
robustness of fact-specific activity patterns (e.g. Texana is 2 cm long or NIV contains
Copper) between the succeeding encoding rounds, i.e. between round 1 and 2 as well as
between round 2 and 3 (Xue et al., 2010; Bruett et al., 2020). In particular the activity
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pattern during encoding of a specific fact was correlated with encoding the same fact in the
succeeding round (similarity) as well as with encoding of all the other facts in that round
(dissimilarity), separately for novel schema-related and control facts. On the second level
we contrasted the similarity-dissimilarity difference maps in a 2 (round 1/2 vs. round 2/3) x
2 (SR vs NS) ANOVA.

Encoding-operation similarity analyses

In a second RSA we aimed to find support for more effective organization processing
during encoding of novel schema-related facts. Therefore, we aimed to identify brain
regions in which prior knowledge affects the encoding operation irrespective of the specific
to be encoded fact. To this end we correlated on the one hand activity during encoding
each novel schema-related fact with all other schema-related facts in a round, but
excluded the 5 other trials with facts related to the same exemplar (e.g. ‘Texana’) and on
the other hand activity during encoding of each novel schema-related fact with all control
trials resulting for each round in a SR-SR and a SR-NS correlation per subject. For the
latter we excluded also all facts related to one control exemplars to avoid different
numbers of correlations contributing to SR-SR and SR-NS similarities. On the second level
we contrasted the resulting similarity maps in a 3 (round 1 vs. 2 vs. 3) x 2 (SR-SR vs SR-
NS) ANOVA.

To test whether prior knowledge also results in more similar activity patterns related
to the encoding operation across rounds, we repeated the above analysis but correlated
activity during encoding across succeeding round, e.g. each schema-related trial in round
1 with all other schema-related trials in round 2 except with the 6 trials related to the same
exemplar (e.g. ‘Texana’). On the second level we ran a 2 (round 1/2 vs. round 2/3) x 2
(SR-SR vs SR-NS) ANOVA.

In addition, with the same goal, we conducted two similar, complementary analyses
where we contrasted within and between rounds the correlation of activity during all novel
schema-related trials (but again excluded the trials related to the same exemplar) with the
correlation of activity during all control trials. This approach resulted at the second level in
a 3 (round 1 vs. 2 vs. 3) x 2 (SR-SR vs. NS-NS) and a 2 (rounds 1/2 vs. rounds 2/3) x 2
(SR-SR vs NS-NS) ANOVA.

Encoding-retrieval similarity

As an alternative approach to find support for differences in consolidation due to prior
knowledge we computed the similarity of activity patterns between encoding round 1 and
14
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immediate as well as delayed retrieval for the novel schema-related and control facts. On
the second level we run a 2 (encoding-immediate vs. —delayed retrieval) x 2 (SR-SR vs.
NS-NS) ANOVA.

Encoding - schema knowledge retrieval similarity

To more directly test which areas are involved in the assimilation of the novel schema-
related facts into the overlearned schemata, we correlated in another RSA activity during
encoding novel schema-related facts with activity during retrieval of the schema-
knowledge (where we excluded again trials related to the same exemplar) and contrasted
it with the correlation of control facts with the retrieval of schema-knowledge. This results
at the second level in a 3 (round 1 vs. 2 vs. 3) x 2 (SR-Schema vs NS-Schema) ANOVA.
However, it should be noted that this analysis is to some extent confounded by the
shortcoming that the schema-knowledge was retrieved only after the delayed retrieval of
the novel schema-related and control facts. At this time point, the novel schema-related
facts were at least partly already assimilated into the schema-knowledge which may have

led to changes in the representation of that initial schema itself, i.e. accommodation.
Multivariate—Univariate Dependence Analysis

Pattern similarity can be caused not only by distributed patterns of activity but also by
consistent (de-) activation of voxels in a univariate fashion. Therefore, we conducted a
multivariate-univariate dependence analysis (MUD) previously suggested by Aly and Turk-
Browne (2015) for significant RSA-peak voxels that were in brain regions which also show
univariate effects. In particular, we first multiplied in each voxel of the spheres the
normalized values of the corresponding trials, e.g. encoding of a specific fact in round 1
and 2. These products indicate how much a voxel contributes to the correlation, i.e. to
pattern similarity. These products and the mean activity of each voxel were averaged
across trials and then correlated across voxels. The magnitude of the correlation indicates

how much univariate effects contribute to the RSA result.

Importantly however, a MUD correlation does not necessarily imply that the voxels
in a sphere show a univariate effect consistently in the same direction but only that voxels
activate or deactivate consistently for trials in a condition and that the same voxels
contribute to the observed similarity. Therefore, we computed in addition the correlation of
the differences in multivariate similarity between conditions in the RSA-peak voxels with
the difference in univariate mean activity in the searchlight-sphere around the RSA-peak

voxels across participants (Wagner et al., 2016). The differences to the MUD are that the
15
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similarity difference in the RSA-peak voxel (i.e. the difference between the correlations
across all voxels in the surrounding searchlight sphere) and the difference in mean activity
in all voxels of the searchlight sphere are used. This approach is diagnostic of the extent to
which the observed similarity difference might be driven by differences in mean activity

between conditions.

Correction for multiple comparisons

Results of all fMRI analyses were considered significant at p < 0.05, family-wise-error
(FWE) corrected for multiple comparisons across the entire scan volume or within the a
priori defined anatomical regions of interest (ROIs). ROls for the bilateral hippocampus,
bilateral precuneus/posterior cingulate and angular gyrus were computed from the
Harvard-Oxford cortical and subcortical structural atlases. A vmPFC ROl was manually
traced on the mean T1 image based on previously published post-mortem data (Mackey
and Petrides, 2014) using ITK-SNAP 3.6.0 (Yushkevich et al., 2006). The vIPFC ROl we
functionally defined as a sphere with radius 10 mm centered around the previously

observed peak voxel (xyz = [-40 4 28]; Sommer, 2017).
Results

Behavioral results

Encoding and retrieval performance was analyzed in mixed effects models using the R
base package and the Ime4 as well as the ImerTest packages for computing type IlI
ANOVAs with Satterthwaite's method for the approximation to degrees of freedom (Bates
et al., 2015; Kuznetsova et al., 2017). Model fit, such as normality of model residuals, was
verified using the check_distribution function in R package performance (Lidecke et al.,
2020). Post-hoc Tukey HSD tests were performed using the lemans package (Lenth,
2016) if a paired comparison was of relevance for the interpretation of the results.

Encoding

Confirmative (i.e. ‘yes’) responses in the judgement of learning (round 1) and judgment of
memory (rounds 2 to 3) for schema-related and control facts were analyzed in mixed
effects models with the fixed effects condition (schema vs. control) and encoding round (1
vs. 2 vs. 3) as well as subject as a random factor. This model was compared with a similar
one but with a subject specific slope across rounds as additional random factor. Because
the model fit was similar (X?(5) = 0.6, p = .99) we used the less complex model. The
effects of condition and round on judgments of learning, respectively memory (Fig. 2 A)

reached significance (F(1,135.00) = 376.35, p < 0.001; F(2,135) = 14.67, p < 0.001) but
16
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not their interaction (F(2,135.00) = 0.49, p = 0.614). Participant’s judgment of memory for
the control facts increased outside of the scanner (F(3,78) = 36.48, p < 0.001) where post-
hoc Tukey HSD tests show that there was no increase between round 3 and 4 (p = 0.714)
but only between round 1 and 2 as well 2 and 3 (p < 0.001; p = 0.007) suggesting
participants performance reached an asymptote. A direct comparison with round 3 of
learning schema-related facts and round 7 of learning control facts showed less subjective
memory (1(26) = 2.48, p < 0.020) for control facts.

The effects of condition and round on reaction times (Fig. 2 B) also reached
significance (F(1,81) = 16.813, p < 0.001; F(2,27) = 144.766, p < 0.001) as did their
interaction (F(2,81) = 10.005, p < 0.001). Restricting the analyses to confirmatory (i.e.
‘yes’) responses resulted in a similar pattern, i.e. significant main effects (F(1,81) = 9.532,
p =.003; F(2,27) = 186.87, p < .001) but no interaction (F(2,81) = 0.542, p = .584).
Reaction times did not further decrease significantly outside of the scanner during learning
round 4 to 7 for control facts (F(3,78) = 2.12, p = 0.104). Reaction times in the last round of
control facts encoding were faster than in the third and last round of schema-related facts
(t(26) = 2.61, p = 0.015).

Immediate and delayed retrieval

Hits during immediate and delayed retrieval were analyzed in mixed models with the
fixed effects condition (schema vs. control) and confidence (3 levels) as well as subjects
as a random factor with confidence as random slope (Fig. 2 C). This model had a
significantly better model fit than a less complex model without the random slope
(immediate retrieval X*(5) = 174.1, p < .001; delayed retrieval X*(5) = 147.8, p < .001).
Immediate retrieval showed only a significant effect of confidence level (Fig 2 B; F(2,27) =
264.33, p < 0.001), but not of condition, and no interaction (F(1,108) = 0.0037, p = 0.951;
F(2,108) = 0.076, p = 0.923). In other words, the additional 4 encoding rounds outside of
the scanner for control facts resulted as intended in a similar immediate hit rate for
schema-related and control facts. Therefore, potential difference in delayed memory
performance cannot be attributed to differences in the initial memory strength. For delayed
retrieval, there was again a significant effect of confidence level (F(2,27) = 24.05, p <
0.001), and also a significant interaction (F(2,81) = 7.13, p = 0.001) which was driven by
more high confidence hits for schema-related than control facts (post hoc Tukey HSD p =
0.014), but no effect of condition (F(1,81) = 0.32, p = 0.585). In a mixed model including

both retrieval tests with the additional factor and random slope delay (immediate vs.
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delayed) the interaction of condition, delay and confidence reached only a trend towards
significance (F(2,269.99) = 2.63, p = 0.074) besides the significant effects of delay,

confidence and their interaction. (Loftus and Masson, 1994)

The proportion of incorrect responses across the confidence levels was also
analyzed in order to test whether prior-knowledge might result in relative higher proportion
of high confidence incorrect responses. Neither during immediate nor delayed retrieval
was the interaction of schema and confidence significant (immediate retrieval: effect of
schema F(1,168) < 0.01, p = .971; effect of confidence F(2,168) = 324.26, p < .001;
interaction F(2,168) = < .01, p = .991; delayed retrieval: effect of schema F(1,168) = 0.03.
p = .872; effect of confidence F(2,168) = 31.03, p < .001; interaction F(2,168) = 1.28, p
= .28).

Reaction times for hits were analyzed in similar mixed models (Fig. 2 D). For
immediate retrieval both main effects as well as the interaction reached significance
(F(1,101.34) = 55.61, p < 0.001; F(2,38.19) = 40.30, p < 0.001; F(2,101.04) = 31.68, p <
0.001) indicating overall slower retrieval of schema-related facts, where there was no
difference for high confidence but for lower confidence hits. Also, for delayed retrieval both
main effects and the interaction reached significance (F(1,100.96) = 8.49, p = 0.0041;
F(2,47.95) = 47.95, p<0.001; F(2,100.90) = 3.68, p = 0.029) suggesting a similar pattern,
i.e. no difference for high confidence hits. In a mixed model including both retrieval tests
with the additional factor and random slope delay, the effects of condition (F(1,225.86) =
43.13, p < 0.001), confidence (F(2,37.08) = 50.45, p < 0.001), and delay (F(1,28.02) =
59.27, p < 0.001), as well as the condition x delay (F(2,226.13) = 20.17, p < 0.001) and the
confidence x delay interaction (F(2,225.33) = 4.35,p = 0.014) reached significance
indicating overall slower retrieval and a smaller difference between conditions after the
delay.

Univariate fMRI results
Encoding

At first, we present activity related to retrieval of the overlearned schema-knowledge
although it was assessed last (i.e. after delayed retrieval of novel schema-related and
control facts) because its consolidation is the basis for the assimilation of novel schema-
related facts. We contrasted retrieval of schema-knowledge with immediate retrieval of
novel schema-related facts because both refer to schema-exemplars and were similarly
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fast. Activity during retrieval of the over-learned schema-knowledge was greater in the
vIPFC and other areas (Fig. 3 A, Table 1). Activity in the other three conditions, i.e.
immediate retrieval of control facts as well as delayed retrieval of schema-related and
control facts, is plotted in transparent bars because these conditions did not contribute to
the statistical test that identified this area. We present it to show that activity did not differ
between the immediate and delayed retrieval of novel-schema-related and control facts.
This plot shows that activity during retrieval of the schema-knowledge was also greater
than during immediate retrieval of control facts and delayed retrieval of novel schema-
related and control facts.

During encoding the main effect of SR > NS across rounds was significant in the
vmPFC, in a cluster comprising the ventral precuneus/retrosplenial cortex (vPC/RSC) as
well as in the superior parietal cortex (Fig. 3B) implicating greater activity during encoding
of novel schema-related facts. The interaction of condition and round showed that in the
vmPFC and vPC/RSC the difference was greater in the first than the last round (Table 1 for
full list of results). Moreover, the vmPFC was more strongly coupled with the hippocampus,
fusiform, supramarginal and inferior frontal gyri, dorsal precuneus and superior parietal
cortex during encoding of schema-related than control facts (Fig. 3 C). The interaction with
round showed that this difference in coupling in the hippocampus and dorsal precuneus

was largest in round 1.
Retrieval

The vmPFC and the vPC/RSC were also more active during retrieval of novel schema-
related than control facts irrespective of delay (Fig. 4 A). The PPI using the vmPFC cluster
as seed revealed stronger coupling differences with the precuneus/posterior cingulate
between retrieval of SR and NS facts after the delay (Fig. 4 B). A region of the vmPFC, in
particular the subgenual ACC, showed an increase in activity only during delayed retrieval
of schema-related facts whereas the hippocampus revealed a decrease in activity from
early to delayed retrieval only of control facts (Fig. 4 C). There was no such interaction
effect in the vVIPFC ROI (largest Z = 1.43, p = 0.661 at [-42 0 18]) contrary to our previous
study (Sommer, 2017).

Multivariate fMRI results

Encoding-encoding similarity

In Fig 5 A right panel we present the results of the encoding-encoding similarity analysis

irrespective of prior knowledge (i.e. the main effect similar greater dissimilar) in order to
19
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visualize its sensitivity because contrasting schema-related and control facts using this
measure revealed only relatively subtle differences. In particular, pattern robustness in
terms of encoding-encoding similarity between rounds was greater for novel schema-
related than control facts in the right inferior frontal gyrus (IFG, [48 12 21], Z = 3.90, Fig. 5
A left panel). Importantly though, as the IFG was not an a priori defined ROI the peak
would not survive correction for multiple comparisons. We decided to still report and
visualize it for exploratory reasons because the IFG has been observed before to be more
active and stronger coupled with the hippocampus during schema retrieval (Bein et al.,
2014; van Buuren et al., 2014; Wagner et al., 2015).

The interaction of similarity and encoding round showed that encoding-encoding
similarity between the first two rounds was greater for schema related items in early visual
cortex ([0 -90 3] Z = 3.93, Fig. 5 B left panel) and the amygdala ([27 -3 -18], Z = 4.10) and
between round 2 and 3 in the precuneus ([9 -72 39] Z = 4.78, Fig 5B right panel) where
only the latter peak reached significance corrected for multiple comparisons. Because the
precuneus also showed univariate effects (Fig 3 A) we conducted a multivariate-univariate
dependence analysis (MUD; see methods; Aly and Turk-Browne, 2015) which revealed no
correlation between the observed multivariate effect and the univariate effect (r =-.098, p
=.122).

Encoding operation similarity analysis

The RSA analysis comparing correlations between encoding of schema related facts with
schema related facts (SR-SR) and the correlation between encoding schema related facts
and novel facts (SR-NS) within each round revealed the vmPFC ([3 51 -9], Z = 5.66) and
vPC/RSC ([-15 60 21], Z = 6.72) as well as the midcingulate gyrus ([0 -15 48], Z = 5.23),
left middle frontal gyrus ([-21 15 42], Z = 4.82) and the right central operculum ([48 -18 21],
Z =4,57) as a main effect across the three rounds. Notably, when multiple facts related to
the same exemplar they were excluded. Because the first two areas also showed
univariate effects we conducted MUD analyses for the peak voxels which revealed no
correlation for the vmPFC (r = .028, p = .694) but did show a weak correlation for the
VvPV/RSC (r = .254, p = .006). Therefore, we correlated in addition the differences in
multivariate similarity in the RSA-peak voxels and the differences in univariate mean
activity in the searchlight-spheres around the RSA-peak voxels between conditions across
participants which revealed no relationship (r = .301, p = .115; r = .189, p = .337)
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suggesting no major contribution of univariate activity differences between conditions to

the multivariate results.

The interaction between the within-round similarity and round (Fig. 6 A) showed
greater similarity in the vmPFC ([-3 48 -6], 6.37), vPC/RSC ([-9 -60 30], Z = 5.45), bilateral
angular gyrus ([-48 -60 24], Z = 4.56; [51 -51 27], Z = 4.07), OFC ([-27 36 -12], Z = 7.52)
and left hippocampus ([-33 -24 -12], Z = 3.75) in the first compared to the third round. For
the first two peaks we again computed a MUD analysis to disentangle uni- and multivariate
contributions. This showed subtle but significant correlations between uni- and multivariate
effects (vmPFC: r=.113, p = .038; vPC/RSC: r = .249, p < .001). Therefore, we correlated
again in addition the multivariate difference in the peak-voxels and the mean univariate
differences in the corresponding searchlight sphere across participants which revealed
only a trend towards significance for the vPC/RSC (r = -.225, p = .202; r = .323, p = .094).

The across round encoding operation similarity analysis (Fig. 6 B) revealed as main
effect (i.e. across rounds) the vmPFC (-9 51 0], Z = 3.50) and the vPC/RSC ([-12 -57 15],
Z=4.87;[15 -54 18], Z = 4.28) but no interaction with round. The MUD analyses showed a
subtle but significant correlation only in the vmPFC (r = .244, p < .001; r =-.056, p = .495; r
=.028, p = .686) where the additional follow-up correlation of RSA-peak differences in
similarity and mean activity in the corresponding searchlight-spheres suggested that the
univariate contributed r =-197, p =.316; r =.280, p = .150; r = .442, p = .019) only to the
second peak in the vPC/RSC.

In addition we computed a complementary within-round encoding operation
similarity analysis in which we contrasted the correlation between the novel schema-
related facts (SR-SR) with the correlation of the control facts (NS-NS), excluding the trials
related to the same exemplar. This also revealed greater similarity across rounds in the
vmPFC ([-12 57 -3], Z = 5.79) and precuneus/RSC ([-15 -60 21], Z =4.59; [-6 -48 12], Z =
6.13). Because both areas also showed univariate effects we conducted a multivariate-
univariate dependence analyses (Aly and Turk-Browne, 2015) for the three peak voxels.
The univariate contribution to the observed similarity differences correlated towards a
trend in the vmPFC (r = .105, p = .085), and in the first peak in the vPC/RSC (r = .003, p
=.096; r =-.037, p = .574). Thus, in the vmPFC and parts of the vPC/RSC univariate
effects might have contributed modestly to the similarity.

The interaction of round and schema-related vs. control showed that the difference

in similarity was greater in the first round in vmPFC (Fig. 6 A; [-9 57 0], Z = 5.98), OFC ([-
21
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27 36 -12], Z = 7.25), bilateral angular gyrus (Fig 6 A; [-48 -66 21], Z = 4.18; [51 -51 27], Z
=4.13), and the vPC/RSC ([-3 -54 18], Z = 4.10). The multi-univariate dependence
analyses for these peaks revealed a marginal trend towards a correlation only for the
precuneus (r = .092, p = .089). Therefore, pattern similarity in the precuneus appears to
be, a least to some degree, related to unidirectional changes in voxel activity. Across
rounds similarity of encoding operation was also greater for schema than control trials in
the vmPFC (Fig. 6 B; [-9 54 0], Z = 4.37) and vPC/RSC ([-6 -48 12], Z = 6.30; [6 -45 15], Z
= 5.20). The univariate-multivariate dependence analyses revealed no significant
correlation (r =.083, p =.130; r = .050; p = 380, r = .008, p = .859).

Encoding-retrieval similarity

The contrast of encoding-retrieval similarities showed higher similarity during encoding and
retrieval of novel schema-related facts at both delays in the middle temporal ([54 -57 3], Z
= 5.31) and left angular gyrus ([-45 -57 42], Z = 4.23). The interaction revealed an increase
in the parahippocampus ([27 -36 -15], Z = 4.08).

Encoding - schema knowledge retrieval similarity

We observed a main effect of greater similarity between encoding novel schema-related
than control facts with the retrieval of schema-knowledge in the vmPFC ([-9 51 0], Z =
5.36, Fig. 6 C), the vPC/RSC(-3 -54 18], Z = 4.51; [-15 -60 21], Z = 3.78) and the posterior
cingulate ([0 .30 36], Z = 5.34). The MUD analyses for the regions where we observed
univariate effects showed subtle but significant correlations for the vmPFC and one peak
in the vPC/RSC (r =.215, p =.001; r =.150; p = .008; r = .053 p = .400). However, the
individual differences in multivariate similarity and univariate mean activity did not correlate
across participants (r =-.103, p = .602; r = .065, p = .743; r = .046, p = .815) suggesting
that the similarity difference was not caused by a consistently greater activity in the voxel
of the sphere.

Finally, an interaction with round in terms of greater difference in round 1 than round
3 was observed in the posterior cingulate ([-3 -30 36], Z = 4.64), the left middle frontal
gyrus ([-27 24 45], Z = 5.52), right middle temporal gyrus ([57 -21 -18], Z = 5.09), as well
as trends towards significance in the bilateral angular gyrus ([-42 -60 21], Z = 4.55; [51 -33
33], Z = 4.46).
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Discussion

The over-learning procedure in the current study likely resulted in semanticized, cortical
representations of the schema-knowledge. Learning of novel schema-related but
expectation-neutral facts strongly benefited from this prior knowledge. On the neural level,
we observed enhanced vmPFC-hippocampal coupling when information can be
assimilated in prior-knowledge. Not only was mean activity greater in vmPFC and the
vPC/RSC but also the distributed activity patterns in these areas showed greater similarity,
i.e. consistency for schema-based encoding operations with the angular gyrus within and
between rounds. Consolidation of the assimilated facts was also enhanced, as reflected by
slightly higher confidence retrieval and an increase in vmPFC activity and vmPFC-
precuneus coupling.

Acquisition of schema-knowledge

The repetitive reactivation of the hierarchical schema-knowledge in various contexts (in the
institute, at home, on computer screens, as written handouts) and retrieval formats (essay-
like texts, free recall, multiple-choice questions, pictures) across 7 weeks was expected to
result in semanticized and consolidated associative knowledge structures (Sekeres et al.,
2018; Ferreira et al., 2019). The close to ceiling performance already early in learning (Fig
1 B) and, even more so, in the schema-knowledge memory test 14 days after the last
training session (Fig. 2 C) where response times were very fast (Fig. 2 D) show that the
knowledge was highly overlearned and likely semanticized. The strong involvement of the
VvIPFC in retrieval of schema-knowledge further supports its proposed semanticization
because this area has been implicated in semantic memory and in retrieval of
semanticized memory (Binder and Desai, 2011; Sommer, 2017). Taken together, the
acquired schema-knowledge very likely fulfilled the previously schema-defining criteria of
being an associative network structure, based on multiple episodes, lacking unit detail,
being adaptable as well as being cortical, i.e. semantic, representations (van Kesteren et
al., 2012; Ghosh and Gilboa, 2014).

Encoding of novel schema-related facts

The substantially higher judgments of memory for novel schema-related facts together with
the more learning rounds for control facts that were necessary to reach similar
performance in the immediate memory test illustrate the power of the prior-knowledge
effect in the current paradigm (Fig. 2 A). Due to the invented schemata we can rule out the
possibility that congruency with schema-driven expectations or differences in

interest/motivation to learn the novel facts had a systematic effect on this mnestic
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advantage (Chua et al., 2012; Witherby and Carpenter, 2021). The possibility that the
much more rapid learning of novel schema-related facts was not driven by their
assimilation but rather based on better item-level memory, i.e. familiarity based
recognition, cannot be ruled out. However, the only difference between retrieval of novel
schema-related and control facts was observed in terms of more high confidence
responses which are unlikely driven by familiarity and schema-knowledge is known to
impact predominantly recollection-based recognition (Long and Prat, 2002; Brandt et al.,
2005). Taken together, the observed effect is likely driven by more effective organizational
processing which results in assimilation of the novel facts into the pre-activated associative
network (Ericsson and Kintsch, 1995) but schema effects on item-memory cannot be ruled
out.

On the neural level, the much more efficient encoding of novel schema-related facts
was paralleled by higher coupling of the vmPFC and hippocampus in addition to higher
mean activity in the vmPFC and the vPC/RSC where in the hippocampus no activity
difference was observed (Fig. 3 B/C). These results conceptually replicate our previous
findings using very different but also experimental schemata, i.e. associative structures of
random object-location associations, that also did not result in expectations about the
nature of novel facts, and also another study employing arbitrary expectation-neutral
information (Liu et al., 2016; Sommer, 2017). Together, these studies therefore support a
model that predicts stronger vmPFC-hippocampal coupling when novel expectation-neutral
information can be related to prior-knowledge (Gilboa and Marlatte, 2017). On the first
sight this interpretation stands in contrast to the prominent SLIMM model that proposes
that the vmPFC inhibits hippocampal encoding when it detects information congruent to
our expectations, i.e. reduced vmPFC-hippocampus coupling and less hippocampal
activity when schema-congruent information is encoded (van Kesteren et al., 2012; Greve
et al., 2019).

However, two distinct prior-knowledge effects might exist that are mediated by
qualitatively different encoding operations: When schemata allow specific expectations
based on previous encounters with the to be encoded information (i.e. palm-trees at a
beach) there is reduced vmPFC-hippocampus coupling when congruent information is
encoded (van Kesteren et al., 2012). This type of prior-knowledge effects results in
enhanced gist memory prone to schema-based distortions. However, when expectation-
neutral novel information can be assimilated into a schema, e.g. a novel fact in our

academic discipline, that is further developed by this (i.e. accommodation) vmPFC-
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hippocampal coupling is increased which results in enhanced and more accurate memory
formation (Long and Prat, 2002; Brandt et al., 2005; Tse et al., 2007).

The multivariate analyses show that more efficient encoding of novel schema-
related facts seems not to be predominantly reflected in less encoding variability perhaps
due to the rapidity of integration (Fig. 5).The greater item-specific similarity in the IFG for
novel schema-related facts — although not predicted and hence not significant after
correction for multiple comparisons — would be consistent with this structure’s previously
described role in representing dissimilarities during knowledge integration (Schlichting et
al., 2015). However, prior-knowledge substantially enhanced the consistency of the
encoding operations in the vmPFC, vPC/RSC and angular gyrus suggesting more effective
organizational processing (Fig. 6). In the first two areas we observed higher mean activity
replicating earlier findings with expectation-neutral (Maguire et al., 1999; Tse et al., 2011;
van Kesteren et al., 2014; Liu et al., 2016; Sommer, 2017) but also schema-congruent
facts (van Kesteren et al., 2013; Bonasia et al., 2018). The multivariate-univariate
dependence analyses suggested that the two effects might reflect different processes or
distinct aspects of the same process. Activity in the vPC/RSC has been associated with
retrieval, in particular with retrieval during encoding of novel information (Huijbers et al.,
2012; Sestieri et al., 2017; van Kesteren et al., 2020) - consistent with activation of
schema-knowledge during encoding. The greater consistency of the distributed activity
patterns across all schema-trials suggest that irrespective of the current to be encoded fact
(e.g. ‘Texana is 2 cm long’) the superordinate schema-knowledge is activated.

The greater similarity of activity patterns during encoding of novel schema-related
than control facts with the retrieval of the overlearned schema-knowledge supports this
interpretation. However, because the schema-knowledge was only retrieved after the
potential assimilation of the novel information might have been already complete, this
similarity might reflect both, effects of assimilation and accommodation. This interpretation
would also apply to the greater consistency of encoding operations in the angular gyrus.
Interestingly, the angular gyrus has been - also by using multivariate analyses of activity
patterns - implicated in combining different schema components when it is applied to novel
related information (Wagner et al., 2015). The vmPFC has been suggested to bind
together co-activated vPC/RSC and angular gyrus representations to form a superordinate
knowledge template and to maintain the active schema when novel information is
processed (Gilboa and Marlatte, 2017). This interpretation of our multi- and univariate
results would be consistent with the more effective organizational processing of the novel
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related information proposed by cognitive psychologists (Ericsson and Kintsch, 1995), i.e.
the integration in the associative network which leads to referential connections and the
association with appropriate retrieval cues.

The difference between encoding of schema-related and control facts was larger
early in learning in several analyses. It is possible that overlearning the names of the
control exemplars resulted in an arbitrary associative structure of these meaningless
terms. After participants associated facts with the elements of this structure in the first
round, it became to some extent schema-like. Alternatively, after the first round the novel
schema-related facts may have already been assimilated to a large degree, which would
also reduce the difference to encoding of the control facts.

Consolidation

The phenomenon that prior-knowledge leads also to more efficient consolidation has been
described only relatively recently (compared to the long history of schema-effects in
memory) in the aforementioned animal studies using novel expectation-neutral schema-
related information (Tse et al., 2007, 2011). We confirmed this effects in humans in our
previous study where we translated the animal experiment to an fMRI design (Sommer,
2017). In the current study, using very different experimental schemata, we conceptually
replicated this effect. The impact on consolidation was rather subtle and was specific to
high confidence responses which is however consistent with previous reports on prior-
knowledge effects in recognition memory (Long and Prat, 2002; Brandt et al., 2005). The
subtly of the prior-knowledge effect on consolidation might be also a side effect of the
seven learning rounds needed for the control information to reach similar immediate
memory performance because repetitive encoding and retrieval might result itself in faster
systems consolidation — although via different mechanisms (Brodt et al., 2016, 2018;
Himmer et al., 2019). In the current study this effect might be even stronger due to the
over-learned and consolidated names of the control exemplars. Using the same paradigm,
we previously showed that sleep spindle density as a proxy for nightly replay and systems
consolidation predicted the individual benefit of prior-knowledge on novel related facts
(Hennies et al., 2016). This finding supports the interpretation that the reduced forgetting
we observed in the current study is caused by more efficient systems consolidation.

Prior-knowledge resulted in an increase in vmPFC-precuneus coupling and of
vmPFC and hippocampus activity from immediate to retrieval of schema-related facts two
weeks later. In our previous study we did not observe the vmPFC but vIPFC, i.e. a

semantic memory area, to contribute more strongly to the retrieval of assimilated
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information after two weeks (Sommer, 2017). This difference might be caused by
differences in the experimental designs, for instance that the schemata in our previous
study were much simpler, no meaningful hierarchical associative structures and probably
semanticized to a larger degree by even more intense over-learning. However, the vmPFC
(and RSC) has been implicated before in the retrieval of assimilated schema-related facts
(Tse et al., 2011) and the parallel relative increase in hippocampal activity would be
consistent with the incidental retrieval of associated schema knowledge during high
confidence recognition (Schultz et al., 2022). This parallel involvement of cortical, i.e.
vmPFC and RSC, and hippocampal retrieval would be consistent with the Trace
Transformation theory that proposes that both episodic and cortical traces can exist in
parallel (Sekeres et al., 2018).

Conclusions

The increased vmPFC-hippocampal coupling during the highly efficient encoding — likely
due to their assimilation - of novel schema-related expectation-neutral facts suggests a
prior-knowledge effect which is distinct from situations where the prior-knowledge allows
expectations. Together, our uni- and multivariate results support cognitive and
neuroscientific models about the processes underlying the putative assimilation, i.e. that a
vmPFC, vPC/RSC, angular-network results in the activation of schema knowledge
enabling more effective organizational processing of novel related facts. Moreover, the
results confirm that assimilation of novel related information also results in more effective

consolidation which is reflected, for not fully semanticized information, in vmPFC activity.
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993 Table 1: univariate fMRI results

xyz coordinate Z-value
contrast area
peak voxel peak voxel
encoding
vmPFC 054 -15 4.34
ventral precuneus/RSC -9-57 15 6.36
SR >NS 12-57 18 4.67
main effect superior parietal cortex -36 -78 39 5.34
48 -72 33 4.79%
post cingulate cortex -3-36 33 4,81
frontal pole -30 51 21 5.00
3654 18 5.32
NS > SR anterior cingulate cortex 636 18 5.69
main effect occipital pole 9-81-3 6.94
lateral occipital cortex -45-78 0 4.85
33-90-9 4.78
supramarginal gyrus 57 -39 24 4.95
SR > NS inferior frontal gyrus/insula -51-60 4.82
increase across rounds 5412 -3 4.88
anterior cingulate cortex -33315 4.93
vmPFC -351-32 4.70
SR> NS ventral prec?,uneus/RSC -12 -57 15 4.09
decrease across rounds Fiorsgl medial PFC -3 36 39 6.07
inferior frontal gyrus -45 39 -12 5.92
dorsolateral PFC -42 15 42 4.88
hippocampus -21-24 -15 3.99
fusiform gyrus -30-57 -15 5.33
33-54 -12 6.00
PPI SR > NS inferior frontal gyrus 48 36 3 5.63
seed vmPFC superior parietal cortex 15 -66 51 5.04
main effect 33-42 42 4.91
dorsal precuneus -9 -39 57 5.03
-9 -69 51 4.89
supramarginal gyrus -57 -45 27 4.98
PPI SR > NS hippocampus -27 -21 -21 3.63
seed vmPFC 15-12 -21 5.09
decrease across rounds  dorsal precuneus 9 -63 51 6.69
retrieval

vmPFC 330-21 4.57
SR > NS ventral precuneus/RSC -9-57 15 6.49
9-54 15 5.68
anterior cingulate cortex -6 33 21 5.06
insula -39 15-9 4.97
NS >SR 3318-15 4.46*
frontal pole 24 57 -3 4.66
increase SR > NS vmPFC -6 18 -9 3.76
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994
995
996
997
998
999

hippocampus 27 -24 -15 3.74
PPl increase SR > NR  ventral precuneus 15-48 33 4.23
seed vmPFC

schema-knowledge

ventro-lateral PFC -42 9 30 3.99

anterior cingulate cortex 918 39 5.31

schema retrieval > ventral precuneus 21-66 3 5.04

immediate novel SR insula 3024 -9 5.09

retrieval -3024 -6 4.96

ventral striatum -18 9 -6 4.84

1825 -6 5.58

Peal coordinates in MNI space. Correction for multiple comparisons was done on the
whole-brain level or within pre-defined anatomical regions of interest, specifically the

hippocampus, precuneus/retrosplenial cortex (RSC) and ventromedial prefrontal cortex

(vmPFC). * trend towards significance
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Figure 1. Schema and timeline of the experiment. A) Hierarchical structure of one of the two schemata
(arthropods) and exemplar names of the other schema (cells) which served as control in this example.
Schema and control were randomized across participants. See Hennies et al., 2016 for a figure with the
hierarchical structure of the ‘cell’-schema. B) Acquisition of schema knowledge and familiarization with the
control names over 7 weeks with 1 learning session per week in the institute and homework in-between.
Participants achieved high performance in the multiple-choice questions (mc questions) and the picture
naming task of their schema. In the scanner, participants encoded 3 times (encoding round 1 to 3) 72 novel
facts related to the exemplars of their schema and 72 facts related to their control exemplars. In encoding
round 4 to 7 outside of the scanner, they only repeated the control facts to ensure equal immediate memory
for schema-related and control facts In the first encoding round, participants judged whether they will
remember the novel facts in rounds 2 to 7 whether they did remember it. Encoding was followed by
immediate retrieval of all learned novel facts in the scanner. 2 weeks later all facts were retrieved again in
the scanner followed by retrieval of 24 of the overlearned schema-knowledge facts During retrieval two
equally plausible response alternatives were presented (targets and lures were randomized across
participants) and participants indicated their confidence on a 3-point scale (hc — high, mc — medium, Ic - low
confidence).
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Figure 2. Behavioral results. A) Encoding rounds 1 to 3 for novel schema-related and control facts took
place in the MR scanner, rounds 4 to 7 only for control facts outside of the scanner. In the first round partici-
pants rated whether they will remember the fact (judgment of learning) and in round 2 to 7 whether they did
remember the fact (judgement of memory). B) Response times for the judgment of learning (round 1), re-
spectively judgment of memory (round 2 to 7) during encoding. C) Proportion of high (hc), medium (mc) and
low confident (Ic) hits (relative to all responses in that delay x schema condition) during immediate and de-
layed retrieval for the schema-related and control facts as well as for the a subset of facts of the schema
knowledge only during delayed retrieval. D) Retrieval times for high, medium and low confident hits during
retrieval. Error bars are standard errors of the mean around the mean, corrected for interindividual differ-
ences (Loftus and Mason 1994).
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Figure 3. Activity related to retrieval of the over-learned schema knowledge and to the encoding of novel
schema-related and control facts. A) Activity during retrieval of the overlearned schema-knowledge (after the
delayed retrieval of the novel schema-related and control facts) was greater in the ventrolateral PFC (and
other areas) compared with immediate retrieval of novel schema-related facts (red bar). Activity during
retrieval of schema-knowledge was statistically contrasted against immediate retrieval of schema-related
facts because response times were similar in both conditions (Fig. 2 D). Activity in the other three conditions
(immediate retrieval of control facts as well as delayed retrieval of schema-related and control facts) in this
voxel is plotted in transparent bars because it was not statistically tested against retrieval of schema-
knowledge. B) During encoding of novel schema-related (SR, red bars) than control (NS, blue bars) facts
activity was greater in the vmPFC and the vPC/RSC. C) Coupling differences between encoding schema-
related and control facts. The vmPFC was more strongly coupled with the hippocampus and fusiform gyrus
during encoding of schema-related (SR) than control (NS) facts .in the three rounds. Error bars are standard
errors of the mean around the mean, corrected for interindividual differences (Loftus and Mason 1994).
Visualization threshold p < 0.001,uncorrected.
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Figure 4. Activity differences during retrieval. A) During immediate and delayed retrieval of schema-related
(SR, red bars) facts activity was greater in the vmPFC and the vPC/RSC. B) The Difference in coupling of
the vmPFC with the precuneus during retrieval of schema-related (SR) and control (NS) facts increased from
immediate to delayed retrieval. C) The vmPFC (subgenual ACC) and the hippocampus showed a larger
activity increase from immediate to delayed retrieval of schema-related (SR, red bars) than control (NS, blue
bars) facts. Error bars are standard errors of the mean around the mean, corrected for interindividual
differences (Loftus and Mason 1994).Visualization threshold p < 0.001,uncorrected.
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Figure 5. Encoding-encoding similarity (pattern robustness). A) Encoding-encoding similarity between
succeeding rounds was greater for novel schema-related (SR, red bars) than control facts (NS, blue bars) in
the right IFG (left panel). The overall sensitivity of this approach is visualized in the right panel of A in terms
of the main effect. B) Encoding-encoding similarity between the first two rounds was greater in early visual
cortex (left panel) and between round 2 and 3 in the precuneus (left panel) for novel schema-related (SR)
than control facts (NS). Note that the IFG and cuneus cluster are not significant corrected for multiple
comparisons and are reported for exploratory reasons. Error bars are standard errors of the mean around
the mean, corrected for interindividual differences (Loftus and Mason 1994). Visualization threshold p <
0.001, uncorrected.
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Figure 6. Encoding operation similarity. A) Encoding-operation similarity within rounds was early in learning
greater between encoding of novel schema-related (SR-SR, red bars) than between schema-related and
control (SR-NS, blue bars) facts in the vPC/RSC, vmPFC, and the bilateral angular gyrus. B) Encoding-
operation similarity between rounds during encoding of novel-related (SR-SR) facts was also grater
compared to SR-NS facts in the vPC/RSC and vmPFC. C) Operation similarity between encoding of
schema-related facts and retrieval of schema knowledge was also greater compared to the encoding of
control facts in the vPC/RSC and vmPFC. Error bars are standard errors of the mean around the mean,
corrected for interindividual differences (Loftus and Mason 1994). Visualization threshold p < 0.001,
uncorrected.
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