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SUMMARY

Recent human neuroimaging studies of episodic memory have revealed a counterintuitive phenomenon in
the hippocampus: when events are highly similar, corresponding hippocampal activity patterns are some-
times less correlated than activity patterns associated with unrelated events. This phenomenon—repul-
sion—is not accounted for by most theories of the hippocampus, and the conditions that trigger repulsion
remain poorly understood. Here, we used a spatial route-learning task and high-resolution fMRI in humans
to test whether hippocampal repulsion is fundamentally driven by internal beliefs about the environment.
By precisely measuring participants’ internal beliefs and actively manipulating them, we show that repulsion
selectively occurred in hippocampal subfields CA3 and dentate gyrus when visual input was ambiguous—or
even identical—but internal beliefs were distinct. These findings firmly establish conditions that elicit repul-
sion and have broad relevance to theories of hippocampal function and to the fields of human episodic mem-

ory and rodent spatial navigation.

INTRODUCTION

Central to the hippocampus’ role in episodic memory is its ca-
pacity to encode highly overlapping events while limiting poten-
tial interference.’™ Recent human neuroimaging studies have
identified a surprising way in which the hippocampus supports
this goal: by inverting the representational structure of visual
stimuli. That is, the hippocampus will—at least in some situa-
tions—form representations of overlapping events that are
less similar (i.e., less correlated activity patterns) than represen-
tations of completely unrelated (non-overlapping) events.®'*
This phenomenon has been termed repulsion because repre-
sentations of overlapping events appear to “move away”
from each other. While this phenomenon has been observed
several times, it is not entirely clear when or why repulsion oc-
curs. Understanding the circumstances that elicit repulsion is of
broad relevance to theories of memory and spatial navigation—
both in humans and rodents—as leading theoretical accounts
of the hippocampus largely fail to address or explain this sur-
prising phenomenon. %% 1°

It is important to first note that repulsion is computationally
distinct from traditional views of pattern separation.’®'” The
dominant view of pattern separation is that the hippocampus or-
thogonalizes input from sensory areas (e.g., input from the visual
cortex).”>'® This can be conceptualized via an input-output
function where, for every unit increase in the similarity of sensory
input, the increase in hippocampal similarity (output) will be rela-
tively smaller.>'® With perfect orthogonalization, increases in
input similarity would not increase similarity in the hippocampus
at all. In other words, the ceiling for orthogonalization is a flat

2

input-output function. By contrast, repulsion occurs if an
increase in input similarity leads to a decrease in hippocampal
similarity—i.e., a portion of the input-output function that is nega-
tively sloped'® (Figure S1).

To understand why hippocampal repulsion occurs, it is essen-
tial to understand when it occurs. While event similarity is, by
definition, a necessary ingredient for repulsion, similarity does
not always induce hippocampal repulsion. Indeed, there are
many examples where hippocampal pattern similarity is rela-
tively greater when events have overlapping elements.?%>°
One factor that seems to be important for inducing repulsion is
the degree of experience with overlapping events. Namely,
repulsion may only emerge with extensive training.>'” However,
experience, per se, is not a satisfying explanation—rather, expe-
rience is presumably correlated with some change in behavior or
memory that explains why hippocampal representations ulti-
mately exhibit repulsion.®

Perhaps the most intuitive explanation is that repulsion only
emerges once participants learn to visually attend to subtle dif-
ferences between stimuli. However, a visual attention account
predicts that effects should first emerge in visual cortical areas
and only then be passed on to the hippocampus. By contrast,
repulsion effects in the hippocampus have been shown to occur
without any precipitating effects in the visual cortex.®”° That
said, a modified version of this account could be that the hippo-
campus amplifies subtle differences in visual cortical areas.

An alternative account is that repulsion has less to do with dif-
ferences in visual attention and more to do with differences in
internal beliefs. From this perspective, the hippocampus is not
inheriting or amplifying differences from the visual cortex but
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is, instead, generating these differences internally. This account
is motivated by recent theory®* and evidence from studies of ro-
dents,”>*® which argue that changes in hippocampal activity
patterns (place cell remapping) are better explained by shifts in
internal (or latent) representations than by observable features
of the environment. That said, it is not clear whether theories of
place cell remapping in rodents apply to the phenomenon of hip-
pocampal repulsion in human memory. Indeed, the phenomenon
of repulsion has not been reported in rodent place cells (howev-
er, it has been anticipated in computational models?”).

Here, we tested whether hippocampal repulsion occurs when
internal beliefs are distinct, but visual stimuli are ambiguous. We
used high-resolution fMRI and a spatial route-learning paradigm
in which human participants learned pairs of overlapping routes.
Inspired by classic rodent T-maze designs,”®*° the routes initially
overlapped but eventually diverged. Specifically, the overlapping
routes were visually identical at first (“same segment”), then
became very slightly different (“similar segment”) before diverging
(“different segment”) and terminating at unique destinations. This
allowed us to assess the similarity of fMRI activity patterns—in the
hippocampus and visual cortical areas—as a function of route
segment. We took two approaches to linking hippocampal activity
patterns to internal beliefs. First, we obtained participant-specific
measures of the time point within each route when participants
were able to confidently predict a route’s destination, allowing us
to test whether hippocampal repulsion was temporally coupled
with these “moments of insight” (Mols). Second, we manipulated
beliefs by using probabilistic cues that indicated the likely route
destination. This afforded a causal test of whether distinct beliefs,
in the face of ambiguous input, drive hippocampal repulsion.

We show that hippocampal subfields CA3 and dentate gyrus
(CA3/DG) exhibited repulsion effects when visual input was
extremely similar—or even identical—but internal beliefs were
distinct. These findings provide insight into when and why repul-
sion occurs and establish the relevance of this poorly under-
stood representational phenomenon to memory interference
and spatial navigation.

RESULTS

Each participant repeatedly viewed a slideshow of images de-
picting four routes (2 overlapping pairs) from the University of Or-
egon campus. Overlapping routes started on identical paths with
identical images (same segment, 6 s, 25 pictures), followed by
identical paths with highly similar images (similar segment,
12 s, 50 pictures), then different paths with distinct images
(different segment, 6 s, 25 pictures) (Figure 1A). Each route termi-
nated at a unique landmark, or destination, which was identified
by a text label (e.g., “pole,” 2 s). Participants gained familiarity
with the routes before fMRI scanning and then repeatedly viewed
each route during scanning. Critically, during fMRI scanning—
and only during fMRI scanning—each trial was preceded by a
probabilistic cue (75% valid) indicating the likely destination.
Invalid cues always indicated the destination of the overlapping
route.

Behavioral results
Before, during, and after scanning, participants were tested on
their ability to predict each route’s destination. Prior to scanning,
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participants completed a pre-test in which the route slideshow
paused and participants selected the route destination from all
4 possible destinations. Participants then indicated their confi-
dence (high/low). Pauses occurred equally often during the
same, similar, and different segments. We refer to the correct
destination as the “target,” the overlapping route’s destination
as the “competitor,” and the other two destinations as “non-
overlapping” destinations. As expected, competition between
the overlapping routes was highest during the same segment,
was lower but still present during the similar segment, and was
fully resolved during the different segment (Figure 1C; see
Table S1 for statistical comparisons).

During fMRI scanning, routes occasionally paused (25% of tri-
als), and participants were instructed to select the correct desti-
nation. These trials were only included to promote participant
engagement and vigilance, and performance on these trials is
not easily interpreted because they were always preceded by a
valid cue (see STAR Methods).

After fMRI scanning, participants completed two post-tests.
The first post-test was similar to the pre-test except that the
routes only paused during the similar segment and only the
target and competitor destinations were shown (see STAR
Methods). Performance markedly improved across time points
within the similar segment (see Table S2).

In the second post-test, participants viewed the routes again
and were instructed to press a button as soon as they were at
least “90% sure” of the destination. Upon making a button
press, the route paused, and participants selected the destina-
tion from the full set of 4 options. Participants selected the target
on 94.84% (mean) + 7.99% (standard deviation) of the trials. For
trials on which the target was selected, the mean response time
was 9.36 + 1.96 s (relative to route onset), which corresponded to
the first half of the similar segment (early-similar segment). While
there was variability across participants (range: 6.99-12.77 s;
Figure 1D), each participant’s mean response time fell within
the similar segment (which spanned 6.0-18.0 s).

fMRI pattern similarity as a function of route segment
For each participant, trial, and region of interest (ROI), we ex-
tracted each voxel’s activation at each 1 s time point, excluding
the cue and destination (24 time points included in total).
Following prior studies,®”° we focused analyses on the hippo-
campus, parahippocampal place area (PPA), and early visual
cortex (EVC). We specifically considered hippocampus subfields
CA1 and CA3/DG (Figure 2A; for additional medial temporal lobe
regions, see Figure S2). We predicted repulsion effects would
be selective to CA3/DG, based on findings from related
studies.” 212

Pattern similarity values were computed, at each time point,
by correlating activity patterns from different routes across
different scan runs. Correlations between non-overlapping
routes were subtracted from correlations between overlapping
routes, yielding a “similarity score” (for an alternative approach,
see Figure S38). Positive similarity scores indicate that overlap-
ping routes were more similar than non-overlapping routes.
Negative similarity scores indicate that overlapping routes
were less similar than non-overlapping routes (repulsion). It
is important to emphasize that overlapping and non-overlapping
routes do not refer to different routes® but to different
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Figure 1. Experimental paradigm and behavioral results

(A) Schematic illustration of overlapping and non-overlapping routes. Each participant studied two pairs of overlapping routes. Overlapping routes (e.g., routes 1
and 2) initially followed identical paths with identical images (same segment, orange) before continuing on identical paths with subtly different images (similar
segment, pink) and then diverging on different paths with different images (different segment, blue) to terminate at unique destinations (circles). For non-
overlapping routes (e.g., routes 1 and 3), paths and images were always distinct.

(B) Overview of experimental phases and fMRl trials. During the fMRI phase, each trial was preceded by a cue (1 s) indicating the likely destination (75% valid; 25%
invalid). Invalid cues always referred to the overlapping route’s destination. The cue was followed by a stream of 100 images displayed across 24 s (same
segment = 6 s; similar segment = 12 s; different segment = 6 s). The destination was then displayed for 2 s.

(C) During the pre-test, routes paused during each segment, and participants were instructed to choose the correct destination. Within the same segment,
participants were equally likely to choose the target (Tar.) or competitor destination (Com.). Within the similar segment, the target was selected more often than
the competitor, and the competitor more often than a non-overlapping destination (N.O.). Within the different segment, participants overwhelmingly selected the
target. Error bars are SEM. See Table S1 for additional pre-test data and statistical analyses.

(D) In post-test 2, participants viewed routes (without destination cues) and were instructed to press a button when they were 90% sure of the destination. The

histogram shows the distribution of responses across time. See Table S2 for additional post-test data and statistical analyses.

comparisons between routes. For example, routes 1 and 2 were
overlapping routes, but routes 2 and 3 were non-overlapping
routes (Figure 1A). For initial analyses, we only included trials
preceded by valid destination cues, and we divided each route
into four evenly spaced segments (6 s each): same, early-similar,
late-similar, and different. While overlapping routes were not
discriminable based on visual information during the same
segment, the valid destination cues allowed participants to
“believe” that the routes were distinct even during the same
segment.

A two-way ANOVA with factors of segment and ROI (CA3/DG,
CA1, PPA, and EVC) revealed significant main effects of segment
(F3,585 =33.74,p <0.001) and ROI (F3 585 = 375.76, p < 0.001) and
a significant interaction (Fg 585 = 26.10, p < 0.001). The interac-
tion indicated that changes in similarity scores across segments
differed across ROls (Figure 2B). Considering each ROI sepa-
rately, significant main effects of segment were observed in
CA3/DG (F3,177 = 5.15, p 0.002), PPA (F3417 = 28.71,
p < 0.001), and EVC (F3,117 = 40.91, p < 0.001) but not in CA1
(F3177 = 0.36, p = 0.783). Whereas similarity scores in PPA
and EVC robustly decreased across segments (paired samples
t test of first vs. second half of the trial; PPA: t35 = 7.21,

p < 0.001; EVC: t39 = 8.64, p < 0.001), similarity scores in CA3/
DG significantly increased across time bins (first vs. second
half: tzg = —3.44, p = 0.001) (for additional statistical compari-
sons, see Table S3). Thus, CA3/DG representations of overlap-
ping routes were most distinct when the images were most
similar. In fact, CA3/DG similarity scores were significantly below
0 during the first half of the trial (same + early-similar segment,
one-sample t test: tzg = —2.30, p = 0.027). In other words,
CA3/DG exhibited a repulsion effect (lower pattern similarity for
overlapping routes than non-overlapping routes) that specifically
occurred when the overlapping routes were identical or highly
similar.

Within the similar segment alone, there were abrupt changes
from the early-similar to late-similar segments in CA3/DG, PPA,
and EVC. Again, however, these changes were in opposite direc-
tions. Whereas PPA/EVC similarity scores sharply decreased from
the early-similar to late-similar segments (paired samples t tests;
PPA: t39 = 4.77, p < 0.001; EVC: t39 = 2.51, p = 0.016), CA3/DG
scores sharply increased from the early-similar to late-similar seg-
ments (tzg = —3.81, p < 0.001). CA3/DG scores were significantly
below 0 in the early-similar segment (tzg = —2.79, p = 0.008) and
significantly above 0 during the late-similar segment (t39 = 2.08,
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Figure 2. fMRI similarity scores as a function of route segment

(A) Regions of interest (ROIs) included hippocampal subfields CA3 and dentate gyrus (CA3/DG, pink), hippocampal subfield CA1 (blue), the parahippocampal
place area (PPA, yellow), and early visual cortex (EVC, green). See Figure S2 for additional ROls.

(B) Similarity scores were defined as the fMRI pattern similarity between overlapping routes relative to pattern similarity between non-overlapping routes. Positive
similarity scores indicate that overlapping routes had more similar activity patterns than non-overlapping routes. Negative similarity scores indicate repulsion: that
overlapping routes had less similar activity patterns than non-overlapping routes (see Figure S1 for a schematic illustration of repulsion). Within CA3/DG, similarity
scores significantly increased from the first half of the route to the second half, with evidence of repulsion selective to the first half of the trial. By contrast, similarity
scores significantly decreased from the first to second half of the trial in PPA and EVC, but with no evidence of repulsion. Asterisks above plots reflect paired
samples t tests comparing first vs. second half (*“p < 0.01, ***p < 0.001). Asterisks above/below bars reflect one-sample t tests comparing values to 0 (*p < 0.05,
**p < 0.01, **p < 0.001). Error bars are SEM. See Table S3 for additional statistics. See Figure S3 for alternative analysis.

p = 0.045). These changes in similarity scores within the similar
segment parallel the behavioral data from post-tests 1 and 2,
which indicated that discrimination of overlapping routes
emerged during the similar segment (Table S2; Figure 1D).

Relationship between repulsion and Mol

We next sought to establish a direct link between CA3/DG repul-
sion and internal beliefs about a route’s destination. We pre-
dicted that repulsion would be temporally coupled to the specific
moment within a trial when participants were able to confidently
disambiguate the overlapping routes. To test this, we used each
participant’s responses from post-test 2 to identify the exact
time point when participants were highly confident (90% sure)
of each route’s destination. We refer to this critical time point
as the Mol. Importantly, post-test 2 did not include probabilistic
destination cues; thus, the data provide an independent mea-
sure of when participants were able to use subtle visual cues
within the route images to determine the route destination. In
other words, the Mol represents a threshold for route identifica-
tion in the absence of destination cues. As in the preceding sec-
tion, here we focus on fMRI data from valid trials.

To compute the Mol, for each participant we pooled the post-
test 2 responses within each route pair. Pooling responses within
a pair was necessary because the fMRI similarity scores were
computed at the level of route pairs, not individual routes. The
Mol for each pair was defined as the range (minimum to maximum)
of the pooled responses. The mean duration of the Mol (i.e., the dif-
ference between the minimum and maximum) was 1.68 s, indi-
cating that the Mol was a precise (narrow) temporal window rela-
tive to the full 24 s trial (Figure 3A). Time points prior to the Mol
were defined as pre-Mol (mean length =8.70 s), and time points af-
ter the Mol as post-Mol (mean length = 13.63 s) (Figure 3A).

CA3/DG similarity scores were significantly below 0 (repulsion
effect) at the Mol (one-sample t test; tzg = —3.32, p = 0.002;
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Figure 3B) but did not differ from 0 pre-MOI (t33 = —0.95,
p =0.350) or post-MOI (tzg = 1.24, p = 0.222). Considering all three
segments (pre-MOI, MOI, and post-MOI), there was a significant
main effect of segment in CA3/DG (one-way ANOVA: Fy 75 =
5.74, p = 0.005). This was primarily driven by a significant increase
in similarity scores from the Mol to post-Mol segment (paired sam-
plesttest: tzg=3.28, p =0.002). There was no significant difference
between pre-Mol and Mol (tzg = —1.75, p = 0.088). For CA1, EVC,
and PPA, there was no evidence of repulsion effects at the Mol (all
similarity scores were numerically positive). The main effect of
segment was significant for EVC (F, 7 = 30.79, p < 0.001) and
PPA (Fo7s = 11.34, p < 0.001) but not CA1 (Fo7s = 0.69,
p =0.506). However, in sharp contrast to CA3/DG, the main effects
for EVC and PPA were driven by significant decreases in similarity
scores from Mol to post-Mol (tzg's > 3.44, p’s < 0.001; Figure 3B).
Thus, after participants gained insight into where the routes were
headed, representations of overlapping routes became much
less similar in EVC and PPA but much more similar in CA3/DG.
Finally, to confirm the temporal selectivity of the CA3/DG
repulsion effect to the Mol, we performed a permutation test.
For this analysis, similarity scores were computed for each
participant, route pair, and time point within a route, as
described above. The 24 time points were then shuffled (sepa-
rately for each route pair and participant) before the Mol analysis
proceeded. This process was repeated 10,000 times to obtain a
distribution of permuted group-level mean similarity scores at
the Mol. The actual (observed) mean similarity score at the Mol
was lower than any of the 10,000 permuted means (i.e.,
p < 0.0001), clearly demonstrating that the repulsion effect at
the Mol was stronger than what would be observed by randomly
selecting time points within the routes. This strong temporal
selectivity is notable given that the Mol was only measured after
fMRI scanning. Taken together, these analyses demonstrate
that repulsion was highly selective to CA3/DG and clearly
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Figure 3. CA3/DG repulsion is temporally coupled to Mols

(A) Distribution of moments of insight (Mols) across route pairs and partici-
pants. Each participant studied two pairs of overlapping routes (east and west
or south and north). For each participant and each pair of overlapping routes,
the Mol was defined based on participants’ responses during post-test 2
(responses indicated the moment at which participants were 90% sure of the
destination). Within each of the four plots, each row corresponds to an indi-
vidual participant. For visualization purposes, the rows (participants) are
vertically rank-ordered within each plot by the timing of the MOI. The width of
the Mol (orange bars) represents the range of responses (minimum to
maximum).

(B) fMRI similarity scores at participant-specific Mol, as well as pre-Mol and
post-Mol segments. For CA3/DG, a significant repulsion effect (similarity
scores < 0) was observed at the Mol. Similarity scores in CA3/DG significantly
increased from the Mol to post-Mol segment. In PPA and EVC, similarity
scores showed an opposite pattern: significant decreases from the Mol to
post-Mol segments. Asterisks above plots reflect paired samples t tests
comparing segments (*p < 0.01, **p < 0.001). Asterisks above/below bars
reflect one-sample t tests comparing values to 0 (*“p < 0.01, ***p < 0.001). Error
bars are SEM.
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time-locked to the moment when participants were able to inter-
nally disambiguate the overlapping routes.

Relationship between destination cues and repulsion

In a final set of analyses, we considered whether destination
cues influenced CA3/DG repulsion. Notably, destination cues
were only 75% valid, meaning that the beliefs generated by these
cues may not have been as strong as the beliefs associated with
the Mol. That said, given our overarching hypothesis that CA3/
DG repulsion is driven by internal beliefs, we predicted that sim-
ilarity scores in CA3/DG would be influenced by destination
cues, even when fully controlling for sensory information.

In fMRI analyses presented thus far, pattern similarity be-
tween overlapping routes was computed using pairs of
trials that were preceded by valid cues (“valid-valid” similarity
scores). Here, we contrast valid-valid similarity scores with
“valid-invalid” similarity scores (Figure 4A). For valid-invalid
similarity scores, we again computed pattern similarity of over-
lapping routes relative to non-overlapping routes, but each pair
of overlapping routes consisted of a validly cued route and an
invalidly cued route. Thus, a trial where cue = X and destination =
X (valid trial) would be correlated with a trial where cue = X and
destination =Y (invalid trial). In terms of the actual route images
that participants saw, there was absolutely no difference be-
tween a pair of valid-valid routes and a pair of valid-invalid
routes. In both cases, the routes had the same, similar, and
different segments, ending at distinct destinations. The only dif-
ference was that for the valid-valid routes, participants
(correctly) expected the routes to end at distinct destinations
(X vs.Y), whereas for the valid-invalid routes, participants (incor-
rectly) expected the routes to end at the same destination (X vs.
X). We predicted that effects of destination cues on CA3/DG
representations would be strongest during the early part of the
trial—when visual information was most ambiguous.

As afirst step, we compared the first half of each route (same +
early-similar segments) to the second half (late-similar + different
segments). For each ROI, we ran two-way ANOVAs with factors
of half (15t and 2"% and cue (valid-valid, valid-invalid). Within
CA3/DG, there was a significant main effect of half (Fq 117 =
7.31, p = 0.008), reflecting an increase in similarity scores from
the first to second half, but no main effect of cue (F4 117 = 2.35,
p =0.128). However, there was a significant interaction between
half and cue (F+,117 = 4.39, p = 0.038; Figure 4B), driven by valid-
valid similarity scores that were significantly lower than valid-
invalid similarity scores in the first half of the trial (paired t test:
tzg = —2.73, p = 0.009) but not in the second half of the trial
(t3g = 0.45, p = 0.655). In EVC and PPA (but not CA1), there
were significant main effects of half (PPA: Fq 117 = 131.85,
p < 0.001; EVC: Fq 447 = 213.13, p < 0.001; CA1: Fq 117 = 0.53,
p = 0.469), reflecting a decrease in similarity scores, but there
were no main effects of cue or interactions between cue and
half (F4 117's < 0.78, p’s > 0.380; Figure 4B). When considering
the first half of the trial alone, there was no difference between
valid-valid and valid-invalid similarity scores for CA1, PPA, or
EVC (tsg's < 2.01, p’s > 0.05). Thus, destination cues selectively
influenced overlapping route representations within CA3/DG,
particularly when visual information was most ambiguous.

We next conducted a time point-by-time point analysis of CA3/
DG that specifically focused on the 6 time points during the same
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Figure 4. Influence of destination cues on similarity scores

(A) Schematic illustration of how valid-valid pairmates (left) and valid-invalid
pairmates (right) were defined. In both cases, fMRI pattern similarity was
computed between overlapping routes (e.g., routes 1 and 2). For valid-valid
trials, cues accurately indicated that routes were headed to different desti-
nations. For valid-invalid trials, cues were the same (e.g., “route 1”), but the
destinations were different.

(B) fMRI similarity scores as a function of cues (valid-valid vs. valid-invalid) and
route half (15 half of the route = picture index 1-50 vs. 2" half of the route =
picture index 51-100). Only CA3/DG showed a significant cue by half inter-
action (repeated measures two-way ANOVA, p = 0.038). For CA3/DG, within
the first half, valid-valid similarity scores were significantly below O (repulsion
effect; one-sample t test, *p = 0.027) and significantly lower than valid-invalid
similarity scores (paired samples t test, **p = 0.009). Error bars are SEM.

(C) Time point-by-time point similarity scores in CA3/DG, separated by valid-
valid and valid-invalid trials. Within the same segment (identical route images),
similarity scores were significantly lower for valid-valid than valid-invalid trials
at time points 3 and 4 (black asterisks, paired samples t tests, *p < 0.05,
**p < 0.01). Valid-valid similarity scores were significantly below 0 (repulsion) at
time point 4 (pink asterisk, one-sample t test, *p < 0.05). Error bars are SEM.
(D) Alternate version of analysis in (C) that includes all pairs of trials for which
participants viewed identical images during the same segment, with trials
separated as a function of whether destination cues were the same (“same
cue”) or different (“different cue”). Similarity scores were significantly lower for
different cue trials than same cue trials (black asterisks) at time points 4 and 5
(black asterisks, paired samples t tests, *p < 0.05, **p < 0.001). Similarity
scores for different cue trials were significantly below 0 (pink asterisks) at time
point 5 (one sample t test, “o < 0.01). Error bars are SEM.
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segment—when overlapping route images were identical. Thus,
any effect of cues during the same segment can only be explained
by the cues themselves. Again, we compared valid-valid to
valid-invalid trials. All p values reported below are uncorrected
for multiple comparisons; p < 0.0083 are significant at a Bonfer-
roni-corrected threshold (i.e., p < 0.05/6 time points). Strikingly,
valid-valid similarity scores were significantly lower than valid-
invalid similarity scores at time point 4 (tzg = —3.32, p = 0.002;
Figure 4C), with a similar effect at time point 3 (tzg = —2.69,
p =0.010). Qualitatively, the valid-valid and valid-invalid compar-
isons were mirror images of each other, with valid-valid similarity
scores below 0 (repulsion; time point 3: tzg = —1.89, p = 0.066;
time point 4: t3g = —2.15, p = 0.038) and valid-invalid similarity
scores above 0. In an expanded version of this analysis, we
pooled all trials that contained identical images during the same
segment and split these trials according to whether the cues
were the same vs. different (see STAR Methods). Again, we found
that cues had a significant effect on CA3/DG similarity scores
(Figure 4D). Namely, similarity scores were significantly lower
when cues were different than when cues were the same (time
point 4: t3g = —2.47, p = 0.018; time point 5: t39 = —3.45,
p = 0.001). When the cues were different, similarity scores were
significantly below O (repulsion) at time point 5 (tz3g = —2.90,
p = 0.006). Thus, when viewing identical route images, repulsion
occurred—but only occurred—when internal beliefs were
distinct.

Finally, we tested whether repulsion at the Mol was influenced
by destination cues. We reasoned that valid destination cues
could either potentiate repulsion at the Mol or, conversely, that
repulsion at the Mol might be greater when internal beliefs
were violated (invalid destination cues). To test this, we created
three subject-specific Mol bins (pre-Mol, Mol, and post-Mol) and
considered valid-valid trials (same data as Figure 3B) as well as
valid-invalid trials. An ANOVA with factors of segment and cue
revealed a significant main effect of cue (Fqi195 = 6.62,
p =0.011), reflecting stronger repulsion in CA3/DG for valid-valid
trials relative to valid-invalid trials. The main effect of segment
was significant (Fz,195 = 3.23, p = 0.042), as in the analysis
restricted to valid-valid trials (Figure 3B). While the interaction
between cue and segment was not significant (F5 195 = 2.39,
p = 0.094), follow-up comparisons revealed that the cue effect
was significant at the Mol (tzg = —2.38, p = 0.022) but not pre-
Mol (tzg = —1.06, p = 0.295) or post-Mol (tzg = —0.37, p = 0.712).

Collectively, these analyses indicate that destination cues had
an influence on CA3/DG similarity scores during the 15! half of the
trial (Figure 4B), which was largely explained by two separate,
transient effects: (1) an effect during the same segment that pre-
ceded the Mol (Figures 4C and 4D) and (2) an effect at the Mol,
which, on average, occurred during the early-similar segment
(Figure 4E). Thus, the influence of destination cues on CA3/DG
repulsion was statistically dissociable from the effect of the Mol.

(E) CA3/DG similarity scores at pre-Mol, Mol, and post-Mol segments, sepa-
rated for valid-valid trials (same data as Figure 3B) and valid-invalid trials.
Similarity scores were significantly lower for valid-valid trials than valid-invalid
trials overall (main effect of cue from two-way repeated measures ANOVA:
p = 0.011) and at the Mol (black asterisk, paired samples t test, *p < 0.05).
At the MO, valid-valid similarity scores were significantly below 0 (repulsion
effect; pink asterisks, one sample t test, **p < .01). Error bars are SEM.
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DISCUSSION

Here, we show that representations of overlapping spatial routes
in hippocampal subfields CA3 and DG (CA3/DG) exhibit a dra-
matic repulsion effect that specifically occurs when visual input
to the hippocampus is highly similar—or even identical —but in-
ternal beliefs are distinct. In other words, high visual similarity
and distinct internal beliefs are key ingredients for repulsion to
occur, but it is the conjunction of these factors that powerfully
drives CA3/DG representations apart.

The phenomenon of repulsion in the human hippocampus has
now been reported several times.®'* By definition, repulsion re-
fers to targeted differentiation of hippocampal activity patterns
that is triggered by event similarity. However, we provide a
unique and theory-driven test of the role of internal beliefs in
repulsion. Our prediction that repulsion would be linked to inter-
nal beliefs was inspired by recent theoretical and empirical argu-
ments that place cell remapping in rodents is better explained by
internal beliefs than by external features of the environment.?*#°
That said, repulsion has not been reported in rodent place cells.
In humans, there is evidence that internal beliefs about ambig-
uous stimuli are related to hippocampal activity patterns®'?
but not specifically to repulsion. There is also evidence that
repulsion is correlated with behavioral expressions of memory
interference,”®'” but this evidence does not uniquely favor an in-
ternal belief account.

Our first approach to linking hippocampal repulsion to internal
beliefs involved using participant-specific subjective reports
(collected after fMRI scanning) to identify the precise time point,
within each route, when participants were “sure” of the route’s
destination (Mol). Because the Mol were based on participants’
beliefs in the absence of probabilistic cues, they reflect the ability
to discern the destination from subtle visual features. Notably,
the Mol always occurred during the similar segment—that is,
while the route images were still extremely similar (Figure 1).
Despite this high visual similarity, the Mol were associated with
robust repulsion, wherein CA3/DG representations of overlap-
ping routes were less similar than representations of non-over-
lapping routes. Importantly, there was no evidence that similarity
scores decreased in visual cortical areas at the Mol; instead,
they only decreased after the Mol (Figure 3B). In fact, this was
a mirror image of CA3/DG, where similarity scores increased af-
ter the Mol (Figure 3B). Thus, CA3/DG repulsion occurred (1) pre-
cisely when internal beliefs became distinct and (2) before there
was any hint of differentiation within visual cortical areas.

Our second approach involved manipulating participants’ in-
ternal beliefs while controlling for visual input. Specifically, dur-
ing fMRI scanning, trials were preceded by probabilistic cues
that indicated each route’s likely destination. This allowed us
to compare fMRI pattern similarity for overlapping routes when
cues correctly indicated the routes were headed to distinct des-
tinations (valid-valid pairs) vs. when cues incorrectly indicated
the routes were headed to the same destination (valid-invalid
pairs). In both cases, we were comparing route images that
were initially identical (same segment) but terminated at distinct
destinations. This manipulation revealed that, during the early
portion of the route, CA3/DG repulsion depended on the belief
that routes were headed to distinct destinations (Figure 4). In
fact, when cues were distinct, repulsion was evident in CA3/
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DG before there were any differences in the route images
(same segment; Figures 4C and 4D). Even at the Mol (when par-
ticipants could potentially detect subtle differences in the
routes), the influence of destination cues was still evident, with
stronger repulsion in CA3/DG for valid-valid pairs (Figure 4E).
Collectively, these results provide strong evidence that CA3/
DG repulsion was related to internal beliefs, as opposed to
CA3/DG inheriting or amplifying subtle differences in visual
cortical input.

Importantly, the repulsion we observed in CA3/DG reflects a
relationship between visual input similarity and neural similarity
that violates standard models of pattern separation’?'®
(Figure S1). In particular, with “perfect orthogonalization,” over-
lapping routes would be no more similar—but no less similar—
than non-overlapping routes (similarity scores = 0). By contrast,
we demonstrate instances where CA3/DG representations of
overlapping routes were less similar than non-overlapping
routes. Even if CA3/DG completely ignored visual input and,
instead, only orthogonalized internal beliefs, this still “only” pre-
dicts that similarity scores would be equal to 0, not below 0.
Thus, whether orthogonalization occurs at the level of visual
input or at the level of internal beliefs, orthogonalization cannot
explain our findings.'®'”

Whereas orthogonalization involves statistical independence
of representations, our findings suggest a dependence between
overlapping route representations in CA3/DG. However, this
dependence took the form of representations specifically mov-
ing away from each other. A helpful analogy is to consider a
teacher that wishes to prevent a pair of students from talking dur-
ing class. The teacher might move the students to opposite
corners of the room. In this case, the teacher is not trying to maxi-
mize the distance between all students (the analog of orthogo-
nalization) but instead maximizes the distance between the
disruptive students (the analog of repulsion). Thus, the students
end up being placed “far away” from each other precisely
because of their initial proximity and interference.

The pattern of results we observed in CA3/DG also sharply
contrasts with visual cortical areas—and these differences
inform theoretical accounts of repulsion. For example, CA3/DG
similarity scores were lowest (greatest repulsion) when similarity
scores in the visual cortex were highest (Figure 2B). Once simi-
larity scores in the visual cortex decreased (2" half of trial), sim-
ilarity scores in CA3/DG increased (repulsion disappeared). Our
interpretation of these data is that the hippocampus is critically
involved in differentiating events when sensory areas fail to do
so. Once sensory representations are sufficiently distinct, the
hippocampus is no longer needed and repulsion is not triggered.
This trade-off can be conceptualized as a shift from internal
to external representations. Because sensory evidence is
ambiguous early in the trial, there is potentially greater reliance
on competing internal representations (predictions) supported
by the hippocampus.*® Later, sensory evidence becomes less
ambiguous and predictions are less important, shifting process-
ing toward external representations encoded by the visual cor-
tex. In fact, an interesting possibility is that repulsion of internal
representations within the hippocampus early in the trial directly
facilitates external visual attention later in the trial.®

While repulsion is not accounted for or predicted by many
leading theories of memory and hippocampal function,’**'°
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the “non-monotonic plasticity hypothesis” has specifically been
developed to account for repulsion-like effects in behavior and
the brain.'®** According to this theory, repulsion reflects long-
term plasticity that occurs when activation of a target memory
spreads to similar, competing memories. In particular, when
a competing memory is moderately activated, it is subject
to synaptic weakening that reduces its connections to the
target.'”*%% In the extreme, selective pruning of target-compet-
itor connections can result in target-competitor similarity that is
lower than similarity between unrelated events'’-**—a repulsion
effect. These changes are thought to be adaptive because they
reduce memory interference in a very targeted manner.'”*"=3°
Our findings strongly align with core predictions from this theory.
However, a striking aspect of the current findings is that repul-
sion was highly dynamic and transient within a trial. This raises
the question of whether the repulsion we observed necessarily
required long-term plasticity.

An alternative possibility is that repulsion reflects dynamic
lateral inhibition, without the need for long-term plasticity.
Specifically, if similar events activate cells that feed into com-
mon inhibitory interneurons, then stronger activation of a
target representation could directly and immediately inhibit
the competitor representation via the shared inhibitory inter-
neurons. One of the appeals of a lateral inhibition account is
that it can explain why the repulsion effects tended to
“peak” at particular time points. Namely, we observed a
peak in the repulsion effect immediately after the cue
(Figures 4C and 4D) and then again at the Mol (Figure 4E).
In other words, whenever the target activation was (putatively)
boosted, this may have increased lateral inhibition of the
competitor. That said, while lateral inhibition is a core feature
of models that explain competitive dynamics in the hippocam-
pus,’®*! these models have not explicitly referenced or at-
tempted to explain repulsion.

The fact that we observed repulsion in CA3/DG, but not CA1,
is consistent with evidence from human®'"'*1%:21:42 and ro-
dent studies'>*® specifically implicating the CA3-DG circuit
in disambiguating overlapping events. However, an interesting
question is whether CA3 and the DG differentially contribute to
repulsion? Although our scanning protocol did not allow us to
confidently separate CA3 from the DG, evidence from rodent
studies suggests potential distinctions between these subre-
gions.'®** Whereas the DG is thought to perform relatively
automatic pattern separation owing to sparse coding*® and
strong lateral inhibition,®*" CA3 exhibits attractor dynamics
that allow for flexible changes between pattern completion
and pattern separation processes.®'%“® CA3 representations
are also thought to be less strictly dictated by sensory input.
For example, CA3 supports recall of past experience,*’ antici-
pation of future experience,48 and the interpretation of ambig-
uous sensory input.*® Thus, our findings in CA3/DG align with
many functions ascribed to these subregions. With more tar-
geted fMRI protocols, it may be possible to tease apart and
functionally dissociate the contributions of these subregions
to repulsion.’®2°

In summary, our findings demonstrate that representations of
overlapping spatial routes in human CA3/DG exhibit dramatic
repulsion effects when visual input is extremely similar (or even
identical), but internal beliefs are distinct. By linking repulsion
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to internal beliefs, we provide insight into when and why this phe-
nomenon occurs. These findings have important implications for
theories of hippocampal function.”™ More broadly, by using a
human fMRI paradigm that was inspired by rodent studies®®*°
and with predictions derived from properties of place cell remap-
ping,”*?° our approach and findings directly bridge the fields of
human episodic memory and rodent spatial navigation.
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STARXxMETHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER
Deposited data
de-faced fMRI/MRI data Generated by this study. OpenNeuro: https://doi.org/10.18112/openneuro.
ds005947.v1.0.0
Behavioral data and stimuli Generated by this study. OSF: https://doi.org/10.17605/0OSF.IO/HRFV7
Software and algorithms
fMRI Prep https://fmriprep.org RRID: SCR_016216
PsychoPy http://www.psychopy.org RRID: SCR_006571
R http://www.r-project.org/ RRID: SCR_001905
ASHS https://www.nitrc.org/projects/ashs RRID: SCR_005996
Nipype https://nipype.readthedocs.io/ RRID: SCR_002502
en/latest/index.html
Nilearn https://nilearn.github.io/stable/index.html RRID: SCR_001362
Custom code Generated by this study. OSF: https://doi.org/10.17605/OSF.IO/HRFV7

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

A target sample size of 40 participants was determined in advance. To reach this sample size, forty-eight participants (27 female;
mean age = 20.40 years, range = 18-32) were enrolled following procedures approved by the University of Oregon Institutional Re-
view Board. Written informed consent was collected for each participant prior to the experiment. All participants were right-handed,
native-English speakers with normal or corrected-to-normal vision, with no self-reported psychiatric or neurological disease. Three
participants were excluded because they ended the experiment early (n = 2) or exited the scanner in the middle of the experiment
(n = 1). Five participants were excluded because they failed to reach a pre-determined behavioral threshold (see ‘experimental
procedure after scanning’ below, for details). All participants received monetary compensation for participating.

METHOD DETAILS

Stimuli

The stimuli consisted of eight routes, each corresponding to a stream of 100 images depicting a ‘walk’ through the University of Or-
egon campus. Images were screenshots taken from videos at a constant time interval. The videos were recorded from an egocentric
perspective while a researcher walked along the route. All routes started at the same 4-way intersection on campus and ended at
eight distinct destinations which were named after a visual object at the destination (e.g., ‘pole’ or ‘window’). The 8 routes comprised
4 pairs of overlapping routes (Figure 1A). Each pair of overlapping routes left the starting intersection at a different cardinal direction
(north, south, east, west). For each overlapping route pair, the first 25 images of the route were identical to each other. Thus, during
this initial segment (‘'same segment’), it was impossible to distinguish overlapping routes from each other. The next 50 images were
extremely similar, but not identical, across the overlapping routes (‘similar’ segment). Specifically, the images were taken from
videos that travelled along the same path, but were recorded separately. Thus, images might differ in terms of people, bicycles,
shadows, etc. For the last 25 images (‘different segment’), the overlapping routes diverged (each route turned in an opposite direc-
tion) before reaching their respective destinations (Figures 1A and 1B). Each participant studied 2 pairs of routes (i.e., 4 routes). The
assignment of routes was counterbalanced across participants such that each subject either studied the north/south routes or the
east/west routes.

Overview of experimental procedure

The first part of the experiment took place in a testing room outside of the MRI scanner. In the testing room, informed consent
was obtained and participants were given instructions for the full experiment. Then, participants completed a Learning phase
(studying the routes) before entering the MRI scanner. Inside the scanner, participants first completed 2 rounds of a Practice
phase (not scanned), which combined additional study and a Pre-Test. Then, participants completed 10 rounds of a Cue phase
(scanned), which was the main experimental task. After exiting the scanner, participants completed two Post-Tests that as-
sessed memory for the routes. The experiment was implemented in PsychoPy2021.2.3 and lasted ~3 hours, with ~2 hours in-
side the scanner.
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Experimental procedure prior to scanning

During the Study phase, participants viewed each route 4 times in random order. On each trial, the 100 images for a given route were
shown in succession. Each image appeared for 240 ms and was immediately followed by the next image. After all images from the
route were shown (24 seconds), the destination for the route appeared (2000 ms). The destination was followed by a white fixation
cross (3000 ms) and then the next trial started. No behavioral responses were required during this phase. Participants were instructed
to pay careful attention to each route so that they would late be able to predict each route’s destination.

During each round of the Pre-test phase (2 rounds, total), participants again viewed each route 4 times in random order. The timing
of the image presentation in the Pre-test phase—and in all subsequent phases—was identical to the Study phase (i.e., 240 ms per
image). For 3 of the 4 presentations, the trial was identical to the Study phase. However, the remaining presentation functioned as a
test trial. On these test trials—which were unpredictable from the participants’ perspective—the route paused once per segment
(three pauses total per trial). At each pause, participants were shown all 4 possible destinations (distributed in a single row). The desti-
nation was only represented by a text label (e.g., ‘pole’). Participants had a maximum of 4000 ms to select the correct destination for
the current route by pressing one of four keys on a button box held in their right hand. If they answered within the allotted time, the
words ‘sure’ and ‘unsure’ then appeared on the screen and participants had another 3000 ms (maximum) to respond using the button
box to indicate their level of confidence. If participants did not respond within the allotted time for the initial set of four destinations,
then the confidence decision was omitted. After the third pause/test, the trial continued to the destination. Pauses were restricted
such that they only occurred at picture indices 10-25 for the same segment, 26-75 for the similar segment, and 76-90 for the different
segment. Within these ranges, the actual pause was randomly determined on each trial. During the Pre-test phase (and the subse-
quent fMRI phase), stimuli were presented on a gray background, projected from the back of the scanner. Lights were turned off in the
scanner room to ensure better contrast for the display.

Experimental procedure during scanning

In each round of the fMRI phase (10 rounds, total), participants viewed each route 4 times. Importantly, each trial was preceded by a
text cue (1 s) indicating the likely destination (e.g., ‘pole’). Cues were either valid (indicating the correct destination) or invalid (in which
case the cue indicated the overlapping route’s destination). Within each round of the fMRI phase, each route was preceded by a valid
cue three times and by an invalid cue once. Thus, cues were 75% valid. However, one of the three valid trials served as a catch trial.
Catch trials were identical in procedure and timing to the test trials in the Pre-test phase with the exceptions that catch trials (1) always
paused (and only paused once) during the similar segment, (2) ended after the confidence rating (or after the destination selection
timed out), (3) were preceded by a cue (which, again, was always valid), and (4) had slightly shorter response windows than Pre-
Test trials (maximum of 3000 ms to select the destination and, if applicable, a maximum of 2000 ms for the confidence rating).
Non-catch trials were always followed by a white fixation cross for 3000 ms before the start of the next trial. Catch trials were followed
by a white fixation cross for 3000 ms + any time that was ‘unused’ for the destination selection and confidence ratings. In other words,
the duration of the destination selection + confidence rating (if applicable) + fixation cross always summed to 8000 ms.

For catch trials, the pauses occurred randomly between picture indices 25 and 75, but with the constraint that the four catch trials
within a given round were randomly divided into two yoked pairs such that the picture indices within each pair summed to 100. For
example, if one catch trial was randomly determined to pause at picture index 65, then the yoked catch trial would pause at picture
index 35. This constraint ensured that each fMRI scan was identical in length while still maintaining unpredictability about when routes
would pause. Performance on the catch trials is difficult to interpret given that, by design, the trials were always preceded by valid
cues. Instead, catch trials were intended to promote vigilance and to reinforce the validity of the cues. That said, participants selected
the correct destination (which was also the cued destination) on 85.31% + 11.04% of the catch trials. The correct destination was
selected with high confidence on 69.13% + 19.17% of the catch trials.

Experimental procedure after scanning
The first Post-test provided an explicit measure of participants’ ability to discriminate between the overlapping routes (in the absence
of any cues). Each trial was similar to the test trials from the Pre-test phase. Here, however, every trial contained four pauses (desti-
nation tests) that only occurred during the Similar Segment. The pauses occurred at picture indices 30, 45, 60, and 75. For partic-
ipants 1-32, each route was tested twice in a random order; for participants 33-40, each route was tested 4 times (the difference
across participants was due to a technical error in the computer script). An additional difference relative to the test trials from the
Pre-test phase is that when pauses occurred during Post-test 1, participants saw a single display that only presented two destination
options: the correct destination (target) and the destination of the overlapping route (competitor). Specifically, participants were given
five response options, arranged in a single row, corresponding to “Definitely [Destination X]”, “Probably [Destination X]”, “Unsure”,
“Probably [Destination Y]”, and “Definitely [Destination Y].” Participants used the trackpad on the laptop to select a response. There
was no time limit for responses during this phase. After the pause/test at picture index 75, the trial ended. After a white fixation cross
(3000 ms), the next trial started. Participants who were below 100% accuracy (regardless of confidence) at picture index 75 were
excluded from the experiment (n = 5). The rationale for excluding these participants is that they did not demonstrate an ability to
consistently differentiate the overlapping routes by the end of the similar segment (even after extensive training).

The second Post-test allowed participants to freely indicate the specific timepoint at which they were confident of the route’s desti-
nation. As in Post-test 1, routes appeared 4 times each in random order (again without cues). Each trial started with the presentation
of the first image (picture index 1) followed by subsequent images up until participants made a response (using the keyboard) to
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indicate that they were ‘90% sure’ of the route’s destination. Upon making a button press, the route image was replaced by the four
destination labels. Participants used the keyboard to select the destination for the route. After a response was made, a white fixation
cross appeared for 3000 ms and then the next trial began. There was no time limit for responses during this phase.

MRI acquisition

All images were acquired on a Siemens 3T Prisma MRI system in the Lewis Center for Neuroimaging at the University of Oregon.
Functional data were acquired with a T2*-weighted echo-planar imaging sequence with partial brain coverage that prioritized full
coverage of the hippocampus and early visual cortex (repetition time = 1000 ms, echo time = 33 ms, flip angle = 55°, 66 slices,
1.7 x 1.7 x 1.7 mm voxels). A total of 10 functional scans were acquired. Each functional scan comprised 458 volumes and included
6 s of lead-in time and 6 s of lead-out time at the beginning and end of each scan, respectively. Anatomical scans included a whole-
brain high-resolution T1-weighted magnetization prepared rapid acquisition gradient-echo anatomical volume (1 x 1 x 1 mm voxels)
and a high-resolution (coronal direction) T2-weighted scan (0.43 x 0.43 x 1.8 mm voxels) to facilitate segmentation of hippocampal
subfields.

Anatomical data preprocessing

Preprocessing was performed using fMRIPrep 21.0.1 (RRID:SCR_016216), which is based on Nipype 1.6.1 (RRID:SCR_002502). The
T1-weighted (T1w) image was corrected for intensity nonuniformity (INU) with N4BiasFieldCorrection54 (ANTs 2.3.3, RRID:
SCR_004757), and used as the T1w reference throughout the workflow. The T1w reference was skull-stripped with the antsBrainEx-
traction.sh workflow (ANTSs) in Nipype, using OASIS30ANTSs as the target template. Brain tissue segmentation of cerebrospinal fluid
(CSF), white-matter (WM), and gray-matter (GM) was performed on the brain-extracted T1w using FAST (FSL 6.0.5.1:57b01774,
RRID:SCR_002823). Brain surfaces were reconstructed using recon-all (FreeSurfer 6.0.1, RRID:SCR_001847). Volume-based spatial
normalization to one standard space (MNI152NLin2009cAsym) was performed through nonlinear registration with antsRegistration
(ANTs 2.3.3), using brain-extracted versions of both T1w reference and the T1w template. ICBM 152 Nonlinear Asymmetrical tem-
plate version 2009c was selected for spatial normalization (RRID:SCR_008796; TemplateFlow ID: MNI152NLin2009cAsym).

Functional data preprocessing

For each participant, a reference volume and its skullstripped version were generated for each of the 10 scan runs by aligning and
averaging a single-band reference. For each participant, a fieldmap was collected and estimated based on two echo-planar imaging
(EPI) references with topup (FSL 6.0.5.1:57b01774). The estimated fieldmap was then aligned with rigid-registration to the target EPI
reference run and the field coefficients were mapped on to the reference EPI. Each scan run was slice-time corrected to 0.445s (0.5 of
slice acquisition range 0s-0.89s) using 3dTshift from AFNI (RRID:SCR_005927). The single-band reference was then co-registered to
the T1w reference using bbregister (FreeSurfer). Several potentially confounding variables were computed, including: framewise
displacement (FD), DVARS, and three region-wise global signals. Additionally, a set of physiological regressors were extracted to
allow for component-based noise correction (CompCor). Principal components were estimated after high-pass filtering the prepro-
cessed BOLD time-series (using a discrete cosine filter with 128 s cut-off) for the anatomical CompCor variants (aCompCor). Frames
that exceeded a threshold of 0.5 mm FD or 1.5 standardized DVARS were annotated as motion outliers.

The first 6 volumes of each scan run (lead-in time) were discarded. Then, 10 brain masks were generated by fMRIPrep for each of
the 10 functional scans. The intersection of all 10 masks was used to perform brain extraction. For each scan run, each voxel was
scaled at a mean equal to 100, with an upper bound of 200 and a lower bound of 0. A high-pass filter of 128 seconds was applied to
each scan run. Separate categorical regressors were generated to indicate volumes more than 3 standard deviations above or below
the global mean or volumes with FD higher than 0.5 mm. To control for nuisance variables, for each scan run a GLM was then applied
that included these two categorical regressors along with FD, xyz translation, xyz rotation, aCompCor00-05, and the mean CSF
value. Finally, in order to reduce noise in the timeseries data, temporal smoothing was applied within each scan such that, for
each voxel, the BOLD response at each TR (volume n) was replaced by the average of the response at volumes n-1, n, and n+1.

Regions of interest

Aregion of interest (ROI) for early visual cortex (EVC) was created from the probabilistic maps of Visual Topography63°° in MNI space
with a 0.5 threshold. This ROl was transformed into each participant’s native space using inverse T1w-to-MNI nonlinear transforma-
tion. For each participant, an ROI for PPA was created by first using Neurosynth®' to perform a meta-analysis with the keyword
“place”. Results of the meta-analysis were thresholded by a z-score > 2 using the “associative test” option in Neurosynth. We visu-
ally inspected the whole-brain results and manually selected the two largest clusters that were spatially consistent with PPA. One
cluster was in the right hemisphere (247 voxels) and one cluster was in the left hemisphere (163 voxels). These clusters were com-
bined into a single PPA mask. This mask was then transformed into each participant’s native space using the inverse T1w-to-MNI
transformation. To create hippocampal ROIs, we used the Automatic Segmentation of Hippocampal Subfields (ASHS) 64 toolbox>?
with the upenn2017 atlas. This generated subfield ROls in each participant’s hippocampal body, including CA3/DG (which included
CA2, CA3, and dentate gyrus) and CA1. The most anterior and posterior slices of the hippocampal body were manually determined
for each participant based on the T2-weighted anatomical image. Each participant’s subfield segmentations were also manually in-
spected to ensure the accuracy of the segmentation protocol. Then, each subfield ROl was transformed from the T2 space into the T1
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space using the T2-to-T1w transformation, calculated with FLIRT (fsl) with six degrees of freedom, implemented with Nipype. AllROls
were again visually inspected following the transformation to T1 space to ensure the ROIs were anatomically correct.

QUANTIFICATION AND STATISTICAL ANALYSES

fMRI measures of route similarity

fMRI pattern similarity analyses were used to compute the degree of similarity between overlapping routes relative to non-overlap-
ping routes. All pattern similarity analyses (correlations) were computed between trials from different scan runs (correlations were
never performed within a scan run). The rationale for restricting correlations to trials from different scan runs was to control for auto-
correlation within scan runs that can dramatically inflate similarity between trials that are nearby in time. To account for hemodynamic
response lag, the temporally-smoothed fMRI timeseries for each voxel was first shifted by 6 s, such that the first timepoint within each
trial was defined as the 6" volume relative to the onset of the route images (each TR = 1 s). Pattern similarity analyses were then
performed, separately for each of the 24 timepoints, by computing Pearson correlations For example, timepoint 1 from trial 1 in
scan 1 would be correlated with timepoint 1 from trial 1 in scan 2, timepoint 1 from trial 2 in scan 2, all the way through timepoint
1 from the last trial in scan 10. Catch trials were excluded from pattern similarity analyses. All pattern similarity analyses were per-
formed in participants’ native space and correlation coefficients were Fisher z-transformed before any averaging (hereinafter referred
to as pattern similarity).

Of central interest was the similarity between overlapping routes relative to the similarity between non-overlapping routes. Specif-
ically, for each participant and each pair of overlapping routes, the mean pattern similarity between non-overlapping routes was sub-
tracted from the mean pattern similarity between the overlapping routes, yielding a similarity score. For initial analyses, similarity
scores were restricted to trials with valid cues, meaning that pattern similarity was always computed between pairs of trials (whether
pairs of overlapping routes or pairs of non-overlapping routes) for which each route was preceded by a valid destination cue (‘valid-
valid’ similarity scores).

Although similarity scores were always computed separately for each timepoint in a route (24 timepoints per route), we report many
of the analyses as a function of route segment (same, early-similar, late-similar, different) instead of route timepoint. In these cases,
we simply averaged similarity scores across the timepoints within each segment (e.g., an average of the 6 similarity scores within the
same segment).

Destination cue analyses

In order to test for an influence of cue validity, we separately computed ‘valid-invalid’ similarity scores. As with valid-valid similarity
scores, the valid-invalid similarity scores were computed by subtracting mean pattern similarity between non-overlapping routes
from the mean pattern similarity between overlapping routes. However, valid-invalid similarity scores were based on pattern similarity
between pairs of trials (whether pairs of overlapping routes or pairs of non-overlapping routes) for which one route was preceded by a
valid cue and the other route was preceded by an invalid cue. It is important to emphasize that, in terms of the actual route images that
participants saw there was no distinction between valid-valid overlapping routes versus valid-invalid overlapping routes. In other
words, whether route 1 was preceded by a valid cue or an invalid cue, and whether route 2 was preceded by a valid cue or an invalid
cue had no bearing on the route images participants saw —these overlapping routes always had same, similar and different segments
and terminated at distinct destinations. However, in the specific case when one of the cues was valid and the other cue was invalid,
then participants were led to believe that the two routes were headed to the same destination. For example, if the route 1 cue was
valid and the route 2 cue was invalid, then both trials would be preceded by a cue indicating the route 1 destination (because invalid
cues always referred to the destination of the overlapping route).

In an alternate analysis, we tested the effect of destination cues—specifically focusing on the same segment—by computing sim-
ilarity scores using all pairs of trials for which participants viewed identical images during the same segment and separating these
trials as a function of whether the cues were the same (‘same cue’) or different (‘different cue’). The rationale for this alternate analysis,
the results of which are shown in Figure 4D, is that it allowed for inclusion of more data because we now included correlations be-
tween pairs of identical routes (e.g., similarity between two separate route 1 trials). Similarity scores were computed following the
same steps and rules described above (including baselining against non-overlapping route similarity), with the only differences being
that: ‘Same cue’ data included (1) correlations between pairs of trials depicting the exact same route, validly cued each time, (2) cor-
relations between pairs of trials depicting the exact same route, invalidly cued each time, and (3) correlations between pairs of over-
lapping routes, validly cued for one route and invalidly cued for the other route (i.e., valid-invalid trials, as described above); ‘Different
cue’ data included (1) correlations between pairs of trials depicting the exact same route, validly cued for one route and invalidly cued
for the other route, (2) correlations between pairs of overlapping routes, validly cued for both routes (i.e., valid-valid trials, as
described in the main text), and (3) correlations between pairs of overlapping routes, invalidly cued for both routes.

Moment of insight analysis

Behavioral responses from Post-test 2 were used to identify the specific point in time at which participants were confident (“90%
sure”) about each route’s destination. We refer to this as the moment of insight (Mol). For each participant, each route was tested
4 times in Post-test 2. For each pair of overlapping routes (8 total trials), we pooled all responses and defined the Mol as the range
of these response (minimum to maximum, rounded to nearest whole numbers). The rationale for pooling across overlapping routes
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(as opposed to generating a separate Mol for each route) was that fMRI similarity scores for overlapping routes necessarily reflected
the relative similarity or a pair of overlapping routes. Thus, it was preferable for the Mol to also be at the level of overlapping route
pairs. All timepoints prior to the Mol are referred to as pre-Mol and all timepoints after the Mol are referred to as post-Mol. As
with other analyses that were based on route segments (see above), similarity scores were first computed at individual timepoints
and then similarity scores were averaged across all timepoints within the pre-Mol, Mol and post-Mol segments.

Statistical significance

For all statistical analyses (t-tests, ANOVA, permutation tests), a threshold of p <.05 was used to establish statistical significance. All
ttests were two-tailed. All ANOVAs were calculated using linear mixed effects models, implemented with Ime4 and ImerTest package
in R, with random intercepts for participants. Degrees of freedom were approximated (as part of the ImerTest package) using the
Satterthwaite method.
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