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SUMMARY

People tend to recognize that a transitive relation remains true even when its order is reversed. This affirming-
the-consequent fallacy is thought to be uniquely related to human intelligence. It is generally thought that this
fallacy is a byproduct of explicit reasoning at the moment of recognition of the reversed order. Here, we pro-
vide evidence suggesting a reconsideration of this account using an implicit memory paradigm, which min-
imizes the involvement of explicit reasoning. Specifically, we tested a two-stage memory model: (1) when a
sequence of events is encoded, the memory of the reversed sequence is formed, resulting in the affirming-
the-consequent fallacy, and (2) the memories of the forward and reversed sequences are integrated over
time, reinforcing the fallacy. Results of behavioral and functional magnetic resonance imaging experiments
were consistent with this memory-based model. Our findings suggest that the affirming-the-consequent fal-
lacy may begin unwittingly when individuals memorize a transitive relation.

INTRODUCTION

Humans learn transitive relations from experiences." In the infer-
ence of transitive relations, a fallacy known as “affirming the
consequent” is often observed.”'° For example, while rain can
make the ground wet, the ground being wet does not necessarily
mean it rained. Nevertheless, we tend to infer that it must have
rained if the ground is wet. Importantly, affirmation of the conse-
quent is not commonly observed in non-human animals.”" In the
case of humans, even 8-month infants show the affirmation of
the consequent.” Thus, this fallacy reflects the characteristics
of human inference and intelligence.’®

Studies of logical reasoning suggest that the affirming-the-
consequent fallacy generally occurs when people reason about
transitive relations that are often expressed as conditional prop-
ositions."® According to this reasoning-based model, the fallacy
occurs at the moment that individuals erroneously interpret that
the reverse of the given transitive relation holds true.->:6:15-18
This model suggests that the fallacy is a byproduct of humans’
reasoning system that is biased toward generalizing a learned
transitive relation in the reverse direction.**

In contrast to this reasoning-based model, the present study
introduces a novel memory-based model and provides evidence
suggesting that the affirming-the-consequent fallacy can also
occur through mechanisms of memory. In this memory-based
model, the fallacy arises from the memory of the reversed rela-
tion that is unwittingly made soon after a transitive relation is en-

coded in the human memory system. Then, the fallacy is ulti-
mately realized when individuals are asked about the reversed
relation. Although not previously associated with the fallacy,
similar phenomena have been observed in research on implicit
memory, which minimizes involvement of explicit reasoning dur-
ing recognition of a transitive relation.'®° Turk-Browne and
Scholl (2009) demonstrated that, using an implicit memory para-
digm, learning of a transitive relation involves the formation of
memories for the reversed relation. This finding is consistent
with the memory-based model.

Suppose this memory-based model we introduce serves as a
complementary model to the reasoning-based model. In that
case, the memory-based model should explain a variant of the
affirming-the-consequent fallacy that cannot be accounted for
by the reasoning-based model. Previous studies have reported
at least two variants of the fallacy. In the first variant, individuals
can distinguish the encoded transitive relation A—B from its
reverse B—A.""'82172% Thjs variant can be explained by the
reasoning-based model in which the fallacy occurs when individ-
uals evaluate the reversed relation.’'%15:16:242% |n the second
variant, individuals are no longer able to distinguish the encoded
transitive relation from its reverse.”'%?® This variant cannot be
accounted for by the reasoning-based model, which assumes
the explicit evaluation of the reversed relation. To comprehen-
sively explain the two variants, the present study postulates
that the affirming-the-consequent fallacy can emerge as a result
of memories that change over time.
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Specifically, we propose a two-stage memory model in which
the characteristics of the memory system account for the affirm-
ing-the-consequent fallacy. First, when a transitive relation is en-
coded, a memory of the reversed relation is also formed. At this
stage, the memory of the transitive relation is distinguished from
that of the reversed relation, resulting in the first variant of the af-
firming-the-consequent fallacy. Second, memories of the en-
coded transitive relation and its reverse are integrated over
time. As a result, the first variant, where the encoded transitive
relation and reversed relation were distinguishable right after en-
coding, develops into the second variant, where these relations
are no longer distinguishable.

We conducted a series of experiments to test the two-stage
memory model of the affirming-the-consequent fallacy. We
combined an established paradigm used for the investigation
of the affirming-the-consequent fallacy™®'%'22"~%° with a proto-
col used in implicit memory research.**** In our experiments,
specific transitive relations consisting of a series of objects are
repeatedly presented unbeknownst to participants, inducing un-
intentional learning of the relations. As participants are not in-
structed about the transitive relations, the possibility of partici-
pants engaging in explicit reasoning about the relations is
minimal. Indeed, participants remain unaware of the presenta-
tions of transitive relations in this paradigm.*>*°? Thus, this
paradigm minimizes the involvement of explicit reasoning in
the affirming-the-consequent fallacy in our study. To further
confirm the involvement of the human memory system of the
brain in the affirming-the-consequent fallacy, we conducted a
functional magnetic resonance imaging (fMRI) experiment with
particular emphasis on regions implicated in memory processing
in the brain.>*%?

The results of the behavioral experiments are consistent with
the two-stage memory model. Participants were able to distin-
guish forward sequences (encoded transitive relations) and
backward sequences (reversed relations) from novel sequences
immediately after exposure to sequences and even 24 h later,
indicating the formation and retention of memories for both for-
ward and backward sequences. However, while participants
could distinguish forward and backward sequences immediately
after exposure, they were unable to do so 24 h later.

The fMRI experiment aimed at identifying brain regions
involved in the time-dependent changes in memory found in
the behavioral experiments. The activation in the right anterior
hippocampus was found to be associated with differentiation
between forward and backward sequences immediately after
exposure. Consistent with the behavioral findings, the activation
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Figure 1. Experimental design to investi-
gate temporal changes in memory

In all experiments, there were exposure phases
followed by two test phases. To investigate tem-
poral changes in memory, we conducted the test

Test
phase

phases immediately after the exposure phase and

24 h later. In Experiment 4, to explore the neural

basis of memory changes, fMRI scans were per-

fMRI in Experiment 4
formed during the two test phases.

differences in the right anterior hippocampus between the for-
ward and backward sequences diminished 24 h later.

These results align with the two-stage memory model, pro-
posing that in the process of learning transitive relations, the
brain initially forms memories of both the transitive relations
and their reverse. Over time, these memories are integrated.
The right anterior hippocampus plays a crucial role in the
changes of such memory relationships. Collectively, our findings
provide evidence that memory may underlie the affirming-the-
consequent fallacy.

RESULTS

Four experiments were conducted to test the two-stage memory
model of the affirming-the-consequent fallacy. We combined an
established paradigm in research on the fallacy™?"%° with a
protocol for implicit memory.*®™** Each experiment consisted
of an exposure phase for memory formation and two test phases
for examining memory retention and integration over time (Fig-
ure 1). In the exposure phase (Figure 2A), participants observed
a series of objects and performed a category judgment task on
each object (manmade vs. natural) as a cover task. The objects
were assigned to fixed sequences that reflect specific transitive
relations repeatedly presented to the participants. Each fixed
sequence consisted of three objects (e.g., ABC, DEF, and
GHI). The fixed sequences were repeatedly presented unbe-
knownst to the participants. During each trial in the test phase
(Figure 2B), participants were presented with two different se-
quences. They were asked to report which of the two sequences
they had already seen during the exposure phase. The condi-
tions for the two sequences varied for each experiment (Fig-
ure 2C). To examine temporal changes in memory, test phases
were conducted immediately after the exposure phase and
24 h later.

Experiment 1a: Memory of forward sequences is formed
and retained even 24 h after exposure

In the first experiment, we tested whether the memory of forward
sequences (e.g., ABC) is formed using the implicit memory para-
digm and retained over time. Specifically, in each trial of the test
phases, participants (N = 30) were presented with a forward
sequence and a randomly generated new sequence (e.g., ABC
vs. AEl; see STAR Methods for details). They were then asked
to indicate which of the two sequences they had seen during
the exposure phase. The test phases were conducted immedi-
ately after the exposure phase (day 1) and 24 h later (day 2).
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Figure 2. Stimuli and tasks used in expo-
sure and test phases

(A) Exposure phase. Participants were presented
with a series of objects and performed a category
judgment task (referred to as the “cover task”),
indicating whether the current object was man-
made or natural by pressing a key on the
keyboard.

(B) Test phase. On each trial in the test phase,
participants were presented with two sequences
and were asked to report which of the two se-
quences they had previously seen during the
exposure phase.

(C) Example sequences/pairs used in the test
phase of each experiment. Sequences/pairs were
individually generated for each participant by

C—A

Task: indicate which sequence is familiar

Figure 3 (left panel) shows the proportion of the choice for the for-
ward sequences. Participants chose the forward sequences
significantly more often than the chance level on both day 1
(one-sample t test with Bonferroni corrected threshold, o/2;
thg = 5.407, p < 107, d = 0.987) and day 2 (t,, = 6.590,
p < 1074, d = 1.203). No significant difference in the proportion
of the choice for the forward sequences was found between
day 1 and day 2 (paired t test; tog = 1.444, p = 0.160, d =
0.240). These results suggest that the memory of the forward se-
quences was formed during the exposure phase and retained
stable over time.

Experiment 1b: Memory of backward sequences is
formed and retained even 24 h after exposure

We tested whether the memory of backward sequences (e.g.,
CBA), which were not actually presented during the exposure
phase, is formed as a result of exposure to the forward se-
quences and retained over time. In other words, we investi-
gated whether exposure to the forward sequences results in
the affirming-the-consequent fallacy. In the test phases, a
new set of participants (N = 30) were presented with a back-
ward sequence and a new sequence (e.g., CBA vs. AEI) and
were then asked to indicate which of the two sequences they
had seen during the exposure phase. Participants chose the
backward sequences significantly more often than the chance
level on both day 1 (one-sample t test with Bonferroni corrected
threshold, a/2; tog = 3.518, p = 0.002, d = 0.642) and day 2 (to9 =
4.393,p = 107*, d = 0.802) (Figure 3, middle panel). No signifi-
cant difference in the proportion of the choice for the backward
sequences was found between day 1 and day 2 (paired t test;
tag = 0.124, p = 0.902, d = 0.027). These results suggest that
the memory of the backward sequences, which were not actu-

OO ®-®O §

Experiment 3 Backward without middle vs. New

combining manmade and natural objects. For

A—B=—C A—TE=I illustrative purposes, alphabets (e.g., ABC) are
m @ f. VS. m (@ labeled in the figure; however, these letters were
not displayed during the actual experiments. To

A—B—C F—E—D prevent any potential learning between the two

test phases, we used different sets of stimuli from
the exposure phase for the first and second test
phases.
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ally observed during the exposure phase, was formed and re-
tained stable over time.

Experiment 1c: Memories of forward and backward
sequences are integrated over time
We tested whether the forward and backward sequences
became less distinguishable as time passed. In the test phases,
a forward sequence was compared against a backward
sequence (N = 30; e.g., ABC vs. FED). Figure 3 (right panel)
shows the proportion of choice for the forward sequences. On
day 1, the proportion of choice for the forward sequences was
significantly higher than the chance level (one-sample t test
with Bonferroni corrected threshold, o/2; t,g = 3.568, p =
0.001, d = 0.651). However, on day 2, the proportion of choice
for the forward sequences was not statistically different from
chance (tog = 1.305, p = 0.202, d = 0.238). Moreover, the propor-
tion of choice for the forward sequences on day 2 was signifi-
cantly lower than that on day 1 (paired t test; tog = 2.321, p =
0.028, d = 0.554). These results suggest that the memories of
the forward and backward sequences are integrated over time.

The results of Experiments 1a, b, and ¢ provide evidence
consistent with the two-stage memory model of the affirming-
the-consequent fallacy. The memories of the forward (Experi-
ment 1a) and backward sequences (Experiment 1b) are formed
and retained 24 h after encoding. However, memories of the for-
ward and backward sequences became indistinguishable over
time (Experiment 1c). These findings align with the idea that
the affirming-the-consequent fallacy can occur and develop
through two stages of memory processing in the brain.

Note that forgetting cannot explain the inability to distinguish
the forward from backward sequences on day 2 compared to
day 1 in Experiment 1c. In Experiments 1a and b, participants

iScience 28, 111889, February 21, 2025 3
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Figure 3. Results of Experiments 1a, 1b,
and 1c, conducted as between-participant
experiments examining temporal changes
in memory

In Experiment 1a, participants were able to indi-
cate forward sequences against new sequences
significantly above the chance level on both day 1
and day 2 (one-sample t tests, Bonferroni cor-

050 [ - --©8@- - - - - -

Proportion of the choice
Proportion of the choice
Proportion of the choice

Day 1 Day2 Day 1 Day2

rected threshold, ***p < 0.001). In Experiment 1b,
participants were able to indicate backward se-
quences against new sequences significantly
X above the chance level on both day 1 and day
2 (one-sample t tests, Bonferroni corrected

threshold, **p < 0.01, ***p < 0.001). In Experiment

Day 1 Day 2 1c, on day 1, participants were able to identify
forward sequences against backward sequences

significantly above the chance level (one-sample

t test, Bonferroni corrected threshold, *“p < 0.01). However, on day 2, the proportion of choice for forward sequences did not statistically differ from the chance
level. Furthermore, on day 2, the proportion of choice for forward sequences was significantly lower than that on day 1 (paired t test, *p < 0.05). Horizontal lines

represent group means, and error bars represent standard errors.

were still able to identify the forward and backward sequences
from new sequences 24 h after the exposure phase, indicating
the memories of the forward and backward sequences were re-
tained. These results support that it is the relationship between
the memories of the forward and backward sequences that
changed over time.

One might think that the differential changes in the proportion
of the choices for forward sequences observed in Experiments
1a, b, and c could be explained by differences in reaction times
(RTs) to the tasks. We argue that this is unlikely for the following
two reasons. First, there were no time limits imposed on the
tasks. Second, the instructions given to participants were iden-
tical across these experiments. To verify our claim, we analyzed
the RTs. A two-way ANOVA on RTs for experiment (Experiments
1a, 1b, and 1c¢) and day (day 1, day 2) revealed no significant main
effects of experiment (F,, o7 =0.302, p =0.742, ng =0.022) or day
(F1,27=0.361, p =0.553, 77;‘; =0.013), nor a significant interaction
between experiment and day (F,, o7 = 0.414, p = 0.665, ng =
0.030). These results rule out the possibility that changes in the
proportion of the choices observed in Experiments 1a, b, and ¢
can be explained by differences in RTs. Furthermore, the non-sig-
nificant main effect of experiment suggests that participants per-
formed the tasks during the test phases of these experiments in
the same or similar manner as instructed.

Experiment 2: The results are replicated in a within-
participant design

Experiments 1a, b, and ¢ were conducted with different sets of
participants, respectively. It is possible that participants only in
Experiment 1c might forget the forward and backward se-
quences over time, and therefore, were unable to distinguish
these sequences on day 2. Thus, Experiment 2 (N = 30) em-
ployed a within-participant design to test if the relationship be-
tween memories of the forward and backward sequences selec-
tively changes over time while the memories of the forward and
backward sequences are retained. In the test phase, there were
two types of trials: comparing a forward sequence against a new
sequence (e.g., ABC vs. AEl) and comparing a forward sequence
against a backward sequence (e.g., ABC vs. FED).

4 iScience 28, 111889, February 21, 2025

As shown in Figure 4, the results replicated the findings in Ex-
periments 1a and c. A two-way ANOVA for trial type (forward vs.
new, forward vs. backward) and day (day 1, day 2) revealed a sig-
nificant interaction (Fq 29 = 5.197, p = 0.030, 17?, = 0.152; see
Table S1 for all the results of the ANOVA). The simple main effect
of day was not significant for the trial in which the forward and
new sequences were compared (Fq 29 = 2.058, p = 0.162, 71,23 =
0.066). As in Experiment 1a, participants chose the forward se-
quences significantly more often than the chance level on both
day 1 (one-sample t test with Bonferroni corrected threshold,
a/d; trg = 7.719, p < 1074, d = 1.409) and day 2 (tye = 7.099,
p < 1074, d = 1.296). On the other hand, when the forward and
backward sequences were compared, the simple main effect
of day was significant (Fy 5 = 21.890, p = 1074, nf) = 0.430). As
in Experiment 1c, the proportion of choice for the forward se-
quences was significantly higher than the chance level on day
1 (one-sample t test with Bonferroni corrected threshold, o/4;
the = 7.448, p < 1074, d = 1.360), but not on day 2 (t.s = 1.668,
p = 0.106, d = 0.304). These results confirmed that, while the
memory of the forward sequences was maintained on both
day 1 and day 2, the relationship between the memories of the
forward and backward sequences selectively changed
over time.

One may argue that Experiment 2 did not test the memory of
the backward sequences, leaving the possibility that participants
in Experiment 2 had forgotten the backward sequences on day
2. However, this is unlikely. If the memory of the backward se-
quences was not retained on day 2, it is expected that the pro-
portion of choice for the forward sequences over the backward
sequences would be higher than the chance level on day 2.
This expectation is inconsistent with the actual results (Figure 4).

As in Experiments 1a, b, and ¢, we analyzed the RTs. A two-
way ANOVA on RTs for trial type (forward vs. new, forward vs.
backward) and day (day 1, day 2) revealed no significant main
effects of trial type (F1, 29 = 0.065, p = 0.901, 77,2) =0.002) or day
(F1,20=1.459, p =0.237, nf) =0.048), nor a significant interaction
between trial type and day (F1, 29 = 0.642, p = 0.430, 77,23 =0.022).
These results support the following two claims. First, it is unlikely
that the changes in the proportion of the choices are driven by
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Figure 4. Results of Experiment 2, conducted as a within-participant
experiment examining temporal changes in memory

A two-way ANOVA for trial type (forward vs. new, forward vs. backward) and
day (day 1, day 2) revealed a significant interaction (o < 0.05). In the trials
distinguishing forward sequences from new sequences, the proportion of
choice for forward sequences did not decrease on day 2 compared today 1. In
contrast, in the trials distinguishing forward sequences from backward se-
quences, the proportion of choice for forward sequences decreased on day 2
compared to day 1 (**p < 0.001). For the forward vs. new trials, participants
were able to indicate forward sequences significantly above the chance level
on both day 1 and day 2 (one-sample t tests, Bonferroni corrected threshold,
***p < 0.001). However, for the forward vs. backward trials, participants were
able to indicate forward sequences significantly above the chance level on day
1 (one-sample t test, Bonferroni corrected threshold, ***p < 0.001), but on day
2, the proportion of choice for forward sequences was not statistically different
from the chance level. Horizontal lines represent group means, and error bars
represent standard errors.

changes in RTs. Second, participants performed the task in a
consistent manner across the different types of trials.

Experiment 3: Forgetting the sequential order of objects
does not account for the results

The results of Experiments 1 and 2 suggest that the memories of
the forward and backward sequences become integrated over
time. However, these findings could also be attributed to forget-
ting of the sequential order of the objects and the effects of tem-
poral proximity among the objects. In other words, due to the
forgetting of the sequential order (e.g., ABC), the objects in a
sequence (e.g., A, B, and C) might have been stored as a single
unit, that is, “as a whole,” regardless of their order.

Assume that the sequential order (e.g., ABC) is forgotten on
day 2 while the memory of the temporal proximity (A, B, and C
appear close in time) is retained. In terms of the temporal prox-
imity among A, B, and C, the memories of the forward and back-
ward sequences are indistinguishable. Thus, if such forgetting
were indeed occurring, any pair of sequences consisting of ob-
jects A, B, and C should be indistinguishable from each other.
This prediction also applies to a skipped and backward
sequence such as CA (see STAR Methods for details). If the
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Experiment 3
Backward without middle vs. New
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Figure 5. Results of Experiment 3 examining whether forgetting of
the sequential orders occurred

The proportion of choice for CA pairs was not statistically different from the
chance level. Additionally, no significant difference was observed in the pro-
portion of choice for CA pairs over new pairs between day 1 and day 2. Hor-
izontal lines represent group means, and error bars represent standard errors.

sequential order (e.g., ABC) is selectively forgotten on day 2, it
is expected that the skipped and backward sequence (e.g.,
CA) becomes familiar to participants compared to a random
and new pair (e.g., IA) due to the temporal proximity between
the objects A and C during the exposure phase. On the other
hand, if the order of the forward and backward sequences
were retained, the skipped and backward sequences should
not be recognized as familiar, even after the passage of time.

To test which is the case, we conducted Experiment 3 (N = 30).
The exposure phase was identical to Experiments 1a, 1b, 1c, and
2. During the test phases, participants were presented with a CA
pair and a new combination and were asked to report which of
the two pairs they had previously seen during the exposure
phase. Figure 5 shows the proportion of the choice for the CA
pairs. The proportion of choice for CA pairs was not statistically
different from the chance level on day 1 (one-sample t test with
Bonferroni corrected threshold, o/2; t,g = 1.542, p = 0.134, d =
0.281) or day 2 (tog = 1.479, p = 0.150, d = 0.270). We found no
significant difference in the proportion of choice for CA pairs be-
tween day 1 and day 2 (paired t test; t,g = 0.494, p = 0.625, d =
0.133). These results are inconsistent with the prediction based
on the forgetting of the sequential orders. Thus, the findings
from Experiments 1c and 2 cannot be attributed to a simple
explanation involving the forgetting and effects of the temporal
proximity that result in learning the objects in a sequence “as a
whole.”

The results of the behavioral experiments revealed the
following. First, the forward and backward sequences are distin-
guishable from new sequences immediately after exposure and
24 h later. Second, while the forward and backward sequences
are distinguishable immediately after encoding, they become
indistinguishable 24 h later. Lastly, these results cannot be ex-
plained by forgetting the sequential orders. These findings
align with the two-stage memory model in which the two variants
of the affirming-the-consequent fallacy emerge through a
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Figure 6. Results of Experiment 4 exam-
ining memory system involvement in affirm-
ing-the-consequent fallacy

The left figure shows the proportion of choice for
the forward sequences. The proportion of choice
for forward sequences was significantly lower on
day 2 than on day 1 (paired t test, **p < 0.01).
Participants indicated forward sequences signifi-
cantly above chance on day 1 (one-sample t test,
Bonferroni corrected threshold, ***p < 0.001),
whereas on day 2, this difference was not statis-
tically significant. The right figure shows the fMRI
activity (defined as the contrasts between the
forward and backward sequences and the inter-
trial interval as a baseline) in the right hippocam-
pus. A two-way ANOVA for sequence type (for-
ward, backward) and day (day 1, day 2) revealed a
significant interaction only in the region contained
in the right hippocampus (Bonferroni corrected

Day 2 threshold, *p < 0.05). On day 1, the right hippo-
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campus exhibited a significantly stronger activity
for forward sequences compared to backward

sequences (**p < 0.001), whereas on day 2, there was no significant difference in activity between forward and backward sequences. Horizontal lines represent

group means, and error bars represent standard errors.

two-stage mechanism originating from the characteristics of the
memory system. Following exposure to the forward sequences,
the memory of the unobserved backward sequences is formed,
resulting in the first variant of the fallacy. Over time, the memories
of the forward and backward sequences are integrated, leading
to the development of the first variant into the second variant of
the fallacy. All of these results were obtained using the implicit
memory paradigm, which is designed to minimize the involve-
ment of explicit reasoning during the test phases. These results
are consistent with the memory-based model of the affirming-
the-consequent fallacy.

Experiment 4: The right hippocampus is involved in the
time-dependent memory integration

To test the memory-based model in which the memory system
is involved in the affirming-the-consequent fallacy at the neural
level, we measured fMRI in Experiment 4. If the memory-based
model is correct, memory-related brain regions should be
associated with time-dependent integration of the memories
found in the behavioral experiments. The growing body of evi-
dence suggests that the integration of memories is primarily
associated with the hippocampus.®®° In the hippocampus,
neural activity related to past experiences is replayed in both
forward and backward sequences.®®’° This neuronal replay
provides a potential mechanism for memory integration and
the learning of knowledge structures.®® In humans, it has also
been shown that such hippocampal replay occurs and contrib-
utes to memory integration.®>”" Thus, we employed 14 mem-
ory-related brain regions (Figure S1), including the bilateral hip-
pocampus and caudate, as the regions of interest (ROls) by
using NeuroSynth’? (see STAR Methods for details).

The procedure of Experiment 4 was identical to that of Exper-
iment 1c, except that the test phases were conducted in an
MRI scanner. As in Experiment 1c, a forward sequence was
compared against a backward sequence (N = 30; e.g., ABC vs.
FED) in the test phases. The behavioral results (Figure 6, left
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panel) replicated those of Experiment 1c. The proportion of
choice for the forward sequences on day 2 was significantly
lower than on day 1 (paired t test; tog = 2.949, p = 0.006, d =
0.655). Participants selected the forward sequences significantly
more often than the chance level on day 1 (one-sample t test with
Bonferroni corrected threshold, «/2; tog = 5.992, p < 1074, d =
1.094), but not on day 2 (to9 = 2.330, p = 0.027, d = 0.425).

In the fMRI analyses, we examined which ROI(s) exhibit
changes in activation patterns comparable to the memory inte-
gration found in the behavioral experiments. For this aim, a gen-
eral linear model (GLM) analysis was performed for each ROI
(see STAR Methods for details). We found activation changes
in the right hippocampus corresponded to the results of the
behavioral experiments (Figure 6, right panel; see Figure S2 for
other regions). A two-way ANOVA with repeated measures for
sequence type (forward, backward) and day (day 1, day 2) was
performed for each ROI. A significant interaction was found
only in the right hippocampus (Bonferroni corrected threshold,
a/14; F1 29 =10.99, p = 0.003, 7),2, =0.275). The simple main effect
of sequence type was significant on day 1 (F129 = 21.19, p =
1074, nf) = 0.422), indicating that the right hippocampus ex-
hibited stronger fMRI activity for the forward sequences
compared to the backward sequences. However, on day 2, the
simple main effect of sequence type was not significant
(F1,20 =0.013, p = 0.912, 71,2, < 10’3). None of the other regions
than the right hippocampus showed this pattern of activation
changes (see Table S2 for full ANOVA results). These results sug-
gest that the right hippocampus is particularly involved in the
development of the first variant of the affirming-the-consequent
fallacy into the second variant.

The right anterior hippocampus is associated with the
integration of memories

Theoretical studies have suggested that the anterior hippocam-
pus is primarily involved in implicit memory.”*"* The voxels ob-
tained from NeuroSynth’? are located in the anterior part of the
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right hippocampus in a standard space (Figure S1), which is
consistent with these theoretical studies. However, these voxels
were provided based on previous functional mapping studies.
Thus, the voxels are not necessarily aligned with the anterior hip-
pocampus defined by the anatomical structures of individual
participants. Given the significant variability in the anatomy of
hippocampus among individuals,”>™®? it is important to test
whether anatomically defined anterior hippocampus is also
associated with the memory integration.

To test this, we used ITK-SNAP®® and Automatic Segmenta-
tion of Hippocampal Subfields (ASHS) toolbox®* to define the
anterior and posterior parts of the right hippocampus. A two-
way ANOVA with repeated measures for sequence type (for-
ward, backward) and day (day 1, day 2) was performed for
each of the anterior and posterior parts in the right hippocampus.
We found a significant interaction only in the anterior part (Bon-
ferroni corrected threshold, «/2; Fq 29 = 6.096, p = 0.020, n,z) =
0.174), but not in the posterior part (F1 9 = 1.089, p = 0.305,
77,2) = 0.037) (Figure S3; see Table S3 for full ANOVA results).
The simple main effect for the interaction in the right anterior hip-
pocampus of sequence type was significant on day 1 (Fy 29 =
15.96,p <1073, 71,2) = 0.355), indicating that the right anterior hip-
pocampus exhibited stronger activity for the forward sequences
compared to the backward sequences on day 1. However, no
significant simple main effect of sequence type was found on
day 2 (Fq 29 = 0.089, p =0.767, 71,2) <107%). Taken together, these
results suggest that the development of the first variant of the af-
firming-the-consequent fallacy into the second variant is specif-
ically associated with the anterior part of the right hippocampus.

DISCUSSION

In this study, we experimentally tested the memory-based model
in which the two variants of affirming-the-consequent fallacy
emerge through a two-stage memory mechanism. The key find-
ings in the current study are as follows. Immediately after expo-
sure and even 24 h later, memories of the forward and backward
sequences are distinguishable from new sequences (Experi-
ments 1a and b). While the forward sequences can be distin-
guished from the backward sequences immediately after expo-
sure, they became indistinguishable 24 h later (Experiments 1c,
2, and 4). The memory changes cannot be solely explained by
the forgetting of the sequential orders or temporal proximity
(Experiment 3). The right anterior hippocampus is primarily asso-
ciated with the memory changes (Experiment 4). These results
were obtained using an implicit memory paradigm, which mini-
mizes the involvement of explicit reasoning during the recogni-
tion of the backward sequences. Collectively, the findings of
the current study suggest that the affirming-the-consequent fal-
lacy can originate from memories that change over time in the
brain, though these findings do not exclude the role of reasoning
processes in the fallacy.

The results of this study indicate that the affirming-the-conse-
quent fallacy arose immediately after learning and develops
within 24 h. First, when a transitive relation was encoded into
memory, its reverse was also formed, giving rise to the affirm-
ing-the-consequent fallacy.®® At this stage, participants were still
able to distinguish the original memory of the transitive relation
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from its reverse, if asked. However, these two memories became
integrated in 24 h after encoding. As a result, the separability of
these memories was weakened, making the fallacy stronger.

The results of the fMRI experiment showed the right hippo-
campus showed activation changes corresponding to the devel-
opment of the first variant of the affirming-the-consequent fal-
lacy into the second variant. Previous research on episodic
memory has implicated the role of the right hippocampus in
memory integration. The activity of the right hippocampus is
associated with combining multiple concepts.®® It is also re-
ported that the right hippocampus is involved in recalling inte-
grated and abstracted memories, while the left hippocampus is
implicated in recalling specific episodic memories.®?” The devel-
opment of the second variant of the fallacy could be attributed to
the integration of memories of forward and backward sequences
into more generalized memories, which could be why the
involvement of the right hippocampus was observed in the cur-
rent study. The fMRI results emphasized the importance of the
anterior part of the right hippocampus. It is suggested that mem-
ory integration is primarily associated with the anterior hippo-
campus.?®®' The hippocampus has anatomical subregions,
with the cornu ammonis (CA1-3) mainly located in the anterior
hippocampus, and the dentate gyrus (DG) typically corres-
ponding to the posterior hippocampus.® Thus, it is possible
that CA1-3 is mainly involved in memory integration, as sug-
gested by previous research findings.®® In the posterior hippo-
campus, we did not observe activation changes corresponding
to the results of the behavioral experiments. This might be
because the DG is less involved in memory integration and
more associated with pattern separation.”*

It is worth noting that the results of fMRI experiment do not
suggest that the affirming-the-consequent fallacy is solely
due to memory in general. While the hippocampus indeed plays
a central role in memory processes, it is also involved in logical
reasoning.’® In our fMRI experiment, we tested the hypothesis
that if the development of the fallacy is primarily driven by
memory mechanisms, memory-related brain regions should
be involved in the time-dependent integration of memories
observed in the behavioral experiments. However, our current
results and the findings in previous studies are not mutually
exclusive. Specifically, our results do not rule out the possibility
that the hippocampus contributes to logical reasoning in gen-
eral cases of the affirming-the-consequent fallacy. It is plau-
sible that the hippocampus plays a significant role in both
memory and logical reasoning in the context of this fallacy.
By employing an implicit memory paradigm, we aimed to mini-
mize the influence of explicit reasoning in this study. Neverthe-
less, further research is necessary to disentangle the specific
contributions of memory and reasoning mechanisms to the fal-
lacy, respectively.

In conclusion, the findings of the current study provide
evidence supporting the idea that the affirming-the-consequent
fallacy may emerge through memory processing. When lear-
ning transitive relations, the memories of forward relations
and their reverses are first formed and subsequently integrated
over time. Such changes in memory relationships are associ-
ated with the hub of the memory system in the brain: the
hippocampus.
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Limitations of the study

The first limitation of this study is that none of our experiments
directly tested logical reasoning. Our experiments used temporal
sequences, but not logical relations. Furthermore, we did not
include specific logic detection tasks that could help dissociate
memory processes from logical reasoning processes. This
makes it difficult to rule out the influence of logical reasoning
or to conclude that the observed effects are purely memory-
based. Participants were exposed to the temporal sequences
of objects and were later tested on whether they had incidentally
stored these sequences. In this test, participants were not
required to engage in explicit logical reasoning. Therefore, it re-
mains unclear what kind of representation participants actually
formed through exposure to the temporal sequences. It could
be that participants formed a conditional proposition like, “If
the teapot appears, then the flower will appear next.” Alterna-
tively, they may have formed a non-logical proposition about
the sequence, such as, “The teapot is followed by the flower.”
It could also be that what was encoded was not a linguistic or
logical proposition at all, but rather a simple unidirectional
association.

Despite this ambiguity, there are the following two reasons to
argue that this study is indeed investigating the affirming-the-
consequent fallacy. First, prior research provides evidence
supporting the possibility that temporal sequences could be
encoded as conditionals. Such temporal sequences are known
to be frequently learned as causal relationships,’® and condi-
tional propositions are often used to represent such relation-
ships.?” Given these findings, it is possible that participants in
this study associated the learned sequences with causal rela-
tionships, which were subsequently represented as conditional
propositions.

Second, and more importantly, even if it is unclear whether
the temporal sequences were encoded as conditional proposi-
tions, there is considerable research demonstrating that infer-
ences like the affirming-the-consequent fallacy can still occur.
Numerous studies have demonstrated that from a sequential
order like “A is followed by B,” participants can infer both “If
A, then B” (modus ponens) and “If B, then A” (affirming the
consequent),”4710:12:33,35.98-106 Thage studies support the
notion that inferences like the affirming-the-consequent fallacy
can occur even when temporal sequences are not explicitly
represented as conditional propositions. Thus, we argue that
the results of this study are also applicable to the affirming-
the-consequent fallacy.

Another limitation of this study is that it does not provide
direct evidence as to why the affirming-the-consequent fallacy
is unique to humans. This fallacy is thought to be specific to
humans and mostly absent in non-human animals."" Both hu-
mans and non-humans rely on memory for their thinking pro-
cesses, and memory representations serve as the basis of
inference and intelligence.'®’ Differences in inferential process-
ing between humans and animals may arise from variations in
memory systems. Human memory appears to differ qualita-
tively from animal memory.'°® While humans can form a mem-
ory of the reversed relation after learning a transitive rela-
tion,°%"""" chimpanzees, for example, do not exhibit this
ability.* In humans, the relationships between multiple mem-
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ories change over time."'?~'"® Indeed, memories are integrated
with the passage of time.>® The ability to reconstruct memory
scenarios by integrating memory and semantic information
may be unique to humans."'® Non-human animals are unable
to embed memories into future contexts or link present events
to future events, resulting in context-independent memory rep-
resentations.'%®""” Moreover, while humans have concept
cells that respond to concepts at the single-cell level,"'® such
neurons have not been found in other species.'®” These studies
argue that there is a potential to explain uniquely developed
cognitive abilities in humans, such as knowledge generalization
and creative thinking.'®” Human-specific memory systems
might contribute to inference, such as the affirming-the-conse-
quent fallacy. However, further research is needed to conclude
whether the memory integration observed in this study is
unique to humans.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

The number of participants was determined based on recruitment numbers in recent implicit memory research, which typically in-
volves around 30 participants.®”"''° For each experiment, a total of 30 participants were included in the analysis. Participants
were randomly assigned to each experiment.

Experiments 1a, b, and ¢ had 31 (17 women and 14 men, age range 18-23), 30 (14 women and 16 men, age range 18-23), and 31
(13 women and 18 men, age range 18-24) participants, respectively. One participant from Experiment 1a and the other participant
from Experiment 1c were excluded from the analysis due to their performance on a cover task in the exposure phase falling below the
95% accuracy criterion, with accuracies of 92.0% and 89.0%, respectively. Experiment 2 had 30 participants (12 women and 18
men, age range 18-22). Experiment 3 had 30 participants (12 women and 18 men, age range 20-25). Experiment 4 had 34 partici-
pants (13 women and 21 men, age range 20-31), but four participants were excluded from the analysis for the following reasons: one
participant had an arachnoid cyst, two participants encountered an MRI system error and a program error, respectively, and one
participant self-reported experiencing headaches and numbness in the arm during the scan, as well as misunderstanding the instruc-
tions. Personal details, including ancestry, race, and ethnicity, were not collected. No gender-related effects were observed in the
results.

All participants in the current study had normal or corrected-to-normal vision and were not aware of the purpose of the experiment.
Written informed consent was obtained from all the participants before enrollment in the study. Experimental protocols were
approved by the institutional review boards (Wako3 2019-25).

METHOD DETAILS

Experimental paradigm

In this study, we combined an established paradigm used for the investigation of the affirming-the-consequent fallacy with a
protocol used in implicit memory research. This paradigm aimed to investigate the roles of memory in the affirming-the-consequent
fallacy while minimizing the effects of explicit reasoning during the recognition of learned transitive relations and controlling for the
potential influence of strategic or intentional rehearsal during encoding and post-encoding periods. In this paradigm, fixed transitive
relations are repeatedly presented unbeknownst to participants. Indeed, participants were kept unaware of the presentations of the
relations while implicit memory of the relations was formed,*>*>~>" thereby minimizing the involvement of explicit reasoning in the af-
firming-the-consequent fallacy. Furthermore, this paradigm prevents rehearsal by participants during the post-encoding period. Pre-
vious studies have provided evidence for the beneficial effects of rehearsal on memory consolidation.'?! Other studies have demon-
strated that rehearsal facilitates memory modification, reconstruction, and the integration of old and new memories.®* 222> Thus, itis
important to avoid the contamination of rehearsal effects so that observed memory changes over time can be attributed to the passage
of time. An implicit memory paradigm is well-suited for ensuring this due to its incidental and implicit nature.**® The detailed design
and procedures are described below in each experiment’s section.

4,12,27-30

Experiment 1a

Apparatus

Stimulus presentation was controlled by MATLAB (The MathWorks, Inc., Natick, MA, USA) with Psychophysics Toolbox."'*'?° The
visual stimuli were presented on an LED monitor (ViewSonic VX2263SMHL, 20 x 14 in.) with a resolution of 1280 x 768 pixels and a
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refresh rate of 60Hz. The position of the participant’s head was fixed with a chin rest at a visual distance of 57cm from the monitor.
Responses were made on a standard computer keyboard.

Stimuli

Forty-eight sequences, each consisting of three objects (e.g., ABC, DEF, GHI), were generated for each participant by combining im-
ages of manmade and natural objects. Each participant had a unique subset of 144 objects (72 objects per category) that were
randomly selected from the 392 objects (196 objects per category). These images were collected from the database,'* as well as
from Google image search, and photographs taken by the experimenter and friends. Objects were cut out from the images and had
no background. Object sequences were generated from the subset to counterbalance the different combinations of object categories.
For example, there were 6 unique sequences for the combination of "manmade-manmade-natural," and the number of sequences was
equal for each of the 8 possible manmade/natural combinations of three objects. This resulted in 48 object sequences for each partic-
ipant, with no overlap in objects. The sequences were presented at the center of the display, within 8 degrees of visual angle.
Design and procedure

Exposure phase. Participants were presented with a series of objects, and their task was to judge whether the current object was
manmade or natural (i.e., cover task) as accurately as possible by pressing a key on the keyboard. Participants were instructed to
maintain a 95% accuracy in the cover task. For incorrect or no responses, participants heard a low-pitched sound. Stimulus-onset
asynchrony and interstimulus interval of each object were 1.5 s and 0.75 s, respectively, resulting in each image being presented for
0.75s.

The experiment began with a practice phase with 30 objects that were randomly generated from the 392 objects, followed by a
10-block exposure phase. Unbeknownst to the participants, each of the 48 object sequences appeared once in every block during
the exposure phase. Presenting each sequence 10 times in the exposure phase was intended to induce incidental learning in the
participants. The sequences were presented in a random order within each block (e.g., ABCXYZGHILMNDEF ...).

Test phase. Before starting the test phase, participants were informed that some sequential patterns had been presented repeat-
edly during the exposure phase. On each trial in the test phase, participants were presented with a forward and a new sequence (e.g.,
ABC vs. AEIl). They were asked to report which of the two sequences they had already seen during the exposure phase. The order of
the two sequences was randomized for each trial. Stimulus-onset asynchrony and interstimulus interval of each object were identical
to those in the exposure phase. There was no time limit on the RT.

New sequences were constructed by combining the first, second, and third items from different forward sequences to match the
object category (manmade/natural) orders within that trial. For example, the new sequence, AEI, was generated by combining three
forward sequences, ABC, DEF, and GHI. Additionally, if the object category of the forward sequence was manmade-manmade-man-
made, then the new sequence in that trial was also manmade-manmade-manmade.

The test phase was conducted on two separate days: the first test phase was conducted immediately after the exposure phase,
and the second test phase was conducted 24 h after the start of the exposure phase. The test phase on each day consisted of 24
trials. If the same sequences were used in both the first and second test phases, performance in the second test phase could be
affected by the first test phase due to memory reconstruction through reactivation mechanisms.'#%'?":'2¢ One possibility is that
learning could occur with the sequences used in the first test phase, potentially improving performance in the second test phase.
Another possibility is that the first test phase might result in integration of memories, leading to a decline in performance during
the second test phase. To rule out these possibilities of learning between the two test phases, we used only half of the 48 sequences
from the exposure phase for each test phase. In other words, each sequence was used either in the first or second test phase and
never appeared on two consecutive days. For example, if the sequence "teapot — wheel — flower" was used on the first day, this
sequence was not used again on the second day.

Reaction time analysis
Trials with RTs over 10 s were excluded as outliers. On average, 0.2% of trials were excluded across participants in Experiment 1.

Experiment 1b

The apparatus, stimuli, design, and procedure were identical to those in Experiment 1a, with the exception that in the test phase,
participants were presented with backward and new sequences (e.g., CBA vs. IEA) on each trial. These sequences were constructed
as follows. First, forward and new sequences were generated using the same method as in Experiment 1a. Second, the generated
sequences were reversed in their sequential orders.

Experiment 1c

The apparatus, stimuli, design, and procedure were identical to those in Experiments 1a and b, with the exception that in the test
phase, participants were presented with forward and backward sequences (e.g., ABC vs. FED) on each trial. On each trial, the original
sequence of the backward sequence (e.g., DEF) was randomly selected from those that matched the object category order (man-
made/natural) of the forward sequence.

Experiment 2

The apparatus, stimuli, design, and procedure were identical to those in Experiments 1a, b, and ¢, with the exception that the test
phase on each day consisted of one block of 24 trials containing the forward and backward sequences (e.g., ABC vs. FED), and

e2  iScience 28, 111889, February 21, 2025



iScience ¢? CellPress
OPEN ACCESS

another block of 24 trials containing the forward and new sequences (e.g., ABC vs. AEl). The backward and new sequences were
generated using the same method as in Experiments 1a and 1b. The order of the two blocks was counterbalanced across partici-
pants. In the RT analysis, trials with RTs over 10 s were excluded as outliers. On average, 0.5% of trials were excluded across
participants.

Experiment 3

The apparatus, stimuli, design, and procedure were identical to those in Experiments 1a, b, and c, with the exception that in the test
phase, participants were asked about recognizing two-object pairs instead of three-object sequences. The aim of this experiment is
to test whether each sequence is learned based on temporal proximity among items in the sequence, rather than temporal order or
neighboring elements. For this aim, it is necessary to eliminate transitive and neighboring elements from the stimuli used in the test
phases of this experiment. Thus, we avoided using three-object sequences such as BCA or CAB because transitive elements like
BC or AB remain. Similarly, sequences such as BAC or ACB were not used because neighboring elements like BA or CB are still present.
Even with pairs, we avoided combinations such as AB or BC, as they include transitive elements. We specifically used CA as a stimulus
to test the effects of temporal proximity as this stimulus does not have either transitive or neighboring elements. Each trial consisted of
the temporal-proximity pair and a new pair (e.g., CA vs. IA) in randomized pair order. Objects in each temporal-proximity pair were the
third and first items from a forward sequence (i.e., backward sequence without middle item), while the new pair objects were random
third and first items of different sequences. The object category (manmade/natural) order was matched between the pairs in each trial.

Experiment 4

In the exposure phase, the apparatus, stimuli, design, and procedure were identical to those in the above experiments. Both the first
and second test phases were conducted in an MRI scanner. The visual stimuli were projected onto a frosted glass screen placed
above the subject’s head with a resolution of 1920 x 1080 pixels and a refresh rate of 60 Hz. The visual angle from the object
size was identical to those in the exposure phase. The test phase on each day was divided into 4 fMRI runs ("run" of 194 s, corre-
sponding to a total of 194 echo-planar imaging (EPI) volumes, 176 volumes for the task and 8 volumes for blanks before and after the
task), each with 6 trials (24 trials in total per each day). Throughout the runs, participants were presented with forward and backward
sequences (e.g., ABC vs. FED) as in Experiment 1c, and were asked to report which of the two sequences they had seen during the
exposure phase. Participants saw this question on the screen and delivered an answer within 1.5 s using an MRI-compatible button
box. Stimulus-onset asynchrony and interstimulus interval of each image were identical to those in the exposure phase (1.5 s and
0.75 s), but the inter-sequence intervals (ISls) and intertrial intervals (ITls) were varied with a range of 2-12 s and 2-15 s, respectively,
to jitter the onsets of each sequence for deconvolving event-related fMRI activity.

MRI data were acquired by using a 3T MRI scanner (Prisma, Siemens Medical System) using a 64-channel head coil at the RIKEN
Center for Brain Science. Functional images were collected by using an EPI sequence with an echo time (TE) of 30 ms, a repetition
time (TR) of 1,000 ms, a flip angle (FA) of 64°, a field of view of 192 x 192 mm?, a matrix size of 64 x 64, a slice thickness of 3 mm, with
51 contiguous slices oriented parallel to the AC-PC line, an acceleration factor of 2 for the GRAPPA parallel imaging technique, '*° and
a multi-band factor of 3. Throughout the entire fMRI session, we confirmed that participants were awake by monitoring their eyes. In
addition, their respiratory and cardiac signals were collected by using a pressure sensor and a pulse oximeter, respectively. Prior to
the fMRI session, whole-brain anatomical scans were acquired using a 3D T1-weighted MPRAGE "*° with a resolution of 1 x 1 x
1 mm? (TR = 1,820 ms, TE = 2.74 ms, inversion time = 917 ms, FA = 8°).

Functional images were corrected for head motion using the AFNI command 3dvolreg."®" Physiological noise was removed based
on the participants’ respiratory and cardiac signals collected during the test phase.'** We conducted the removal of slow drift com-
ponents and spike noise related to head motion and slice scan time correction with the first slice as a reference using in-house soft-
ware. No spatial smoothing was applied. Subsequently, the functional images were co-registered to each participant’s T1 anatomical
images using SPM12.

A standard GLM analysis using SPM12 was conducted. Six events (forward sequence, backward sequence, ISI, key press
response, ITl) were modeled as regressors separately for the first and second days. For each voxel, the signal timecourse was re-
gressed against a timecourse of predicted fMRI signal responses created by convolving a canonical haemodynamic response func-
tion with the regressors. The response intensity for each ROl was then calculated by averaging beta values for the events across the
voxels of the ROI. The fMRI activities for the forward and backward sequences were defined as the contrasts between these two
events and ITl as a baseline.

ROIs were functionally defined with NeuroSynth, a meta-analytic tool for identifying loci of activation from published fMRI
studies.”” Using a term-based meta-analysis in NeuroSynth database (https://neurosynth.org), We defined regions found with the
search term "recognition memory" with a higher threshold of p < 0.0001 (z > 4.0) and a spatial extent cluster size of more than 30
voxels as the memory network in this study. This memory network contained 14 regions. These 14 regions were used as ROls in
this study.

The segmentation of the hippocampus was performed using ITK-SNAP®® and the ASHS toolbox.®* ASHS was run with the ASHS-
PMC-T1 atlas,'®® and the anterior and posterior parts of the hippocampus were anatomically defined on each participant’s T1-
weighted image.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using MATLAB and R. One-sample t tests and paired t tests were used to analyze differences in
participants’ choices across conditions in all experiments. A two-way ANOVA was conducted to examine interactions between trial
type and day in Experiment 2, while in Experiment 4, two-way ANOVAs were performed to analyze interactions of fMRI activity by
sequence type and day for each ROI. Bonferroni correction was applied for all multiple comparisons. The sample size (n), defined
as the number of participants included in the analysis, was 30 for each experiment after exclusions. Exclusion criteria are detailed
in the experimental model and study participant details section. The statistical details of the experiments can be found in the results
section. In the results figures (Figures 3, 4, 5, and 6, S2, and S3), data are presented as horizontal lines representing group means,
with dots indicating individual participant values. Error bars represent standard errors of the mean. A nominal significance threshold
of o < 0.05 was used. No methods were used to assess whether the data met the assumptions of the statistical approach.
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