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Abstract

Episodic counterfactual thinking (ECT) consists of imagining alternative outcomes to
past personal events. Previous research has shown that ECT shares common neural
substrates with episodic future thinking (EFT): our ability to imagine possible future
events. Both ECT and EFT have been shown to critically depend on the hippocam-
pus, and past research has explored hippocampal engagement as a function of the
perceived plausibility of an imagined future event. However, the extent to which the
hippocampus is modulated by perceived plausibility during ECT is unknown. In this
study, we combine two functional magnetic resonance imaging datasets to investi-
gate whether perceived plausibility modulates hippocampal activity during ECT. Our
results indicate that plausibility parametrically modulates hippocampal activity during
ECT, and that such modulation is confined to the left anterior portion of the hippo-
campus. Moreover, our results indicate that this modulation is positive, such that
increased activity in the left anterior hippocampus is associated with higher ratings of
ECT plausibility. We suggest that neither effort nor difficulty alone can account for
these results, and instead suggest possible alternatives to explain the role of the

hippocampus during the construction of plausible and implausible ECT.
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In the past two decades, a substantial amount of neuropsychological
and neuroimaging research has revealed that our capacity to imagine
possible future personal events (episodic future thinking [EFT]) shares
common neural structures with our capacity to imagine possible ways
past personal events could have occurred but did not (episodic coun-
terfactual thinking [ECT]; Schacter et al., 2015). The neural structures
common to these two kinds of episodic hypothetical thoughts largely
overlap with core regions of the brain's default mode network, includ-
ing the hippocampus (De Brigard, Addis, et al., 2013). Indeed, evi-
dence suggests that individuals with schizophrenia, who show marked

hippocampal volumetric reduction, present parallel deficits in EFT and
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ECT (Hooker et al., 2000). Likewise, individuals with hippocampal
amnesia also show parallel difficulties in EFT and ECT (Mullally &
Maguire, 2014). And more recently, it has been shown that patients in
relapsing-remitting stages of multiple sclerosis show deficits in
EFT and ECT predicted by a lack of white matter integrity in the
hippocampal portion of the cingulum (Ayala et al., 2022).

Despite these commonalities, both EFT and ECT differ along sev-
eral dimensions (De Brigard & Parikh, 2019). One such dimension, for
instance, is temporal. Although both EFT and ECT involve hypotheti-
cal events, the former involves thoughts about possible future epi-
sodes while the latter involves thoughts about possible past events.
Exploring differences along this temporal dimension for both EFT and

ECT has been the subject of a number of behavioral and neuroimaging
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studies (for reviews, see De Brigard & Parikh, 2019; Schacter
et al., 2015). Less explored, however, is the modal dimension: the
degree to which an imagined hypothetical event is perceived as
more or less plausible. Although some studies have explored this
dimension behaviorally (e.g., De Brigard, Addis, et al., 2013; Szpunar &
Schacter, 2013, De Brigard et al., 2013), much less is known about its
neural effects. Moreover, prior research on the effect of plausibility
on hippocampal activity during EFT has yielded mixed results. Some
studies have shown increased activity for less plausible EFT (Weiler
et al., 2010), while others have shown that less plausible EFT are asso-
ciated with reduced hippocampal activity (Roberts et al., 2017). How-
ever, the extent to which perceived plausibility during ECT modulates
hippocampal activity is unknown.

Thus, the purpose of this study was to investigate the impact of
perceived plausibility on hippocampal activity during ECT. We analyzed
imaging data from two functional magnetic resonance imaging (fMRI)
experiments that involved a total of 53 participants (Experiment 1:
N =22, 14 female, M,ge = 22.68; SD = 2.97; Parikh et al., 2018;
Experiment 2: N = 31, 22 female, M,g. = 21.41; SD = 2.88; Khoudary
et al., 2022) who were asked to engage in ECT and rate the plausibility
of the imagined alternative events. Both experiments involved two ses-
sions. In session one, which occurred outside the scanner, participants
used a set of common event cues to generate a list of autobiographical
events (180 in Experiment 1; 80 in Experiment 2). Session two, which
occurred approximately 1 week later, took place in the scanner. Partici-
pants were cued with self-generated titles for their autobiographical
memories and were asked to mentally generate a counterfactual alter-
native for each memory. They constructed and elaborated upon the
counterfactual for a few seconds (12s in Experiment 1; 8s in
Experiment 2), and then rated it along several dimensions. Critically,
both experiments included a plausibility rating (1-7 scale in Experiment
1 and 1-4 scale in Experiment 2, with higher scores indicating greater
plausibility). Of note, Experiment 1 contained both episodic and seman-
tic counterfactuals. While this study modeled both the episodic and
semantic counterfactual conditions in first-level models, we only ana-
lyzed trials belonging to the episodic counterfactual conditions for the
parametric modulation assessment. Experiment 2, by contrast, involved

I

an “internal” versus “external” manipulation, whereby participants
were asked to engage in ECT by either imagining an alternative way
they could have acted (internal) or an alternative way in which some-
thing in the context of the event could have occurred differently
(external). Yet, since both conditions involved ECT, all trials in this
experiment were analyzed for parametric modulation. After all, our
main interest is to explore the role of hippocampal activity during ECT
in general, regardless of the content of the mental mutation. For details
on the preprocessing of fMRI data, read the Supporting Information.
Functional MRI data were modeled via univariate analyses using
FMRIB software library (FSL) (Jenkinson et al., 2012). For each subject
and run, we used a general linear model that included the onset and
duration of each counterfactual simulation and the subsequent rating
screens. We also included a regressor to model button presses associ-
ated with simulation construction and rating responses in order to

account for any motor-related activity. Each regressor was convolved

with a double-gamma hemodynamic response function. Crucially, to
examine whether perceived plausibility modulated hippocampal activ-
ity, we included a parametric regressor whose intensity value was mod-
ulated by the within-run z-scored plausibility ratings. The unmodulated
plausibility regressor, rating screen regressors, and their temporal deriv-
atives were also included as regressors in modeling each individual
functional run. Subsequently, we combined functional runs within each
subject, and extracted the hippocampal estimates using the bilateral
hippocampal region of interest (ROI) from the Harvard-Oxford subcor-
tical atlas (Figure 2a). Additionally, we extracted hippocampal subareas
estimates using both the anterior and posterior hippocampal masks
from the Brainnetome Atlas, which utilizes functional and structural
connectivity data to generate these parcellations (Fan et al., 2016).

Subjects with z-scores greater than 2.9 or smaller than —2.9 on the
ROI estimates were excluded, as this was the most extreme value across
experiments, meaning that no subjects were removed from Experiment
1, and only one from Experiment 2. Statistical analyses were performed
in R (Version 4.0.2); linear mixed-effects models were fit with the Ime4
package (Bates, 2015), significance values for the fitted coefficients were
estimated with the ImerTest package (Kuznetsova et al., 2017), and visu-
alizations were made using ggplot2 (Wickham, 2011). The linear mixed-
effects model included the hippocampal hemisphere as a fixed factor
and nested participants within-experiment as random factors, which
allowed us to have a separate intercept for each experiment. We then
conducted a Student's t-test to test the activity of the left and right hip-
pocampus separately for each experiment, contrasting the region of
interest (ROI) values against O.

Ratings of plausibility are plotted in Figure 1. For Experiment 1,
the mean rating of plausibility for ECT was 4.5 (SD =0.91,
SEM = 0.16), whereas for Experiment 2, the mean rating was 2.71
(SD = 0.39, SEM = 0.08). The mixed-effects model in which we
grouped the effect of the parametric modulation analysis of both fMRI
experiments revealed that the right hippocampal ROI was not signifi-
cantly different from O (modeled as the intercept; b = 0.61, t(1.06)
= 0.9, p = .52), whereas the left hippocampal ROl showed a positive
effect (b = 0.62, t(51) = 2.39, p = .02). To further probe this result,
we used t-tests to examine hemispheric effects independently in each
study. As shown in Figure 2, The right hippocampal ROI was not sig-
nificantly different from O in Experiment 1 (t(21) = 1.51, p = .15) or
Experiment 2 (t(29) = 1.23, p = .227). By contrast, the left hippocam-
pal ROl was significantly greater than O in both Experiment 1 (t(21)
= 2.12, p = .046) and Experiment 2 (t(29) = 2.23, p = .034).

We also separately examined if plausibility modulated the ante-
rior or posterior subareas of the hippocampus. In Experiment 1 (t(21)
= 2.38, p = .027) and Experiment 2 (t(29) = 2.49, p = .021), only the
anterior subareas of the left hippocampus was positively parametri-
cally modulated by plausibility. However, no significant modulation
was observed in the posterior subareas of the left hippocampus
(Experiment 1: t(21) = 1.57, p =.13; Experiment 2: t(29) = 1.94,
p = .06). Likewise, no significant modulation was observed for either
the anterior or the posterior subareas of the right hippocampus (all p-
values >.12, see Supporting Information for details). In summary, we

found that perceived plausibility of an imagined counterfactual event
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FIGURE 1 Proportion of
trials for each plausibility rating
averaged across subjects. Error
bars represent standard error or
the mean.
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FIGURE 2 (a) Bilateral hippocampal ROl mask used to extract parameter estimates. The color red represents the mask used to extract the
average values of both the left and right hippocampal hemispheres (only the right hemisphere mask is displayed). Cyan and blue represent the
masks for extracting values from the anterior and posterior subareas of the hippocampus, respectively (only the left hemisphere masks are
shown). (b) Average value for the hemispheric parameter estimates from the plausibility parametric modulation analysis, as a function of
hippocampal ROI and experiment. Only the left hippocampus exhibited a significant increase in activation with greater plausibility ratings.

(c) Average value of the parameter estimates for the left anterior and left posterior hippocampal subareas. For both experiments, the increase in
activation with greater plausibility was restricted to the anterior subareas. Error bars represent the standard error of the mean. *p < .05.

parametrically modulated activity in the anterior subareas of the left
hippocampus during the generation of an episodic counterfactual sim-
ulation, with neural activity increasing as a function of increased per-
ceived plausibility, but we observed no modulatory effect in the right

hippocampus.

In order to confirm the left lateralization of the parametric

modulation of hippocampal activity as a function of plausibility, we

followed the approach of van Mulukom et al. (2013) and computed a
laterality index (LI; Wilke & Lidzba, 2007) for the anterior subareas of
the hippocampus. This index measures the asymmetry of brain
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activation by calculating a ratio based on the number of voxels that
surpass a bootstrapped threshold in each hemisphere. LI values range
from —1 (indicating right-lateralized activity) to +1 (indicating left-
lateralized activity). Consistent with the above results, in both Experi-
ment 1 (LI = 0.58) and Experiment 2 (LI = 0.42) we found evidence of
left lateralization of the parametric modulation of plausibility in the
hippocampus.

Taken together, our findings indicate that as ratings of perceived
plausibility of an episodic counterfactual episode increase, so does
activity in the anterior subareas of the left hippocampus. These results
contribute to a growing body of literature characterizing neural differ-
ences between types of episodic hypothetical thoughts. Specifically,
we address an empirical gap concerning how plausibility modulates hip-
pocampal activity during ECT. Because plausibility is a key dimension
along which types of hypothetical thoughts can differ, it may be helpful
to compare our findings with related results about the effect of per-
ceived plausibility on hippocampal activity during EFT (an important
comparison class of hypothetical thoughts that we did not empirically
investigate in the present work). In one study, Weiler et al. (2010)
asked participants to engage in EFT with general cues, and they found
that right anterior hippocampal activity was negatively modulated by
perceived plausibility, so that the more implausible the EFT, the more it
recruited the right anterior portion of the hippocampus. They inter-
preted this finding as suggesting that implausible EFT demands more
binding of unconnected episodic details than those perceived as plausi-
ble, and this increase in demands drives the increase in hippocampal
activity. This explanation, however, is not available for our results, as
they show a positive modulation instead. If the parametric increase in
hippocampal activity as a function of perceived plausibility were to
reflect increased binding demands during episodic simulation, then it
should have been observed during ECT too, as presumably an implausi-
ble ECT requires the binding of episodic details that are more distantly
associated with the original episodic memory than a plausible ECT
(De Brigard et al., 2021; De Brigard & Parikh, 2019).

Interestingly, in a more recent study by Roberts et al. (2017), when
participants engaged in EFT involving components that were coherent or
congruent with each other, and thus were judged as more plausible, activ-
ity in the hippocampus was greater relative to when they engaged in less
plausible EFT involving incongruent components. The inconsistency
between these two findings (Roberts et al., 2017; Weiler et al., 2010) sug-
gests that perceived plausibility during episodic hypothetical thinking—
which both EFT and ECT belong to (De Brigard, 2014)—is likely more
than just a matter of detail or effort. Extant evidence shows, for instance,
that although difficulty affects perceived plausibility during ECT, it is not
identical to it (Byrne, 2016). Moreover, the results from Khoudary et al.
(2022) show that the association between perceived plausibility and diffi-
culty during simulation is only moderate (Rf =0.3, see Supporting
Information for details), corroborating that there is quite a bit of vari-
ance that is not shared by these two dimensions. Likewise, extant
behavioral and neural evidence also suggest that, although related,
the amount of detail experienced during the episodic simulation does
not fully correlate with perceived plausibility, as it is possible to ima-

gine detailed implausible hypothetical events (De Brigard et al., 2021).

This claim is supported by data from Experiment 1, in which the level
of detail of an ECT shows only a weak association with its plausibility
(Rf =0.16, see Supporting Information for details).

Fully appreciating the role of plausibility in modulating hippocam-
pal activity during episodic hypothetical simulations perhaps requires
researchers to move away from simple accounts in terms of difficulty
or amount of detail. Instead, we think that a useful strategy is to relate
research in episodic simulation to extant computational models of
plausibility in hypothetical thought, which suggest that plausibility
relates to norm-violation (Phillips et al., 2019) as well as conceptual-
coherence with prior knowledge (Connell & Keane, 2006). Since the
hippocampus has been associated with both statistical and categorical
learning (Schapiro et al., 2017), we think that a fruitful avenue for
future research would be to explore the role of prior-knowledge and
conceptual-coherence in the generation of both ECT and EFT.

Our results also suggest that there may be lateralized effects of
plausibility in hippocampal activity during episodic hypothetical think-
ing. Although studies on EFT have shown preferential modulation of
the right, as opposed to left, hippocampus during EFT generation
(Addis et al., 2011; Addis & Schacter, 2012; Martin et al., 2011), it is
unclear if this lateralization is due to the temporal direction of the epi-
sodic simulation, or if there is something specific to the content of the
hypothetical thoughts that were generated. Further studies directly
contrasting EFT and ECT may be able to shed light on this issue.

Finally, it is worth mentioning a few limitations of this study. First,
although differences in detail and emotion likely cannot account for all
of the variance in judgments of plausibility, these are important dimen-
sions that we could not include as regressors in this study, but that
likely should be included in future research. Second, the semantics of
modal terms such as “plausible,” “likely,” “necessary,” and “possible”
are notoriously complex (Portner, 2009). As such, it may be possible
that people interpret the notion of “plausibility” differently depending
on whether they are thinking about EFT or ECT. Extant evidence sug-
gests that people have no difficulty in judging counterfactual thoughts
as more or less plausible (e.g., De Brigard et al., 2021), but further
research should explore the hypothesis that these terms could be used
systematically differently depending on the kind of hypothetical simula-
tion. Finally, it may be possible that the differential contribution of the
hippocampus during ECT and EFT is in turn influenced by functional
connections with other brain regions. Future studies exploring this
question should consider using connectivity analysis, and other whole-
brain approaches, to further understand the role of the hippocampus

during these two kinds of episodic hypothetical simulations.
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