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ABSTRACT

KEYWORDS

Traditionally, it has been assumed that logical thinking requires deliberation. However, people can
also make logical responses quickly, exhibiting logical intuitions. We examined the neural correlates
of logical intuitions by administering base rate problems during fMRI scanning using a tworesponse paradigm where participants ﬁrst responded quickly and then reﬂectively to problems
that did or did not pit a normative response against an intuitively-cued stereotypical response
(i.e., conﬂict vs. non-conﬂict problems). As predicted, participants were less likely to make
judgments in accordance with base rates on conﬂict problems. Critically, in only 4% of cases did
longer deliberation change an initially biased response to a normatively correct response. The
fMRI data revealed that intuitively-made initial biased judgments nevertheless activate regions
typically involved in cognitive control, executive functions and attention, including anterior,
inferior, middle and superior frontal cortex, suggesting that even when errors are made, there
might be very early awareness of conﬂict.

Heuristics and biases; baserate neglect; two-response
paradigm

1. Introduction
One of the most enduring beliefs in psychology
involves the idea that logical thinking requires
eﬀort, consistent with the common belief that following logical or mathematical rules is hard (Kahneman,
2011). This idea is perhaps most evident in dualprocess theories of thinking, reasoning, and judgment and decision making where an intuitive mode
of thinking (System 1) is contrasted with a deliberative mode of thinking (System 2). Although dualprocess theories come in many diﬀerent ﬂavours, a
central theme that runs through this literature is
that thinking is susceptible to bias in cases where a
conﬂict exists between an intuitively-cued but logically incorrect response, and a normatively correct
response that requires deliberation for implementation. Consider the following logical argument (i.e.,
syllogism) that consists of two premises followed by
a conclusion: All things that are smoked are good
for the health; Cigarettes are smoked; Conclusion:
Cigarettes are good for the health (taken from
Toplak et al., 2014). Although by virtue of its format
this is a valid argument, people tend not to accept
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the conclusion as valid because its content contradicts with their beliefs. In such cases, unless motivation and cognitive ability exist in support of a
reﬂective thinking style to override the intuitivelycued response, one’s thinking will be led astray,
leading to biased (i.e., logically and/or normatively
incorrect) responding.
Indeed, many standard paradigms in experimental
psychology (e.g., belief bias, base-rate neglect, balland-bat problems) have been designed speciﬁcally
to instantiate a conﬂict between intuitive and deliberative modes of thinking (see De Neys & Pennycook,
2019). The results from this large body of literature
have demonstrated that in many cases thinking in
accordance with logical and probabilistic principles
requires time-consuming, deliberative processing
(e.g., Evans, 2008; Stanovich & West, 2000). Furthermore, because there is a tendency to minimize
demanding computations, most participants tend to
opt for the intuitively-cued responses, rather than
engage in the additional information processing
necessary for logical thought (Evans & Stanovich,
2013; Kahneman, 2011). As such, unless such
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deliberate computations are performed to override
the intuitively-cued response, people will not
respond in accordance with logical and probabilistic
norms (Stanovich & West, 2000).
An important feature of such dual-process
accounts is that logical and normative thinking
requires time. Guo et al. (2017) made an important
contribution to this literature by focusing on the
impact of time pressure on a classic eﬀect from judgment and decision making, namely framing. Speciﬁcally, in accordance with theories of rational choice,
a person’s choices should be description invariant—
meaning that if the expected value of two outcomes
is the same, then one’s preference for those outcomes
should not vary depending on the description of the
problem. However, there is substantial evidence to
suggest that in the context of risky choices, people’s
preferences are aﬀected by the description of the
problem (Kahneman & Tversky, 1979; Tversky & Kahneman, 1981). In the context of three experiments,
Guo et al. (2017) used time pressure to assess the
accuracy of two competing explanations of this
framing eﬀect. On the one hand, some have argued
that the framing eﬀect arises as a function of a deliberative process, growing larger with time. On the
other hand, in accordance with dual-process theory,
framing eﬀects are hypothesized to occur due to an
intuitive mode of thought that responds automatically to stimuli. By systematically manipulating time
pressure, the researchers were able to show that
framing eﬀects increased under time pressure, supporting the dual-process account. Their results
demonstrated that people’s thinking is more likely
to deviate from the axioms of rational thinking if
they are given less time for deliberation (see also
Evans & Curtis-Holmes, 2005; Lawson et al., 2020).
1.1. Awareness of conﬂict
Despite the evidence presented above, some
researchers have begun to reconsider some key
tenets of the dual-process account. First, it is generally
assumed that in heuristics and biases tasks, biased
responding occurs outside of the window of awareness. In other words, people violate logical and probabilistic norms without being aware that they have
done so. However, there is now growing evidence
to suggest that this might not necessarily be the
case. For example, behavioural studies have

demonstrated that participants have lower conﬁdence in their choices and deliberate longer when
they make normative errors in conﬂict problems (De
Neys, 2012; De Neys & Glumicic, 2008). Such ﬁndings
demonstrate that biased reasoners exhibit some sensitivity to rule violations. Importantly, this sensitivity
to conﬂict is also apparent under time pressure and
cognitive load (De Neys, 2017), suggesting that even
when deliberative processing is not possible, sensitivity to conﬂict is nevertheless present.
Supporting these behavioural results, there is now
also evidence from brain imaging studies to suggest
that biased reasoners might be aware of normative
rule violations. De Neys et al. (2008) presented participants with various versions of base rate problems in
the magnetic resonance imaging (MRI) scanner while
functional scans were collected. On critical conﬂict
problems that pitted a normative response against
an intuitively-cued biased response, they found that
the anterior cingulate cortex (ACC)—a region strongly
linked to error detection and monitoring (e.g., Botvinick et al., 2004; Ridderinkhof et al., 2004a; van Veen
& Carter, 2006)—was activated even on trials when
participants made normatively incorrect responses.
From a neurological perspective, this suggests that
biased reasoners exhibited sensitivity to the presence
of conﬂict, despite their inability to override it. In contrast, on trials where normative responses were registered, in addition to the ACC, the right inferior frontal
gyrus was also activated, a region strongly linked with
cognitive, behavioural, and emotional inhibition (Aron
et al., 2003, 2004, 2014). This suggests that responding
in accordance with statistical norms requires not only
sensitivity to conﬂict, but in addition, the ability to
override the intuitively-cued biased response in
favour of rational norms.
There are two overarching conclusions that can be
drawn from this body of work. First, in cases where
there is a conﬂict between a normative response
and an intuitively-cued biased response, responding
in accordance with logical norms necessitates two
abilities: The ability to detect the presence of
conﬂict, as well as the ability to override the intuitively-cued biased response in favour of the normative response. The neurological evidence in support
of this argument is provided by the presence of activation in the ACC as well as in the inferior frontal
gyrus on trials when participants make the normative
response on conﬂict trials (De Neys et al., 2008).
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Speciﬁcally, this activation pattern is consistent with
the role of the ACC in conﬂict detection and error
monitoring, as well as the inferior frontal gyrus’ role
in inhibition. Thus, this body of work suggests that
biased responding does not necessarily result from
a failure to detect conﬂict. Rather, participants
might lack the necessary tools to override the
conﬂict in favour of normative responding. Second,
and of particular relevance for the present purposes,
the ACC was activated even on trials when participants made normatively incorrect responses—
deﬁned as responses that deviated from statistical
norms (i.e., base rates). What this ﬁnding suggests is
that the inability to respond normatively does not
necessarily mean that participants were unaware of
the presence of conﬂict. As such, the ACC activation
observed on such trials is inconsistent with theories
that posit that biased responding necessarily occurs
outside of the window of awareness.
1.2. Logical intuitions
A second line of evidence that has also led to a
reconsideration of the dual-process account presented above is that people appear to have the
ability to make sound logical or normative choices
intuitively (i.e., quickly and without deliberation).
Empirical support for such “logical intuitions” has
come mainly from the two-response paradigm,
which was designed to explore the time course of
intuitive and deliberative processing (Thompson
et al., 2011). In this paradigm, and in response to
problems that pit a normative response against an
intuitively-cued biased response, participants are
given two opportunities to respond—once quickly
based on their intuitions, and then again following
further deliberation. To ensure that the ﬁrst response
is generated intuitively, the experimenters make sure
that it occurs under time pressure, under cognitive
load, or both (Bago & De Neys, 2017; Newman
et al., 2017). Based on the value assigned to deliberation for arriving at logical and/or normative
choices, one would expect that participants would
be more likely to arrive at such choices when they
are given more rather than less time to deliberate
on the problem. Similarly, one might expect to see
many instances in which upon further reﬂection, participants change an initially incorrect response to a
logically or normatively correct response. In contrast
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to these predictions derived from dual-process theories, what the results of the two-response paradigm
have shown is that participants who gave a logical/
normative ﬁnal response (i.e., following deliberation)
had already done so in the initial response stage
(Bago & De Neys, 2017, 2019a). This suggests that
good reasoners do not necessarily deliberate
better; in fact, it might be that they have better
(logical) intuitions (Bago & De Neys, 2019a; Thompson et al., 2018).
Recent electrophysiological evidence derived from
event-related potentials (ERP) has supported the
notion of logical intuitions (Bago et al., 2018; Banks
& Hope, 2014). Speciﬁcally, while recording their electroencephalogram (EEG), Bago et al. (2018) presented
participants with base rate problems in which an
intuitively-cued stereotypical response was either
congruent (i.e., non-conﬂict problems) or incongruent
(i.e., conﬂict problems) with the normative response
that was cued by base rates. Because of the high temporal resolution of EEG, it is possible to determine
with a high degree of precision when a conﬂict
between base rates and intuitively-cued stereotypical
responses has been detected. The results demonstrated that when base rates and stereotypical
descriptions cued conﬂicting responses, there was
increased centro-parietal N2 (175-250 ms time
window) and frontal P3 (300-500 ms time window)
activity. Critically, the increased N2 activity for
conﬂict problems was observed regardless of
whether the participants responded correctly in
accordance with base rates or incorrectly according
to intuitively-cued stereotypical information. The
results from Bago et al. (2018) suggest that conﬂict
sensitivity can occur very early, without necessarily
the involvement of slow, deliberative processes.
Importantly, conﬂict sensitivity is present even when
participants have made normatively incorrect
responses, suggesting that despite suboptimal performance they might nevertheless be aware of the
presence of conﬂict.
1.3. Individual diﬀerences
An important and relatively recent development in
the literature on heuristics and biases involves a
growing appreciation of individual diﬀerences in susceptibility to biased reasoning. Speciﬁcally, a large
body of literature has now shown that individuals
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with greater levels of cognitive capacity and/or ability
and those with speciﬁc thinking styles are less likely to
fall prey to errors in thinking in such tasks (Pennycook
et al., 2014; Stanovich & West, 1998, 2000, 2008;
Toplak et al., 2011). For example, Toplak et al. (2011)
examined the contributions of cognitive ability and
thinking style to performance on a wide host of
tasks involving probabilistic reasoning, hypothetical
thought, theory justiﬁcation, scientiﬁc reasoning,
and the tendency to think statistically. Cognitive
ability was measured using the Wechsler Abbreviated
Scale of Intelligence (Wechsler, 1999), whereas the
disposition to think analytically was measured using
the Cognitive Reﬂection Test (CRT; Frederick,
2005)—an instrument designed to measure the propensity to suppress a fast intuitive response in
favour of a reﬂective, deliberative response. The
host of tasks that the experimenters focused on
were selected because they cued an intuitive but
incorrect response that needed to be overcome for
normative/logical responding. They found that CRT
scores were a unique predictor of performance on
such heuristics and biases tasks after controlling for
cognitive ability. Pennycook et al. (2014) reinforced
this conclusion by demonstrating that both cognitive
ability and CRT contribute positively to performance
on base rate problems.
Recently, Vartanian et al. (2018) investigated the
neural correlates of individual diﬀerences in performance on base rate problems. In Experiment 1, conducted outside of the MRI scanner, they
demonstrated that CRT scores predicted performance
on conﬂict problems, whereas short-term memory
(STM) span predicted performance on non-conﬂict
problems. Experiment 2, conducted in the MRI
scanner, replicated this behavioural dissociation. Furthermore, the results demonstrated that conﬂict problems were associated with greater activation in the
ACC—a key region for conﬂict detection—even in
cases when participants responded stereotypically.
This result replicated their earlier ﬁndings by demonstrating the presence of conﬂict sensitivity within ACC
even in cases of stereotypical responding (see De
Neys et al., 2008). In addition, from an individualdiﬀerences perspective, in participants with higher
CRT scores, conﬂict problems were associated with
greater activation in the posterior cingulate cortex
(PCC), and activation in PCC covaried in relation to
CRT scores during conﬂict problems. CRT scores also

predicted activation in PCC in conﬂict problems
(over and above non-conﬂict problems). Their
results suggested that individual diﬀerences in reﬂective thinking are related to brain activation in PCC—a
region involved in regulating attention between
external and internal foci (Leech & Sharp, 2014).
The overall take-home message from this body of
work is that because not everyone is susceptible to
base-rate neglect to the same extent, individual diﬀerences need to be taken into account for a more complete understanding of the psychological and
neurological underpinnings of this phenomenon. As
emphasized by De Neys and Pennycook (2019), the
examination of individual diﬀerences is also relevant
to our understanding of conﬂict sensitivity. For
example, although biased reasoners typically show
some form of conﬂict detection, some individuals
do not (Frey et al., 2018; Pennycook et al., 2015).
One possibility is that such individuals might not
have internalized or automatized the application of
the necessary logical knowledge (Stanovich, 2018).
Indeed, De Neys and Pennycook (2019) have argued
that people’s intuitive logical knowledge emerges
from a learning process in which over time, key principles have been practiced to a point where they
become automatic (De Neys, 2012; see also Kahneman, 2011; Shiﬀrin & Schneider, 1977; Stanovich,
2018). When this occurs, as is the case with good reasoners, the exercise of logical thinking becomes less
eﬀortful and can occur intuitively. Furthermore,
because logical thinking in adulthood is correlated
with a number of related abilities such as intelligence
and executive functions (Stanovich & West, 1998,
2000, 2008; Toplak et al., 2011), it is likely that their
development might beneﬁt from similar conditions
and exhibit similar trajectories. For example, it has
been shown that people who exhibit higher intelligence as young adults exhibit a speciﬁc pattern of
cortical maturation, characterized by a negative correlation between intelligence and cortical thickness in
early childhood but a positive correlation in late childhood and beyond—particularly in the frontal lobes
(Shaw et al., 2006). Because such longitudinal neurological data are currently not available in relation to
reasoning, the developmental emergence of intuitive
logical knowledge remains unknown. As such, further
work is necessary to understand why some people
can exhibit intuitive logic whereas others cannot.
Here lesion studies could prove useful, as they can
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shed light on neural structures that might be necessary for the developmental emergence of logical competence, including intuitive logic (see Goel, 2007).
1.4. Present experiment
The aim of the present experiment was to examine
the neural correlates of logical intuitions. Speciﬁcally,
our experiment was designed to test two predictions
derived from the literature discussed above. First,
dual-process theories posit that thinking in accordance with rational norms requires eﬀortful processing,
which in turn necessitates time to implement. We will
test that idea by examining whether people can
perform in accordance with rational norms under
time pressure, which limits the opportunity for
eﬀortful processing. Second, it has generally been
assumed that biased responding occurs outside of
the window of awareness. We will test that idea by
examining whether activation in regions of the
brain that are sensitive to the detection of error, cognitive control, executive functions and attention is
nevertheless present when people register intuitively-cued biased responses, suggesting that there
could be error sensitivity under such circumstances.
To do so, we administered base rate problems in
the MRI scanner using a two-response paradigm. Participants were instructed to respond—ﬁrst quickly
within 3 s and then reﬂectively following 6 more
seconds—to conﬂict and non-conﬂict problems.
Conﬂict problems pit a normative response against
an intuitively-cued stereotypical response, whereas
non-conﬂict problems do not. In addition, we also
administered a battery of cognitive ability (intelligence, simple working memory span [i.e., STM]), personality (Big Five), and thinking style (CRT) measures
to explore their correlations with performance on
conﬂict and non-conﬂict problems. We tested three
hypotheses: First, behaviourally, we hypothesized
that participants would exhibit logical intuitions.
Logical intuitions would be reﬂected by similar rates
of correct, normative responses regardless of time
pressure, and a low rate of response switches following deliberation. Second, behaviourally, we hypothesized that superior performance on conﬂict
problems, under time pressure or otherwise, would
be correlated with individual diﬀerences in cognitive
abilities and thinking styles. Third, from a neurological
perspective, we hypothesized that participants would
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already exhibit conﬂict sensitivity when they are
instructed to intuit and respond quickly, reﬂected by
brain activation in regions that underlie error detection, attention and cognitive control on initial
responses (compared to ﬁnal responses). These
regions have previously been shown to be activated
during reasoning when participants’ reﬂection is not
restricted (e.g., De Martino et al., 2006; De Neys et al.,
2008; Goel et al., 2000; Goel & Dolan, 2003; Houdé
et al., 2011; Prado et al., 2011; Prado & Noveck, 2007;
Stollstorﬀ et al., 2012; Tsujii et al., 2010; Tsujii & Watanabe, 2010; Vartanian et al., 2018). If the activation is
already observed for quick, initial responses, then this
would indicate that neural regions involved in detecting and overcoming conﬂict can be engaged in short
order and under time pressure (i.e., intuitively). Note
that we did not predict that the aforementioned
regions would be activated exclusively for the initial
response and not for the ﬁnal response. Rather, we predicted that their activation in that early phase would
be consistent with the idea that sensitivity to conﬂict
can be present early. Following Bago et al. (2018), we
expected this intuitive or initial response conﬂict sensitivity to be present even when participants would generate a biased response on conﬂict problems. In other
words, even in cases when people respond non-normatively, there may nevertheless be intuitive sensitivity
to conﬂict.

2. Method
2.1. Participants
The protocol for this study was approved by the
Human Research Ethics Committee of Defence
Research and Development Canada (DRDC). Twentyfour neurologically healthy right-handed participants
(21 males, 3 females) volunteered to participate in this
study following informed consent (M = 31.21 years
old, SD = 10.08).

2.2. Materials and procedure
Our experiment was conducted in two sessions. The
ﬁrst session involved the administration of all individual-diﬀerences measures to each participant in a
single session in our laboratory at DRDC (Toronto
Research Centre). We tested participants individually.
We administered two measures of simple working
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memory span (i.e., STM tasks), modeled after Harrison
et al.’s (2013) simple working memory span tasks. For
word (verbal) span, four-letter monosyllabic words
were presented one at a time on a monitor. After
each block of words, participants were prompted by
the software to recall the words they saw in the
order in which they were presented. Blocks ranged
from three to nine words. For spatial (matrix) span,
participants were presented with a 4 × 4 matrix
where one square (out of 16) appeared in red and
the rest in white. At the end of each block of matrices,
participants were instructed to recall the locations of
the red squares in the order in which they were presented. Blocks ranged from three to nine matrices.
The computer application provided a detailed
description of each task. Before beginning the ﬁrst
trial, the experimenter reviewed the instructions and
provided an example in each case to the participants.
Note that both the verbal and matrix span are socalled simple working memory span tasks that primarily tax short-term memory storage capacity (e.g., Harrison et al., 2013; Cowan, 2008; Unsworth & Engle,
2007). In addition, to assess the inhibition component
of executive functions, we administered the verbal
version of the Stroop task (Stroop, 1935) using a computer software for administering cognitive tasks
(Grushcow, 2008). For Stroop, the key metric was
the diﬀerence in RT between the correct identiﬁcation
of incongruent trials (e.g., the word RED presented in
blue) vs. the correct identiﬁcation of congruent trials
(e.g., the word RED presented in red).
Our measures of crystallized and ﬂuid intelligence
consisted of the Vocabulary (10 min) and Block Patterns (10 min) subsets of the Shipley-2, which were
in turn standardized into full-scale intelligence
scores (Shipley et al., 2009). We also administered
the seven-item version of the CRT, which built on Frederick’s (2005) original three-item version by adding
four more items (Toplak et al., 2014). This instrument
is designed to measure the propensity to suppress a
fast, intuitive response in favour of a reﬂective, deliberative response (e.g., A bat and a ball cost $1.10 in
total. The bat costs $1 more than the ball. How
much does the ball cost? Incorrect answer = 10
cents; correct answer = 5 cents). CRT problems are
believed to be ideal for probing the interplay
between heuristic and analytic thinking precisely
because the incorrect but intuitive response typically
appears immediately, which in turn must be

suppressed in favour of the correct and analyticallyderived response.
Finally, the participants completed the Big Five
Aspect Scales (BFAS, DeYoung et al., 2007). Although
we administered the BFAS in its entirety, from a theoretical perspective we were only interested in the Conscientiousness factor that is derived from two aspect
scales (i.e., Industriousness and Orderliness). Speciﬁcally, we reasoned that participants who score higher
on Conscientiousness and are therefore more organized, diligent, and industrious might be more likely
to invest more eﬀort in deliberation when given the
opportunity to reconsider an initial response.
Approximately 1–2 weeks after the ﬁrst session,
participants returned for their second session which
involved the acquisition of functional MRI scans at
York University’s MRI Facility (https://mri.info.yorku.
ca). The 48 base rate problems (24 conﬂict, 24 nonconﬂict) were selected from Pennycook et al.’s
(2014) item pool, and were the same items administered by Vartanian et al. (2018). The following instructions were read verbatim by the experimenter as the
participant viewed the text, prior to entering the
scanner:
In a big research project a large number of studies were
carried out where a psychologist made short personality
descriptions of the participants. In every study there
were participants from two population groups (e.g., carpenters and policemen). In each study one participant
was drawn at random from the sample. You’ll get to
see one personality trait of this randomly chosen participant. You’ll also get information about the composition
of the population groups tested in the study in question.
You’ll be asked to indicate to which population group
the participant most likely belongs. You will be presented with 48 trials in the fMRI scanner, each representing a separate study.
In the ﬁrst stage (indicated by a green border around the
question slide), we want you to respond with the very
ﬁrst answer that comes to mind. You don’t need to
think about it much. Just give the ﬁrst answer that intuitively comes to mind as quickly as possible. You will
have only 3 s to provide an answer!
Then, in the second stage (indicated by a red border
around the question slide), you will get more time (i.e.,
another 6 s) to reﬂect on the problem and enter your
ﬁnal response. In general this should allow you to
make up your mind. There’s no need to rush as much
in the second stage. Once you have made up your
mind after further deliberation, you can enter your
response.
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Your experimenter will review the instructions and
answer any questions you might have before you start.

After conﬁrming the participant understood the
requirements of the task, two practice problems
were presented for familiarization purposes. The following depicts a representative item from the 48item set (presented in the fMRI scanner):
This study contains:
Lawyers and clowns
Person “L” is argumentative
There are 3 lawyers/997 clowns
Person “L” is more likely to be:
1) Clown
2) Lawyer
On all problems, the base rate contrast between
the two categories was similarly extreme. After the
participants exited the scanner, they were instructed
to indicate their global conﬁdence level in the accuracy of their judgments for initial and ﬁnal responses
using a 0–100 scale (0 = not conﬁdent at all, 100 =
extremely conﬁdent).
Note that all problem content that was used in the
present study was extensively pretested in advance
(see Pennycook et al., 2015). Pennycook et al. made
sure that the words that were selected to cue a
stereotypical association did so consistently while
avoiding extremely diagnostic cues. Such a nonextreme, moderate association is important. For convenience and consistency with prior work we label
the response that is in line with the base rates as
the correct, normative response. Critics of the base
rate task (e.g., Gigerenzer et al., 1988) have long
pointed out that if reasoners were to adopt a Bayesian
approach and combine the base rate probabilities
with the stereotypical description, then this can lead
to interpretational complications when the description is extremely diagnostic. For example, imagine
that we have an item with males and females as the
two groups and give the description that Person “A”
is “pregnant”. Now, in this case, one would always
need to conclude that Person “A” is a woman, regardless of the base rates. The more moderate descriptions in the present study help to avoid this
potential problem. In addition, the extreme base
rates (997/3) that were used in the current study
further help to guarantee that even a very approximate Bayesian reasoner would need to pick the
response cued by the base rates (see Bago & De
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Neys, 2017). Having said this, with more moderate
base rates it is possible that incorrect responders
will no longer show conﬂict sensitivity (e.g., Bago &
De Neys, 2019b; Pennycook et al., 2015). In this
sense moderate base rates tend to make the task
more diﬃcult, possibly also resulting in more
conﬂict/control activation for correct responders.

2.3. Image acquisition and processing
Magnetic resonance images were acquired on a
Siemens MAGNETOM Prisma Fit 3 Tesla system (Erlangen, Germany). We obtained T1-weighted anatomical
images with the following parameters: repetition
time = 2300 msec, echo time = 2.62 msec, and voxel
size = 1 × 1 × 1 mm3, for a total of 192 axial slices covering the whole brain. For functional imaging, T2*weighted gradient-echo images were acquired with
the following parameters: repetition time = 1630
msec, echo time = 30 msec, ﬂip angle = 66°, ﬁeld of
view = 240 × 240 mm2, matrix = 120 × 120 voxels,
and voxel size = 2 × 2 × 2 mm3, for a total of 72 contiguous 2-mm thick axial slices positioned to cover the
whole brain. The ﬁrst six volumes were removed to
account for T1 equilibration eﬀects. In total, 510
volumes were acquired.

2.4. Statistical analysis
Data were analyzed using Statistical Parametric
Mapping (SPM12; www.ﬁl.ion.ucl.ac.uk/spm/). With
the exception of one participant whose head movement in the z-plane was approximately 3 mm in
either direction, head movement was within 3 mm
in all other cases. All functional volumes were spatially
realigned to the ﬁrst volume. A mean image created
from realigned volumes was spatially normalized to
the MNI EPI brain template using nonlinear basis functions. The derived spatial transformation was applied
to the realigned T2* volumes and spatially smoothed
with an 8-mm FWHM isotropic Gaussian kernel. Time
series across each voxel were high-pass ﬁltered with a
cut-oﬀ of 128 sec, using cosine functions to remove
section-speciﬁc low-frequency drifts in the BOLD
signal. Condition eﬀects at each voxel were estimated
according to the general linear model, and regionally
speciﬁc eﬀects were compared using linear contrasts.
The BOLD signal was modeled as a box-car, convolved
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with a canonical hemodynamic response function. We
applied a cluster-level correction within SPM12 for
determining statistical signiﬁcance. Speciﬁcally,
reported activations survived a voxel-level threshold
of p < .001 (uncorrected for multiple comparisons)
and a cluster-level threshold of p < .05, corrected for
multiple comparisons (whole-brain FWE: Family-wise
error). This statistical threshold was made identical
to Vartanian et al. (2018) to enable us to compare
our ﬁndings based on our two-response paradigm
to earlier results based on the standard singleresponse paradigm.
Using an event-related design, in the ﬁrst level, we
speciﬁed regressors corresponding to the following
time points in the problem structure (see Figure 1):
(1) ﬁxation point, (2) the groups in question, (3) stereotype information, (4) base rates, (5) prompt, (6) motor
response for initial response, and (7) motor response
for ﬁnal response. In addition, the RTs associated
with each motor response (i.e., initial and ﬁnal) were
included in the model as parameters and modeled
out of the analyses by assigning a value of 0 to their
respective regressor in subsequent analyses. All
reported neural analyses are based on the prompt
time points for the initial and ﬁnal responses (i.e., last

two slides in Figure 1). Importantly, prompt problems
for initial and ﬁnal responses were in turn separated
into four separate regressors based on performance
as follows: conﬂict (correct), conﬂict (incorrect), nonconﬂict (correct), non-conﬂict (incorrect).

3. Results
3.1. Behavioural results
A Conﬂict (2: conﬂict, non-conﬂict) × Response (2:
initial, ﬁnal) repeated-measures ANOVA on the accuracy data demonstrated a main eﬀect for Conﬂict, F
(1, 21) = 25.56, p < .001, partial eta-squared = .55, but
there was no main eﬀect for Response (F[1, 21] =
.67, p = .42), or a Conﬂict × Response interaction (F[1,
21] = .05, p = .83) (Figure 2). Speciﬁcally, accuracy
was lower for conﬂict than non-conﬂict problems
both for initial (t[21] = –5.08, p < .001, d = –1.15) and
ﬁnal (t[21] = –4.97, p < .001, d = –1.11) responses.1
These accuracy rates are consistent with earlier baserate neglect ﬁndings involving the standard singleresponse administration of the same paradigm (see
Vartanian et al., 2018), now extended to initial
(conﬂict = 54.36%, SD = 38.59 vs. non-conﬂict =

Figure 1. Procedure for the base rate task. [To view this ﬁgure in colour, please see the online version of this journal.]
Notes: Adapted with permission from Pennycook et al. (2014).
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Figure 2. The eﬀects of Response (initial, ﬁnal) and Conﬂict (conﬂict, no conﬂict) on accuracy. [To view this ﬁgure in colour, please see the
online version of this journal.]
Notes: Bars indicate 95% conﬁdence intervals.

93.18%, SD = 7.98) and ﬁnal (conﬂict = 55.68%, SD =
40.47 vs. non-conﬂict = 94.13%, SD = 14.92) responses.
Despite the observation that the patterns of performance on both conﬂict and non-conﬂict problems
were similar for initial and ﬁnal responses, at a global
level participants nevertheless reported a higher
degree of conﬁdence in their performance for ﬁnal
(M = 90.96%, SD = 13.80) than initial (M = 85.71%, SD
= 16.) responses, t(23) =
3.00, p = .006, d = .33.
However, it is important to note that we collected a
global conﬁdence measure following the completion
of the task, rather than on a trial-by-trial basis.
Next, we conducted a Conﬂict (2: conﬂict, nonconﬂict) × Response (2: initial, ﬁnal) repeatedmeasures ANOVA on the reaction time (RT) data involving accurate responses only. The results demonstrated a main eﬀect for Response, F(1, 21) = 10.77,
p = .004, partial eta-squared = .34, but there was no
main eﬀect for Conﬂict (F[1, 21] = 3.34, p = .14), or a
Conﬂict × Response interaction (F[1, 21] = .08, p
= .78) (Figure 3). Speciﬁcally, RT was longer for initial
than ﬁnal responses both for conﬂict (t[21] = 2.33, p

= .03, d = .58) and non-conﬂict (t[21] = 3.56, p = .001,
d = .90) problems.
To put these RT data into perspective, note that
previous work with the exact same item set involving
the standard single-response administration—in
which reﬂection was not restricted (Vartanian et al.,
2018)—indicated that the critical correct conﬂict
responses took on average 1941ms (SD = 620).
Average initial response RT for correct conﬂict
responses in the current study was 1358 ms (SD =
401), or on average about one SD faster than unrestricted responding. This establishes that participants
were under considerable time pressure when giving
their initial responses and respected the instruction
to respond as fast as possible.
In line with previous work, we also contrasted RT
for correct non-conﬂict responses and incorrect
conﬂict responses. This index is often used as a behavioural measure of biased reasoners’ conﬂict sensitivity
(De Neys & Pennycook, 2019). For initial responses, RT
was longer for incorrect conﬂict than correct nonconﬂict trials, t(18) = 2.63, p = .017, d = .57. In
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Figure 3. The eﬀects of Response (initial, ﬁnal) and Conﬂict (conﬂict, no conﬂict) on reaction time. [To view this ﬁgure in colour, please
see the online version of this journal.]
Notes: Bars indicate 95% conﬁdence intervals.

contrast, for ﬁnal responses, this diﬀerence was in the
same direction but not statistically signiﬁcant, t(17) =
2.63, p = .18, d = .77.
To explore in more detail whether the opportunity
to make a ﬁnal response had any impact on judgment, we conducted a change-of-direction analysis
(Bago & De Neys, 2017) in which the frequency of
responses given by all participants across all trials
was binned into four categories: Correct-to-correct,
correct-to-incorrect, incorrect-to-incorrect, and incorrect-to-correct (Figure 4). As can be seen, in only 4%
of cases did longer deliberation change an initially
biased response to a normatively correct response.
Thus, by and large, participants did not change their
initial responses when given the opportunity to do so.
As one reviewer suggested, here it is interesting to
ask whether participants were more likely to change
their ﬁnal response if they had reasoned longer for
the initial response. To test this idea, we conducted
a binary logistic regression in which the ﬁnal response
(changed vs. unchanged) was regressed onto the RT

for the initial response. The results demonstrated
that longer RT for the initial response was associated
with a greater likelihood of changing the ﬁnal
response, ß = .001, S.E. = .000, Wald = 65.91, p
< .001. Next, we reran this analysis again, but now
focusing only on the subsample of trials that were
associated with non-normative responding in the
initial stage. This more speciﬁc analysis is interesting
for seeing whether one is more likely to revise one’s
choice if more eﬀort had been put into the initial
response. Here, too, the results demonstrated that
longer RT for the initial response was associated
with a greater likelihood of changing the ﬁnal
response, ß = .001, S.E. = .000, Wald = 18.39, p < .001.
Finally, we were interested in exploring individual
diﬀerences, and their relationship with intuitive
logic. Descriptive statistics associated with the individual-diﬀerences measures appear in Table 1. In
turn, correlations between individual-diﬀerences
and performance measures appear in Table 2. We
began by ﬁrst examining the distribution of
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Figure 4. Direction-of-change data from initial to ﬁnal responses. [To view this ﬁgure in colour, please see the online version of this
journal.]

performance (i.e., accuracy) on conﬂict problems, separately for initial and ﬁnal responses. Indeed, the distributions for both initial (Kolmogorov-Smirnov = .20,
p = .018) and ﬁnal (Kolmogorov-Smirnov = .22, p
= .007) responses deviated from normal, and were
bimodal in both cases. In other words, for both
initial and ﬁnal responses, there appear to be two
groups of participants: Some who excel in providing
the normative response, and some who do not. To
examine whether it is the same participants who
excelled under both conditions on conﬂict problems,
we computed the zero-order Pearson correlation
coeﬃcient between accuracy for initial and ﬁnal
responses (averaged across each participant), which
was near unity, r(22) .99, p < 001. This suggests
that it was the same participants who excelled in

performance on conﬂict problems, regardless of
time pressure.
Next, to better understand which cognitive ability
and thinking style measures were correlated with our
outcome measures of interest, we examined their
correlations with performance on conﬂict and nonconﬂict problems for initial and ﬁnal responses. As
can be seen, our measure of crystallized intelligence
(i.e., Vocabulary) was correlated positively with performance on conﬂict and non-conﬂict problems for
both initial and ﬁnal responses (Table 2). In contrast,
our measure of ﬂuid intelligence (i.e., Block Patterns)
and CRT scores were correlated positively with performance on conﬂict but not non-conﬂict problems
for both initial and ﬁnal responses (Table 2). This
suggest that the ability to think logically in novel
situations (i.e., ﬂuid intelligence) as well as the

Table 1. Descriptive statistics for individual-diﬀerences
measures.

Table 2. Intercorrelations between individual-diﬀerences and
performance measures.

Measure

Mean

CRT (% accuracy)
52.98 (32.76)
Shipley-2 Vocabulary (standardized score)
107.25 (10.78)
Shipley-2 Block Patterns (standardized score)
105.88 (13.81)
Simple verbal WM span (STM)
9.57 (1.31)
Simple matrix WM span (STM)
8.90 (1.96)
Stroop (inhibition) in milliseconds
62.90 (60.90)
BFAS Conscientiousness
3.73 (.40)
Notes: Standard deviations appear in parentheses. CRT = Cognitive Reﬂection Test; BFAS = Big Five Aspect Scales; WM = working memory, STM =
short-term memory. For Stroop the value reﬂects mean RT between the
correct identiﬁcation of incongruent trials vs. the correct identiﬁcation of
congruent trials (see text). The span measures were calculated based on
partial-credit unit scoring (see Conway et al., 2005).

Initial
conﬂict
CRT
Shipley-2 Vocabulary
Shipley-2 Block
Patterns
Verbal span
Matrix span
Stroop
BFAS
Conscientiousness

.45*
.54**
.50*
.23
.27
.19
−.17

Initial nonconﬂict
.39
.51*
.35
.39
.23
.23
−.24

Final
conﬂict
.44*
.52*
.51*
.20
.31
.20
−.24

Final nonconﬂict
.32
.49*
.29*
.27
.31
.16
−.18

Notes: Values in the table reﬂect zero-order Pearson correlations. CRT = Cognitive Reﬂection Test; BFAS = Big Five Aspect Scales. * = p < .05, ** = p <
.01.
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ability to think reﬂectively (i.e., CRT) are related
uniquely to judgment in relation to conﬂict problems
regardless of time pressure. Here it is important to
note that CRT is assumed to assess one’s tendency
to override a prepotent response that is incorrect,
and to engage in further reﬂection that leads to
the correct response. In this sense, it is perceived
as the quintessential measure for one’s willingness
and ability to exert eﬀort to optimize judgment
and decision making. CRT has been shown to be a
reliable predictor of rational performance in a wide
host of tasks (e.g., expected-value choices/gambles,
temporal discounting, framing, conjunction fallacy,
maximizing strategies on probabilistic prediction
tasks, endorsement of proﬁt maximizing strategies,
avoidance of the illusion of explanatory depth,
non-superstitious thinking, performance calibration,
and general numeracy) (see Toplak et al., 2014). It
has also shown similar predictive power based on a
composite measure that includes ﬁfteen separate
rational thinking tasks from many diﬀerent domains
in the heuristics and biases literature (Toplak et al.,
2011). In turn, Block Patterns can be considered a
measure of visuospatial ﬂuid intelligence, and intelligence tests have also been shown to predict rational
thinking performance in many contexts (Stanovich &
West, 1998, 2000, 2008). As such, the present
ﬁndings add to a large body of evidence that supports the utility of CRT and intelligence measures
as predictors of rational thinking in many contexts.
Moreover, in line with recent ﬁndings, the correlation
with the initial (intuitive) conﬂict performance indicates that in addition to the tendency to reﬂectively
correct an incorrect intuition it also may track the
ability to generate correct intuitions in the absence
of reﬂection (e.g., Bago & De Neys, 2019b; Raoelison
et al., 2020)
3.2. Neural results
We conducted a series of analyses to explore the
neural correlates of logical intuitions. Unless stated
otherwise, in each case the reverse contrast was
also carried out but did not lead to any signiﬁcant
area of activation. The speciﬁc number of trials that
fell within each cell of the design across all 24 participants—broken down by accuracy—are presented in
Table 3. Although our neural hypotheses were not
based on interactions, for the sake of consistency

Table 3. The speciﬁc number of trials that fell within each cell of
the design across all 24 participants—broken down by accuracy.
Condition

Frequency

Initial Response
Conﬂict
Correct
Incorrect
Non-conﬂict
Correct
Incorrect

1056
528
287
241
528
492
36

Final Response
Conﬂict
Correct
Incorrect
Non-conﬂict
Correct
Incorrect

1056
528
294
234
528
497
31

with the ﬂow of our behavioural analyses, we conducted the Conﬂict (2: conﬂict, non-conﬂict) ×
Response (2: initial, ﬁnal) repeated-measures ANOVA
in SPM12. This analysis did not yield any signiﬁcant
activation.
We began by comparing activation for conﬂict vs.
non-conﬂict problems, separately for initial and ﬁnal
responses. Previous work had indicated that frontal
control regions are speciﬁcally brought online for
conﬂict reasoning problems (e.g., De Neys et al.,
2008; Goel & Dolan, 2003; Goel et al., 2017; Noveck
et al., 2004; Stollstorﬀ et al., 2012; Tsujii et al., 2010;
Vartanian et al., 2018). Our current analysis revealed
that for initial and ﬁnal responses, there was no diﬀerence in brain activation between conﬂict vs. nonconﬂict problems. Next, we proceeded to examine
the same contrast, but separately for correct and
incorrect responses. Examining correct and incorrect
responses separately was done not only because
this is a standard analytical approach in behavioural
conﬂict detection studies on reasoning (e.g., De
Neys & Pennycook, 2019), but more importantly
because a priori, from a theoretical perspective, we
were particularly interested to examine whether
there would be evidence of conﬂict sensitivity associated with incorrect responding. This is because theoretically, it is generally not disputed that correct
responders will show conﬂict sensitivity. Indeed,
many models assume that detecting conﬂict is a
necessary precondition in overcoming it in favour of
normative responding. In contrast, it is of interest to
see whether incorrect responders, despite poor performance, nevertheless exhibit conﬂict sensitivity.
Toward this end, we broke down this contrast by
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Figure 5. Initial incorrect conﬂict trials vs. non-conﬂict trials. [To
view this ﬁgure in colour, please see the online version of this
journal.]
Notes: Incorrect initial conﬂict trials activated the left medial frontal gyrus
(BA 9) and the anterior cingulate cortex (BA 32) (see text and Table 4).
SPM rendered into standard stereotactic space and superimposed onto
sagittal MRI in standard space. Bar represents the corresponding T score.

the accuracy of conﬂict trials. Speciﬁcally, the comparison of initial incorrect conﬂict trials vs. nonconﬂict trials revealed relatively greater activation in
left medial frontal gyrus (BA 9) and the ACC (BA 32)
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(Figure 5, Table 4). To examine whether this ﬁnding
might have been aﬀected by individual diﬀerences
in performance on conﬂict trials, we reran this analysis
but with average accuracy on conﬂict trials entered
into the GLM as a covariate. As before, we observed
signiﬁcant activations in the same locations within
the left medial frontal gyrus (BA 9) and the ACC (BA
32) (see Table 4). In contrast, the comparison of
initial correct conﬂict trials vs. non-conﬂict trials did
not reveal any signiﬁcant area of activation. Next, as
in Vartanian et al. (2018), we also ran these analyses
with only correct non-conﬂict responses as the contrast group. The comparison of initial incorrect trials
vs. correct non-conﬂict trials did not reveal any signiﬁcant area of activation. Similarly, the comparison of
initial correct conﬂict trials vs. correct non-conﬂict
trials did not reveal any signiﬁcant area of activation.
For ﬁnal responses, the comparisons of correct or
incorrect conﬂict trials vs. (correct) non-conﬂict trials
did not reveal any area of activation.
Next, we compared initial incorrect conﬂict trials to
ﬁnal incorrect conﬂict trials. This contrast revealed relatively greater neural activation in a distributed set of

Table 4. Regions activated by various contrasts of fMRI data.
Contrast

Cluster size

p

−6, 60, 24
−4, 34, −20

173
206

.045
.023

9
32

−8, 58, 24
−4, 34, −20

155
169

.050
.039

Inferior frontal gyrus
Precentral gyrus
Middle frontal gyrus
Anterior prefrontal cortex
Superior parietal lobule
Superior parietal lobule
Middle occipital gyrus
Inferior occipital gyrus
Lingual gyrus

9
6
9
10
7
7
19
18
18

−40, 10, 32
44, 6, 30
40, 34, 26
34, 54, −4
28, −58, 60
−26, −62, 58
40, −84, 6
−36, −90, −8
6, −72, 10

444
142
232
128
258
210
510
207
166

<.001
.033
.003
.050
.002
.005
<.001
.006
.017

Inferior frontal gyrus
Middle frontal gyrus
Anterior prefrontal cortex
Superior parietal lobule
Superior parietal lobule
Middle occipital gyrus
Inferior occipital gyrus
Lingual gyrus
Cerebellum

9
9
10
7
7
19
18
18
−

−40, 10, 32
40, 34, 26
34, 54, −4
28, −58, 60
−26, −62, 58
40, −84, 6
−36, −90, −8
12, −74, 8
18, −84, −24

511
390
125
220
184
603
233
146
135

<.001
<.001
.050
.004
.009
<.001
.003
.027
.037

Lingual gyrus

18

−6, −76, 8

375

<.001

8

−10, 46, 46

362

.003

Region

BA

Coordinates

Medial frontal gyrus
Anterior cingulate cortex

9
32

Medial frontal gyrus
Anterior cingulate cortex

Initial conﬂict trials (incorrect) − initial non-conﬂict trials
Initial conﬂict trials (incorrect) − initial non-conﬂict trials (with
conﬂict accuracy as covariate)
Initial conﬂict trials (incorrect) − ﬁnal conﬂict trials (incorrect)

Initial conﬂict trials (incorrect) − ﬁnal conﬂict trials (incorrect)
(with conﬂict accuracy as covariate)

Initial conﬂict trials (correct) − ﬁnal conﬂict trials (correct)
Final conﬂict trials (incorrect) − ﬁnal non-conﬂict trials (correct)

Medial/superior frontal gyrus

Notes. BA = Brodmann Area. All reported activations survived cluster-level intensity threshold of p < .05, corrected for multiple comparisons using the whole
brain family-wise error (FWE) correction (see speciﬁc p-value above). Regions are designated using the MNI coordinates.
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Figure 6. Initial (incorrect) conﬂict trials − ﬁnal (incorrect) conﬂict trials. [To view this ﬁgure in colour, please see the online version of
this journal.]
Notes: Initial (incorrect) conﬂict trials activated (a) middle occipital gyrus, middle frontal gyrus, precentral gyrus, and anterior prefrontal cortex, (b) bilateral
superior parietal lobule, and (c) inferior frontal gyrus and precentral gyrus (see text and Table 4). SPM rendered into standard stereotactic space and superimposed onto (a) sagittal, (b) coronal, and (c) axial MRI in standard space. Bar represents the corresponding T score.

regions in the frontal, parietal, and occipital lobes
(Figure 6, Table 4). To examine whether this ﬁnding
might have been aﬀected by individual diﬀerences in
performance on conﬂict trials, we reran this analysis
but with average accuracy on conﬂict trials entered
into the GLM as a covariate. With the exception of the
precentral gyrus, we observed activations in the same
regions as before; in addition, we observed activation
in the cerebellum (see Table 4). Next, we contrasted
initial correct conﬂict trials to ﬁnal correct conﬂict
trials. This contrast revealed relatively greater activation
exclusively in the lingual gyrus (Figure 7, Table 4). Then,
we contrasted ﬁnal incorrect conﬂict trials to ﬁnal
correct non-conﬂict trials, which revealed relatively
greater activation exclusively in the medial/superior
frontal gyrus (BA 8) (Figure 8, Table 4). Finally, we

contrasted ﬁnal correct conﬂict trials to ﬁnal correct
non-conﬂict trials, which did not reveal any statistically
signiﬁcant diﬀerence.

Figure 7. Initial (correct) conﬂict trials − ﬁnal (correct) conﬂict
trials. [To view this ﬁgure in colour, please see the online
version of this journal.]

Figure 8. Final (incorrect) conﬂict trials − ﬁnal (correct) nonconﬂict trials. [To view this ﬁgure in colour, please see the
online version of this journal.]

Notes: Initial correct conﬂict trials activated the left lingual gyrus (BA 18) (see
text and Table 4). SPM rendered into standard stereotactic space and superimposed onto sagittal MRI in standard space. Bar represents the corresponding T score.

Notes: Final (incorrect) conﬂict trials activated the left medial/superior
frontal gyrus (BA 8) (see text and Table 4). SPM rendered into standard
stereotactic space and superimposed onto sagittal MRI in standard space.
Bar represents the corresponding T score.

4. Discussion
We conducted our experiment to test three hypotheses. First, we hypothesized that participants would
exhibit logical intuitions reﬂected by similar rates of
correct, normative responses regardless of time
pressure, and a low rate of response switches following deliberation. This hypothesis was conﬁrmed.
Indeed, the pattern of normative responding was
invariant to time pressure (Figure 2), and when given
the opportunity to reconsider their choices made in
the initial response, by and large participants did not
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change their minds in the ﬁnal response stage (Figure
4). Critically, in only 4% of cases did longer deliberation change an initially biased response to a normatively correct response. Also, ﬁnal RTs were not
longer than initial RTs, indicating further that people
do not tend to deliberate much in the task when
given the opportunity to do so. This reluctance to
alter an initially incorrect choice despite further opportunity may be an example of inaction or decision
inertia (e.g., Anderson, 2003). As noted by Anderson
(2003), this tendency can be due to a number of
diﬀerent factors including cost– beneﬁt calculations,
anticipated regret, and selection diﬃculty, although
the speciﬁc mechanism that led to not switching in
our case is not entirely clear. For example, RT was
longer for initial than ﬁnal responses both for
conﬂict and non-conﬂict problems (Figure 3). At the
same time, participants were more likely to switch
their ﬁnal responses if they had deliberated longer
toward their initial intuitively-cued but biased
response. It is possible that a longer deliberation
time might serve as an internal cue that one’s initial
response might be non-normative, thus prompting
revision. This possibility can be studied in the future.
Nevertheless, participants also reported greater conﬁdence in their ﬁnal than initial choices, suggesting that
at a metacognitive level the opportunity for further
reﬂection can increase one’s assessment of one’s
own level of performance (Thompson et al., 2011).
Second, we hypothesized that superior performance on conﬂict problems, under time pressure or
otherwise, would be correlated with individual diﬀerences in cognitive abilities and thinking styles. This
hypothesis was also conﬁrmed. Speciﬁcally, we
found that ﬂuid intelligence and CRT scores were correlated with performance on conﬂict but not on nonconﬂict problems for both initial and ﬁnal responses.
This result is consistent with a large body of literature
demonstrating that cognitive ability and the tendency to think reﬂectively are related to performance
in a range of heuristics and biases tasks, including
base-rate neglect (e.g., Toplak et al., 2011, 2014; Vartanian et al., 2018). However, this result is particularly
interesting with respect to CRT in relation to initial
responses because it suggests that the tendency to
think reﬂectively is related to and can contribute to
fast logic—consistent with the idea that despite
their speed, logical intuitions can nevertheless be
based on a thinking style that supports logical
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thought more generally. As noted by Thompson
et al. (2018; see also Raoelison et al., 2020), better
thinkers might have better intuitions which can be
deployed quickly.
Although our study was not designed to explore
the neural correlates of individual diﬀerences in
relation to brain activation, for exploratory purposes
we conducted multiple regression analyses in SPM12
to probe the correlation between individual-diﬀerences measures and brain activation on initial and
ﬁnal conﬂict and non-conﬂict problems. Our results
demonstrated that Shipley Verbal scores were correlated with activation in the cingulate gyrus, bordering
on the caudate, for both correct conﬂict (BA = 32, x = –
12, y = 26, z = 12, T = 5.59, kE = 230) and non-conﬂict
(BA = 32, x = –16, y = 28, z = 24, T = 4.47, kE = 163)
ﬁnal responses. This region has been associated with
semantic retrieval, as well as the interaction of
working memory with the semantic system (Binder
et al., 2009; Deldar et al., 2020). No other correlation
was statistically signiﬁcant. This ﬁnding suggests that
higher verbal intelligence and the ability to recruit relevant semantic information could play a role in correct
responding, but only under conditions in which time
pressure is not an issue. From a mechanistic perspective, the association of verbal intelligence with ﬁnal
but not initial responding might be driven by the
time course required to access and incorporate
semantic information into the judgment and
decision-making stream—a process that could
require a longer time window for full deployment.
Third, from a neural perspective, we had hypothesized that participants would already exhibit
conﬂict sensitivity when giving quick, initial
responses, reﬂected by brain activation in regions of
the brain that underlie error detection, attention
and cognitive control on initial responses (compared
to ﬁnal responses). If so, this would indicate that
neural regions involved in detecting conﬂict can be
engaged to support cognition under time pressure.
This hypothesis was also conﬁrmed (Table 4). Speciﬁcally, the contrast of initial incorrect conﬂict trials to
ﬁnal incorrect conﬂict trials revealed activation in
left inferior frontal gyrus (BA 9), right middle frontal
gyrus (BA 9), right anterior frontal gyrus (BA 10),
right precentral gyrus (BA 6), bilateral superior parietal
lobule (BA 7), right middle occipital gyrus (BA 19) and
left inferior occipital gyrus (BA 18). This set of regions
in the frontal and parietal lobes has been implicated
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heavily in cognitive control and executive functions
(Cole & Schneider, 2007; Dosenbach et al., 2006;
Miller, 2000; Miller & Cohen, 2001; Ridderinkhof
et al., 2004b; see also Lenartowicz et al., 2010), as
well as various aspects of visual attention (Kanwisher
& Wojciulik, 2000; Kastner & Ungerleider, 2000; Wager
et al., 2004; Vartanian et al., 2018). Previous imaging
work in the reasoning ﬁeld in which participants’
reﬂection was not restricted has typically also
pointed to activations in these regions (e.g., De
Martino et al., 2006; De Neys et al., 2008; Goel et al.,
2000; Goel & Dolan, 2003; Houdé et al., 2011; Prado
et al., 2011; Prado & Noveck, 2007; Stollstorﬀ et al.,
2012; Tsujii & Watanabe, 2010; Tsujii et al., 2010; Vartanian et al., 2018). This suggests that regions that
support processes that one would consider necessary
for sensitivity to conﬂict—including attention, inhibition, and interference control—can come online
rapidly (i.e., “intuitively”), and that this is the case
despite having made a biased response.
On the other hand, the contrast of initial correct
conﬂict trials to ﬁnal correct conﬂict trials did not
reveal activation in any of these cognitive control or
executive functions regions, instead activating only
the lingual gyrus. How can it be that generating normative responses accurately and quickly does not
seem to engage a large set of frontal and parietal
brain regions in comparison to making the same
responses deliberately? This seemingly counterintuitive observation is consistent with the idea that
throughout development, most adult thinkers come
to largely automatize the principles associated with
logical and normative thinking, perhaps through
exposure to education. Speciﬁcally, De Neys and Pennycook (2019) have argued that people’s intuitive
logical knowledge emerges from a learning process
in which over time, key principles have been practiced
to a point where they become automatic (De Neys,
2012). The general idea that initially eﬀortful processes can become automatized over time is not
new (Kahneman, 2011; Shiﬀrin & Schneider, 1977; Stanovich, 2018), although its application to reasoning is
relatively novel. As such, one would indeed expect
that performance in accordance with norms under
time pressure may activate largely the same set of
regions that would be active given more time, since
in both cases the process might have been largely
automatized due to practice and learning. This is
also consistent with experimental data demonstrating

that good thinkers have good intuitions, and as such
have the ability to think logically, quickly, and without
deliberation (Raoelison et al., 2020; Thompson et al.,
2018). Note that this conclusion also ﬁts with recent
neuroimaging work in which adolescents’ and
adults’ performance on the ratio bias task was contrasted (Mevel et al., 2019). Although Mevel et al.
found that adults behaviourally outperformed adolescents, such correct responding was associated with
less frontal activation in cognitive control regions for
adults than adolescents. In line with the present
ﬁndings, Mevel et al. suggested that because of
better intuiting, correct responding might become
less demanding for soundly reasoning adults.
In addition to the contrast between initial and ﬁnal
conﬂict responses, we also compared activation for
conﬂict and non-conﬂict problems. Previous work
has indicated that frontal control regions are speciﬁcally brought online for conﬂict reasoning problems
(e.g., De Neys et al., 2008; Goel & Dolan, 2003; Stollstorﬀ et al., 2012; Tsujii et al., 2010; Vartanian et al.,
2018). Here we did not observe greater activation in
conﬂict vs. non-conﬂict trials in the ACC. The reason
for this is unclear, although one possibility might be
low statistical power. For example, we did observe
activation in the left medial frontal gyrus that did
not reach statistical signiﬁcance (p = .08), and there
is evidence to suggest that the medial frontal cortex
is involved in error monitoring and response selection, as well as the context within which choices are
made (see Rushworth et al., 2007). However, a closer
exploration indicated that—at least for incorrect
initial conﬂict responses—there is in fact evidence
for conﬂict sensitivity. For example, the comparison
of initial incorrect conﬂict trials vs. non-conﬂict trials
revealed signiﬁcant activation in left medial frontal
gyrus (BA 9) and ACC (BA 32) (Figure 5, Table 4).
The sensitivity of the medial frontal gyrus and the
ACC to prediction errors has been well established
through meta-analysis (Garrison et al., 2013), and
their activations in relation to incorrect conﬂict trials
suggests a similar sensitivity on part of the participants. Critically, however, none of these more subtle
conﬂict activations were observed for ﬁnal incorrect
conﬂict responses, or correct responders’ initial or
ﬁnal conﬂict responses. This pattern supports our
main ﬁnding in the initial vs. ﬁnal response contrasts:
Incorrect responders recruit frontal control regions
when faced with initial but not ﬁnal conﬂict problems.
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This indicates that the conﬂict-related activations we
observed for incorrect responders mainly result from
quick, intuitive processing rather than slow deliberation. Furthermore, the lack of speciﬁc conﬂictrelated neural activation for correct initial and ﬁnal
responses again suggests that correct responders
simply face little conﬂict and do not need to recruit
cognitive control—either fast or slow.
Returning to the theme of individual diﬀerences, it
is possible that early on, some participants might
have selected and applied a rule (e.g., base rates) consistently throughout the remainder of the task. In this
sense, the consistent and strategic application of a
rule could itself be viewed as the representation of
an intuitive/automated process. It is important to
note that this possibility is not inconsistent with our
account. For example, our neural activations demonstrate that correct responders are not exhibiting
high levels of conﬂict/control-related activation. As
noted elsewhere, it is possible that sound reasoners
are more likely to focus exclusively on the base
rates, thereby experiencing less conﬂict. To
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demonstrate this visually based on the behavioural
data, we have plotted the histograms of response
accuracy on the base rate task for the four trial
types (Figure 9). The bimodal shapes of the distributions associated with conﬂict trials suggests that
sound reasoners might in fact be attending to base
rates only. Nevertheless, lower accuracy on conﬂict
vs. non-conﬂict trials suggests that some participants
are nevertheless aﬀected by conﬂict between base
rates and individuating information, and hence, it is
unlikely that they simply discard the latter and
engage exclusively in blind rule application. The key
point is that our neural data point to conﬂict sensitivity in the case of incorrect conﬂict responders, and
that paired with the classic behavioural RT ﬁnding
that indicates longer RT for incorrect conﬂict over
non-conﬂict trials, this demonstrates that incorrect
responders are experiencing conﬂict due to processing both pieces of information (i.e., base rates and
individuating information).
To our knowledge, the present study was the ﬁrst
to implement a two-response paradigm in a

Figure 9. Histograms of response accuracy on the base rate task for the four trial types (i.e., initial conﬂict, initial non-conﬂict, ﬁnal
conﬂict, and ﬁnal non-conﬂict trials).
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neuroimaging study involving fMRI. Hence, results
must obviously be interpreted with some degree of
caution. It will be important to replicate and extend
the work in future studies. For example, the present
study focused on the base-rate neglect task since
the problem has been a paradigmatic test-bed in
the (behavioural) literature (e.g., De Neys & Glumicic,
2008; Pennycook et al., 2015). However, by now,
behavioural two-response studies have been validated with a wide range of other tasks as well (De
Neys, 2017; De Neys & Pennycook, 2019). Such
cross-task generalization will be important for future
neuroimaging work too.
To avoid confusion, we also would like to address
some possible misconceptions. On one hand, one
might argue that our instructions were not restrictive
enough. Participants might not have been time-pressured, and already deliberated during the initial
response phase. As we noted, this argument is countered by the observation that participants’ initial
responses were given considerably faster than
under standard single-response administration in
which they are allowed to deliberate on this identical
problem set (see Vartanian et al., 2018). This indicates
that participants respected the instruction to respond
as fast as possible, and that their reasoning relied
more on intuitive rather than deliberate processing.
Nevertheless, given that the dual-process framework
does not specify a clear threshold that allows us to
classify a process as uniquely intuitive or deliberate,
we can never be completely sure that participants
relied on pure intuitive reasoning (e.g., Bago & De
Neys, 2019b; De Neys, 2021). What is important here
is that our ﬁndings indicate that critical control
regions can come online quickly under conditions
that minimize possible deliberation.
On the other hand, one might argue that our
instructions were not stimulating enough. Indeed,
participants were allowed to deliberate in our ﬁnal
response stage but—as in traditional single-response
studies—this does not imply that they eﬀectively did
so. Hence, we do not contest that if participants were
stimulated or forced to deliberate, this might have
resulted in diﬀerent results. More generally, the
present ﬁndings should not be taken to imply that
people cannot deliberate or that such deliberation
would not be associated with speciﬁc neural activations. Our point is simply that this is not spontaneously observed, and that critical conﬂict-related

activation in conﬂict detection and control regions
is already observed under time pressure when participants are forced to make quick judgments.
In addition, our two-response paradigm is predicated on the assumption that intuitive responding
occurs under time pressure. Consistent with this
assumption, the analysis of our RT data demonstrated
that the average RT for initial correct conﬂict
responses in the current study was about one SD
faster than unrestricted responding in our previous
work with the exact same item set involving the standard single-response administration where reﬂection
was not restricted (Vartanian et al., 2018). Note that in
behavioural studies, comparison with the unrestricted response time condition is considered the
gold standard for ascertaining the involvement of
intuitive processes (e.g., Bago et al., 2021; Lawson
et al., 2020). In other words, our results support the
argument that participants responded quickly. In
addition, it is not necessary to observe a speed-accuracy tradeoﬀ when comparing restricted to unrestricted trials if participants already mainly rely on
intuitive processing in the unrestricted response condition as well. Indeed, average performance under
the unrestricted condition for conﬂict trials was
around chance level (i.e., approximately 50%), a
level of performance that would be diﬃcult to
degrade further under time pressure. As such, we
believe that the experimental design did in fact
propel participants to respond intuitively due to the
restricted time allowance associated with the initial
response window (see also Bago & De Neys, 2017;
Newman et al., 2017).
4.1. Neuropsychological studies
In closing, it is important to discuss the implications of
our work for neuropsychological studies involving
heuristics and biases tasks that pit intuitions and/or
beliefs against rational norms. In his review of the
cognitive neuroscience of reasoning, Goel (2007)
noted that one of the oldest ﬁndings in the literature
is the observation that people perform better on
reasoning tasks when the logical conclusion is consistent rather than inconsistent with their beliefs. As
such, it is important to ask which neural systems
enable one to detect and resolve inconsistencies
between logic and beliefs in the service of rational
thought. There are substantial lesion and patient
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data to demonstrate that persons with lesions to right
lateral prefrontal cortex perform poorly on such tasks,
suggesting that this region plays a critical role in this
process (for review see Goel, 2021). In turn, neuroimaging data based on base-rate tasks have shown a dissociation between conﬂict detection vs. resolution,
suggesting that a neural system encompassing the
dorsomedial prefrontal cortex including ACC might
be sensitive to the presence of conﬂict (i.e., conﬂict
detection), whereas a neural system encompassing
the right lateral prefrontal cortex might be necessary
to resolve the conﬂict in order to respond logically
(see De Neys et al., 2008; see also Vartanian et al.,
2018). In terms of advancing this work, it would be
of great value to test the speciﬁc contributions of dorsomedial and right lateral prefrontal cortex to the
detection vs. resolution of conﬂict in patients with
focal brain lesions. Such data would be useful for
determining whether the dorsomedial prefrontal
cortex including ACC plays a necessary role in
logical intuitions due to its role in conﬂict detection.
4.2. Limitations
There are a few methodological and analytical limitations associated with our study that must be highlighted. First, in terms of statistical power, when
trials were broken down by accuracy, the cells in
our design did not contain the same number of
trials (Table 3). However, it is a reliable statistical
and empirical feature of the base-rate neglect task
we adopted that on average participants’ accuracy
on conﬂict vs. non-conﬂict trials hovers around 50%
and 100% respectively, and as such a comparison of
correct vs. incorrect conﬂict trials will always include
fewer trials in the former category for conﬂict vs.
non-conﬂict trials regardless of how many sessions of
the task are administered. Second, because there was
no temporal gap between the initial and ﬁnal
responses in our design (Figure 1), this likely
reduced our ability to isolate the BOLD signal
uniquely associated with each type of responses.
Unfortunately, however, it was not possible to add a
temporal gap between initial and ﬁnal responses
because the entire experimental paradigm rests on
a tight sequencing of initial and ﬁnal responses, as
has been done in all previous behavioural work involving the two-response paradigm. This is because the
introduction of a temporal separation opens the
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door to the possibility that the participant might
engage in reasoning during that period—thus undermining the entire paradigm. The reliability of our
neural ﬁndings can be tested in the future by manipulating cognitive load rather than time pressure,
which should theoretically have the same resourcelimiting eﬀect on the reasoning machinery (see
Bago & De Neys, 2017; Newman et al., 2017). Similarly,
lesion and patient data can serve a similar purpose by
determining whether speciﬁc regions that have been
identiﬁed in this and similar neuroimaging studies are
necessary for instantiating logical intuitions.

5. Conclusion
Our results add to a growing body of literature
suggesting that the application of norms and logic
to thinking need not necessarily be an eﬀortful
process, but can occur intuitively. They also demonstrate that cognitive abilities and thinking styles that
have been shown to be correlated with normative
performance in the face of conﬂict under slow conditions are also correlated with normative performance in the face of conﬂict under fast conditions.
Finally, at the neural level, a set of regions in the
frontal and parietal lobes that is involved in cognitive
control, executive functions and attention is activated
relatively more even when participants make biased
judgments intuitively, suggesting that this set of
regions might be sensitive to intuitive conﬂict detection. Our results are inconsistent with theories that
posit that biased responding necessarily occurs
outside of the window of awareness. Rather, they
suggest that even in cases when logical errors are
made, there might be some early awareness of
conﬂict.

Note
1. Eﬀect sizes for ANOVAs (partial eta-squared) are computed automatically in SPSS. Eﬀect sizes for t-tests
were calculated using an online calculator (Lenhard &
Lenhard, 2016).
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