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Right lateral prefrontal cortex (rlPFC) has previously been implicated in logical reasoning
under conditions of conflict. A functional magnetic resonance imaging (fMRI) study was
conducted to explore its role in conflict more precisely. Specifically, we distinguished
between belief–logic conflict and belief–content conflict, and examined the role of rlPFC
under each condition. The results demonstrated that a specific region of rlPFC is
consistently activated under both types of conflict. Moreover, the results of a parametric
analysis demonstrated that the same region was modulated by the level of conflict
contained in reasoning arguments. This supports the idea that this specific region is
engaged to resolve conflict, including during deductive reasoning.
This article is part of a Special Issue entitled “The Cognitive Neuroscience of Thought".
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1. Introduction

Deductive reasoning can be tested using abstract, content-free
arguments such as, “X is to the left of Y. Y is to the left of Z.
Therefore, X is to the left of Z.” Judging thevalidityof this abstract
argument probes pure logical reasoning ability. However, it is not
often thatwe encounter arguments in this pure, abstract form in
everyday life. By addingmeaningful content to the argument,we
emulate real-life reasoning conditions more closely.

The content of an argument can affect one's ability to
reason logically. Content in accordance with one's beliefs can
help, whereas conflicting content can hinder our ability to
reason – this is known as the belief–bias effect (Evans, 1989;
Evans et al., 1983; Johnson-Laird and Bara, 1984; Oakhill and
Johnson-Laird, 1985). An example of a congruent argument
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(one that is easier to solve because the belief-based response
and the logic response are the same) is the following: “Canada
is North of USA. USA is North of Mexico. Therefore, Canada is
North of Mexico.” We believe that Canada is in fact North of
Mexico, and are more likely to accept this conclusion to be
logically valid. An example of an incongruent argument (one
that is more difficult to solve because the belief-based and
logical responses diverge) is: “USA is North of Mexico. Mexico
is North of Canada. Therefore, USA is North of Canada.” This
conclusion is not true according to our beliefs, but it is logically
valid, and thus creates a conflict between logic and beliefs.
Incongruent problems contain belief–logic conflict and are
more difficult to solve than belief–logic congruent problems
(Gilinsky and Judd, 1994; Goel et al., 2000; Goel and Dolan,
2003).
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The present study is concerned primarily with the cogni-
tive and neural bases of reasoning under conditions of
conflict. Several previous studies have found a brain region
to be activated during reasoning when beliefs and logic
conflict. In two functional magnetic resonance imaging
(fMRI) studies, right lateral prefrontal cortex (rlPFC) was
activated during reasoning trials containing belief–logic con-
flict compared to belief–logic congruent trials (at nearby MNI
voxel coordinates): 54, 28, 26 and 51, 21, 12 (Goel et al., 2000;
Goel and Dolan, 2003). Subsequent research using event-
related potentials (ERP; Luo et al., 2008), functional near-
infrared spectroscopy (fNIRS; Tsujii et al., 2010b; Tsujii and
Watanabe, 2009, 2010), and regional transcranial magnetic
stimulation (rTMS;Tsujii et al., 2010a) have also found rlPFC to
be involved in reasoning trials containing belief–logic conflict
in reasoning. Although this region appears to be activated by
belief–logic conflict, further research is necessary to deter-
mine (1) whether this result extends to other types of
deductive reasoning, and (2) whether its involvement is
specific to the reasoning process or whether the presence of
unbelievable sentences itself is sufficient for rlPFC activation.

Toaddress the first issue,weconductedan fMRIexperimentof
belief–logic conflict using a different type of reasoning. Previous
studies have used categorical syllogisms such as, “All apples are
red fruit. All red fruit are poisonous. Therefore, all apples are
poisonous.” The present study utilizes three-term spatial rela-
tional arguments to determine whether or not the rlPFC finding
will extend to transitive inference. We also introduce a new
condition –neutral content – into thebelief–logic conflict analysis.
Previous studies have emphasized real-world knowledge that is
either believable or unbelievable. By adding neutral content we
can compare trials with belief–logic conflict to neutral trials, as
opposed to comparing them only to congruent trials. If it is the
conflict that is activating rlPFC, this comparison to neutral trials
should also reveal rlPFC activation.

To address the second issue, we investigate a previously
uninvestigated source of interference in reasoning which we
termed “belief–content conflict.” Previous fMRI studies only
measured belief–logic conflict, which occurs only at the
conclusion (when the conclusion's validity conflicts with
what one believes to be true). Belief–content conflict, however,
refers to the conflict between one's beliefs and the content of a
statement (when a statement in the logic problem conflicts
with what one believes to be true). Thus, belief–content
conflict is a source of interference that does not arise from
an interaction between beliefs and logical validity (as does
belief–logic conflict). Rather, it arises from an interaction
between beliefs and the proposition being read (premises or
conclusion). Specifically, an unbelievable sentence in a
reasoning problem creates a conflict between what we know
to be true, andwhatwemust temporarily accept as true for the
purpose of constructing a mental representation of the
problem. Let us consider an example: “Canada is north of
Mexico. Mexico is north of USA. Therefore, USA is north of
Canada.” This is a logically invalid argument, and the
conclusion is not true according to our beliefs, so this example
contains no belief–logic conflict and is considered congruent
(i.e., our beliefs say “false” and the logic says “invalid”).
However, two sentences (the second premise and the conclu-
sion) are false according to our beliefs (“unbelievable”),
thereby creating belief–content conflict (our beliefs say one
thing, but the sentence says another). An argument can
contain no belief–logic conflict, but still contain belief–content
conflict (arising from the unbelievable sentences, such as
those in the example given above). Thus, belief–content
conflict is characterized by a mismatch between the content
of a reasoning problem and one's beliefs (resulting from
unbelievable sentences). Neural activation associated with
this type of conflict has not yet been investigated.

Belief–logic conflict has only two levels: (1) present – trials
containing belief–logic conflict (incongruent), or (2) absent –
trials with no belief–logic conflict (congruent or belief-neutral).
Belief–content conflict, however, varies parametrically in the
amount of conflict, that is, the number of unbelievable
sentences, contained in the argument. Because belief–content
conflict has multiple levels of interference, a parametric
analysis can be conducted to measure neural activation
under varying levels of conflict. Thus, it can be determined
whether rlPFC, implicated in previous studies of belief–logic
conflict, is also modulated by the amount of belief–content
conflict contained within the reasoning problem. In addition,
the present study investigates whether the mere presence of
false propositions (unbelievable sentences) is sufficient for
rlPFC activation independent of belief–logic conflict.
2. Results

2.1. Behavioral

Separate analysis of variance (ANOVA) tests were conducted for
both reaction time and accuracy to test for behavioral differ-
ences in belief–logic conflict (congruent, belief-neutral, incon-
gruent) and belief–content conflict (5 levels of interference).

2.1.1. Belief–logic conflict
Reaction time and accuracy were assessed to determine
whether the presence of belief–logic conflict (incongruent
trials) affects reasoning relative to trials without belief–logic
conflict (congruent or belief-neutral trials). This would estab-
lish whether or not the classic belief–bias effect was demon-
strated. Incongruent, congruent and belief-neutral trials were
included in a within-subjects ANOVA. For reaction time, as
predicted, there was a main effect of congruency [F(2, 30)=
4.74, p<.05]. Post-hoc analysis revealed that participants
responded significantly faster on congruent (3472 ms) relative
to incongruent (3796 ms) trials [F(1, 30)=3.48, p<.01]. Reaction
time for neutral trials (3542 ms) fell in between the twomeans,
but did not differ significantly from either congruent or
incongruent trials (ps>.05). The main effect of congruency
on accuracy was marginally significant, F(2, 30)=3.12, p<.06.
Post-hoc comparisons revealed that participants were more
accurate for congruent (79.5%) than incongruent (73.5%) (F(1,
30)=2.65, p<.05) and belief-neutral (74.0%) (F(1, 30)=2.46,
p<.05) trials. Therefore, results indicated that incongruent
trials, characterized by a conflict between logic and beliefs,
were associated with increased reaction times and decreased
accuracy relative to congruent trials, thereby replicating the
belief–bias effect (Gilinsky and Judd, 1994; Goel et al., 2000;
Goel and Dolan, 2003).



Table 1 – Experimental design—belief–logic conflict (incongruent, congruent and neutral trials).
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2.1.2. Belief–content conflict
Performance for the 5 levels of belief–content conflict was
analyzed (level 1: 3 believable sentences; level 2: belief-neutral
sentences, unfamiliar map condition; level 3: 1 unbelievable
sentence; level 4: 2 unbelievable sentences; level 5: 3
unbelievable sentences); see Table 2. As predicted, the results
showed that as the level of belief–content conflict increased,
participants had slower reaction times, F(4, 56)=3.70, p<0.01.
Post-hoc comparisons revealed that reaction times were
significantly faster in level 1 (all believable sentences,
3281 ms) relative to levels 3 (3679 ms), 4 (3758 ms) and 5
(3641 ms; p<0.05), but was not significantly different from
level 2 (neutral sentences, 3542 ms). No other post-hoc
comparisons were significant. Accuracy did not differ by
level of belief–content conflict (p>0.05; level 1: 81.1%, level 2:
74.0%, level 3: 74.5%, level 4: 72.8%, level 5: 73.3%).
Table 2 – Experimental design—levels of belief–content conflict

Level of interference Content

Level 1 All believable sentences (18 trials) To
Ed
H

Level 2 Belief-neutral, unfamiliar (36 trials) Ro
Tr
Rh

Level 3 1 unbelievable sentences (18 trials) To
Ed
H

Level 4 2 unbelievable sentences (18 trials) To
Ed
H

Level 5 3 unbelievable sentences (18 trials) To
Ed
H

2.2. fMRI

Datawas analyzed using SPM2 (Friston et al., 1995). The first five
volumes of the sessionwere discarded, leaving 280 volumes per
participant in total. Eachvolumewas realigned to the first image
of the session. The images were smoothed with an isotropic
Gaussian kernel with FWHM of 12mm to allow for between-
subject comparisons (Worsley and Friston, 1995). A random
effects designwas utilized. Condition effects at each voxel were
estimated using the general linear model and compared using
linear contrasts. Each contrast produced a statistical parametric
map of the t-statistic at each voxel, whichwas transformed to a
normal Z-distribution (Friston, et al., 1995).

At the group level, a categorical analysis was conducted to
determine neural activation associated with belief–logic
conflict: (a) incongruent minus congruent trials; (b)
: example stimuli and behavioral results.

Examples Accuracy Reaction time

ronto is west of Halifax. ✔ 81.1% 3281 ms
monton is west of Toronto. ✔
alifax is east of Edmonton. ✔
stall is west of Triarch. ? 74.0% 3542 ms
iarch is west of Rheemore. ?
eemore is west of Rostall. ?
ronto is west of Halifax. ✔ 74.5% 3679 ms
monton is east of Toronto. ✗
alifax is east of Edmonton. ✔
ronto is west of Halifax. ✔ 72.8% 3758 ms
monton is east of Toronto. ✗
alifax is west of Edmonton. ✗
ronto is east of Halifax. ✗ 73.3% 3641 ms
monton is east of Toronto. ✗
alifax is west of Edmonton. ✗

Unlabelled image
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incongruentminus belief-neutral trials; (c) incongruentminus
congruent trials, Canadian geography; (d) incongruent minus
congruent trials, familiar fictional geography. A parametric
analysis was conducted to determine regions modulated by
level of belief–content conflict. Parameter estimates were
extracted from the activated cluster in rlPFC using MARSBAR
(Brett et al., 2002). Finally, a categorical analysis was con-
ducted to determine activation associated with unbelievable
conclusions (unbelievable>believable) in both congruent and
incongruent trials separately. Unless otherwise indicated,
both types of familiar content trials (fictional and Canada)
were collapsed for analysis. All results reported survived
p<0.001 uncorrected for multiple comparisons, unless other-
wise indicated. Results from all imaging analyses are reported
in Table 3.

2.2.1. Belief–logic conflict
As predicted, incongruent trials, characterized by a conflict
between logic andbelief,were associatedwith rlPFC activation in
the same area that was activated in two previous studies (Goel
et al., 2000; Goel and Dolan, 2003). Regions that weremore active
during incongruent than congruent reasoning trials (incon-
gruent>congruent) included rlPFC (see Fig. 2a), as well as left
fusiform gyrus. Regions more active during incongruent than
belief-neutral trials (incongruent>neutral) included rlPFC, as
well as left inferior parietal cortex, left superior parietal cortex,
left putamen and left precuneus (see Fig. 2b). Both comparisons
Table 3 – Regions engaged during various forms of conflict
in reasoning.

MNI
coordinates

Location X Y Z Z score

Incongruent>Congruent
Right lateral prefrontal 58 14 28 3.31
Left fusiform gyrus −28 −86 −12 3.98

Incongruent>Neutral
Right lateral prefrontal 60 20 24 4.02
Right lateral prefrontal 58 22 28 3.66
Left inferior parietal −46 −34 26 3.85
Left superior parietal −36 −72 46 3.65
Left putamen −20 18 0 3.45
Left precuneus −2 −64 36 3.38

Incongruent>Congruent
(Canadian Geography)
Right lateral prefrontal 60 20 24 3.12

Incongruent>Congruent
(Learned Fictional Environment)
Right lateral prefrontal 60 12 32 2.96

Belief–Content Conflict
(parametric analysis, 5 levels)
Right lateral prefrontal 60 20 24 4.04
Left superior parietal −38 −74 48 3.80
Left supramarginal gyrus −48 −56 56 3.26

Unbelievable>Believable
Conclusions (Congruent trials only)
Right lateral prefrontal 50 36 30 2.12

Unbelievable>Believable
Conclusions (Incongruent trials only)
Right lateral prefrontal 58 12 20 1.82
(incongruent>congruent and incongruent>neutral) revealed
activation in the same region, rlPFC, found in previous studies.

Belief–logic conflict was also examined within the two
conditions of content familiarity. Two separate analyses
were conducted to identify regions more active for incon-
gruent relative to congruent reasoning trials for each of the
two familiar map conditions (Canadian geography and
familiar fictional content). This comparison (incongruent>
congruent) revealed significant activation exclusively in
rlPFC, both for the Canadian geography condition (see
Fig. 2c) and for the learned fictional environment condition
(see Fig. 2d). Thus, belief–logic conflict activated the same
area of the brain (a region within rlPFC) for both types of
familiar content (learned fictional and real geography).

2.2.2. Belief-content conflict
The parametric analysis of belief–content conflict (5 levels)
revealed significant activation in rlPFC (see Fig. 3), as well as
left superior and inferior parietal cortex. Thus, the predicted
area of rlPFC was modulated by the level of belief–content
conflict present in the logic problem.

One problem with the above analysis is that the belief–logic
conflict variedwith belief–content conflict to somedegree. That
is, the problems with the highest number of unbelievable
sentences (and thus high belief–content conflict) tended to be
incongruent, whereas at lower levels of belief–content conflict,
there were fewer incongruent problems. Therefore, the above
‘belief–content conflict’ analysis could have been primarily
drivenbybelief–content conflict, belief–logic conflict, or both.To
address this concern, a third type of analysis was conducted to
test whether the presence of unbelievable conclusions was
sufficient for rlPFC activation, controlling for congruency (and
thuseliminating theeffects of belief–logic conflict).Weexcluded
the effect of belief–logic conflict (by holding this factor constant)
and examined regions more active for unbelievable than
believable conclusions. No regions survived the p<.001 thresh-
old. We therefore reduced the threshold to p<.05 and report
activation within rlPFC. Within congruent problems only, rlPFC
was more active for unbelievable than believable conclusions
(p<.05). Within incongruent problems, the same contrast
(unbelievable>believable conclusions) revealed activation in
the same region within rlPFC (p<.05). This demonstrates that
the rlPFC activation increaseswith the presence of unbelievable
sentences independent of belief–logic conflict, establishing
belief–content conflict as a contributing factor in itself.
3. Discussion

Themain focus of the present studywas to investigate the role of
the right lateral prefrontal cortex in reasoning during various
conditions of conflict. Neural activation in a specific area within
rlPFC was found in ‘conflict’ conditions of reasoning in the four
analyses of belief–logic conflict. No other regions were consis-
tently active in these comparisons. This is the first study to
investigate the neural basis of belief–logic conflict in relational
reasoning (transitive inference) problems and also the first to
compare incongruent (belief–logic conflict) trials to belief-neutral
trials. Not only was this region within rlPFC activated during
belief–logic conflict, replicating and extending results of previous



Note. Event-related stimulus presentation for a single trial.  Trial begins at 0 sec with a
blank screen, followed by Premise 1 a second later, then Premise 2 at 4 seconds, then
the conclusion at 7 seconds.  Participants then have 8 seconds to make a response. The
BOLD signal is measured at the halfway point between presentation of conclusion and
the motor response, when reasoning occurs.

Premise 1

Premise 1
Premise 2

Premise 1
Premise 2
Conclusion

0 sec

1 sec

4 sec

7 sec

15 sec 
End Trial

Motor Response 

(time-variable)

Model BOLD signal as 
hrf @ RT/2

Fig. 1 – Trial structure.
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studies thatusedcategorical reasoningproblems (Goel et al., 2000;
Goel and Dolan, 2003; Tsujii et al., 2010a, 2010b; Tsujii and
Watanabe, 2009, 2010), but the same area was alsomodulated by
the amount of belief–content conflict in the argument; that is, the
mere presence of counterfactual statements was sufficient to
engage the rlPFC region. Additionally, rlPFC was activated
independently of belief–logic conflict, establishing belief–content
conflict as an important factor in itself. When there is conflict
(either belief–logic or belief–content) in reasoning problems, the
same area of the brain is consistently activated.

It is possible that the right inferior frontal cortex is engaged
during reasoning to resolve conflict by inhibiting competing
information (in this case, interfering beliefs). It is important to
note that studies of inhibitory control and conflict resolution
both report activation in rlPFC (Aronetal., 2004;Maril et al., 2001;
Milham et al., 2001). Thus, rlPFC activation during conditions of
conflict may be due to the exertion of inhibitory control (i.e., to
suppress interfering beliefs) (see DeNeys and Franssens, 2009;
Goel, et al., 2000; Handley et al., 2004; Houdé, 1997, 2000;
Markovits andDoyon, 2004;Markovits and Potvin, 2001;Moutier
and Houdé, 2003; Moutier et al., 2006). This is because when
reasoners are asked to “suppose the premises are true,” they
must inhibit real-world knowledge and suspend their beliefs.
Likewise, when judging the validity of a conclusion, reasoners
must inhibit their prior knowledge to focus on the logic. Thus,
both false statements (containing belief–content conflict) and
belief–logic conflict require decontextualization – a separation
between previous knowledge and the information held in
working memory – and therefore inhibition, to complete the
task. Thus, as the level of interference is increased, sowould the
need to exert inhibitory control. However, participants appear
unable to completely overcome the conflicting information of
their beliefs, as evidenced by slower reaction times for trials
containing belief–logic and belief–content conflict. Further
research is necessary to determine the extent to which
inhibition is exclusively responsible for the activation observed
in rlPFC under conditions of conflict.

It is interesting to note the similarity of neural activation for
belief–logic conflict between Canadian content and familiar-
fictional content trials (see Fig. 2c and d). Although accuracy of
knowledge about these two environments did not differ
according to a post-scan questionnaire analysis, the familiar
fictional content was only learned during a 1-month period
before the scan, so thememory trace would not have had years
of consolidation. Even though the beliefs about the familiar
fictional environment would not be so deeply engrained as the
Canadian content, it still activated the samearea of rlPFCduring
belief–logic conflict, and almost to the same degree (Z=2.96 for
familiar fictional versus Z=3.12 for Canadian content). Thus,
even conflict in relation to recently acquired beliefs is sufficient
to engage rlPFC during deductive reasoning.

In conclusion, results from the present study indicate that
rlPFC is consistently engaged to resolve conflict in deductive
reasoning. We demonstrated that multiple forms of conflict
(belief–logic or belief–content conflict arising from statements
about true-familiar or learned-fictional environments) contribute
to the belief–bias effect. Although the present study focused on
conditions of conflict stemming from content effects (beliefs) in
deductive reasoning, this is not the only process that consistently
engages rlPFC. Specifically, given this region's involvement in



Note. Belief-content conflict: Parametric modulation of rlPFC by level of interference (60, 20, 
24, z = 4.04). SPM rendered into standard stereotactic space and superimposed on to coronal 
MRI in standard space (bar represents magnitude of z-score). Graph depicts parameter estimates 
extracted from the activated cluster in rlPFC (Level 1 = 3 believable sentences; Level 2 = 
belief-neutral sentences; Level 3 = 1 unbelievable sentence; Level 4 = 2 unbelievable sentences; 
Level 5 = 3 unbelievable sentences). 

Fig. 3 – Parametric modulation of rlPFC by level of belief–content conflict.

Note. a. Belief-logic conflict: incongruent > congruent (58, 14, 28, z = 3.31). b. Belief-logic 
conflict: incongruent > neutral (60, 20, 24, z = 4.02). c. Belief-logic conflict: Canadian 
geography only, incongruent > congruent (60, 20, 24, z = 3.12). d. Belief-logic conflict: familiar 
fictional environment only, incongruent > congruent (60, 12, 32, z = 2.96). SPMs rendered into 
standard stereotactic space and superimposed on to coronal MRI in standard space. Bars 
represent magnitude of z-score. 

Fig. 2 – Belief–logic conflict activates same region within rlPFC.
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uncertainty and indeterminacy (Goel et al., 2007; Goel et al., 2009)
as well as simplemotor or perceptual conflict, its involvement in
conflict may be general rather than specific to deductive
reasoning (Goel, 2009). As such, future research is needed to
determine the specific features of conflict that activate this region
consistently across different processes.
4. Experimental procedures

4.1. Participants

Sixteen participants (5male; 11 female) with amean age of 19.2
years (SD=2.3) and mean education of 13.8 years (SD=1.5) were
recruited. All participantswere normal healthy subjectswith no
history of neurological or psychiatric disorder. They were given
course credit, monetary reimbursement and a picture of their
brain for participation. All participants gave informed consent
in accordance with the guidelines of the Human Participants
Review Sub-Committee of York University.

4.2. Experimental procedures

Participants were instructed to learn one of two fictitious maps
created by the first author, creating two conditions: a familiar
fictional geography about which participants would have prior
beliefs and an unfamiliar fictional geography about which
participants would have no prior belief. On subsequent visits
to the lab (each visit was 1 week apart), subjects were tested on
the map both in written form (fill-in-the-blanks) and verbally
(experimenterwould ask questions such as, “Is Jaradon north of
Veeron?”). If a participant demonstrated less than 100%
accuracy, he or she was asked to return to the lab for a third
test. Participantswerealso testedverbally on their knowledgeof
the geography of Canada until 100% accuracy on relevant facts
wasobtained.All participantsmet this criterionby the third test.
On each visit, participants viewed and read aloud to the
experimenter the words/places from the unfamiliar map, then
repeated them silently to themselves several times. Therefore,
although the words themselves from the unfamiliar map were
not novel, geographical knowledge about their locations
remained unfamiliar. On the second and third visits to the lab,
participants were trained in logical reasoning and were given
basic instructions on how to solve different types of three-term
spatial relational problems. They were explicitly reminded that
the taskwas todetermine logical validity (valid or invalid) and to
ignore content believability. Practice problems were given to
participants as part of their training.

For data collection in the scanner, the 108 reasoning trials
and 60 baseline trials were divided randomly into three runs of
56 trials, each run lasting 14 min. The following is an example
of a reasoning trial:

Vancouver is west of Toronto.
Toronto is west of Halifax.
Vancouver is west of Halifax.

The task was to determine whether the third sentence, the
conclusion, followed logically (i.e., necessarily) from the
premises. Participants were specifically instructed that be-
lievability of content should be disregarded and only logical
validity of the argument should be evaluated. Responses were
made by pressing one of two buttons on a button box,
corresponding with either ‘valid’ or ‘invalid.’ Baseline trials
were created by pairing the first two sentences of one
argument with the conclusion of a different argument in the
study. Here is an example of a baseline trial:

Vancouver is west of Toronto.
Toronto is west of Halifax.
Montreal is north of St. Lawrence River.

For baseline trials, participants could disengage from the
reasoning process upon the presentation of the unrelated
conclusion and were instructed to press the button corre-
spondingwith “invalid.”Thesebaseline trialswould control for
neural activation associated with cognitive andmotor compo-
nents of no interest (e.g., reading and pressing a button).

Stimuli varied on two key dimensions: belief–logic conflict
and belief–content conflict. First, reasoning problems are
classified according to the presence or absence of belief–logic
conflict. Trials containing no belief–logic conflict were either
“congruent” or “neutral” trials. Congruent trials are those in
which the conclusion believability and validity are in accor-
dance (either valid-believable or invalid-unbelievable conclu-
sions). For example, consider this valid-believable congruent
problem: Vancouver is west of Toronto; Toronto is west of
Montreal; Therefore, Vancouver is west of Montreal. This
conclusion is logically valid (because the conclusion follows
from the premises) and is also believable (because we know
that Vancouver is actually west of Montreal), thus there is no
conflict between conclusion validity nor believability (“belief–
logic congruent”). Beliefs are actually facilitatory because they
are in accordance with logic. Neutral trials (from the unfamil-
iar map condition) are belief-neutral and therefore contain no
belief–logic conflict; that is, there can be no belief–logic
conflict since by definition there are no beliefs that can
conflict with logic. For example, consider the following
logically valid, belief-neutral problem: Finn is north of
Rheemore; Rostall is south of Rheemore; Therefore, Finn is
north of Rostall. Participants who had not studied the map for
this fictitious country would have no beliefs about whether
Finn is north or south of Rostall, and therefore would have no
beliefs as to its truth or falsity. The conclusion is valid, as it
follows logically from the premises. Thus, there is no belief–
logic conflict because there are no beliefs. [Half (8) of the
participants would have studied this fictitious map and would
therefore have beliefs about the sentences. The above logic
problem would therefore be classified as either congruent or
incongruent for these participants, depending on the believ-
ability and logical validity of the conclusion.] Both congruent
and neutral conclusions contain no conflict between logic and
beliefs. In contrast, incongruent trials are those in which the
conclusion believability and validity are not in accordance
(either valid-unbelievable or invalid-believable), thereby cre-
ating belief–logic conflict. For example, consider this valid-
unbelievable incongruent problem: Canada is North of USA;
Mexico is North of Canada. Therefore, Mexico is North of USA.
This argument is logically valid (as the conclusion follows
logically from the premises); however, the conclusion conflicts
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with our knowledge (as we do not believe Mexico is north of
the United States), thereby creating a conflict between logic
and beliefs—“belief–logic incongruent.” Accuracy tends to
decrease and reaction time tends to increase from congruent
to neutral to incongruent trials (Gilinsky and Judd, 1994; Goel,
et al., 2000; Goel and Dolan, 2003). There were an equal
number of congruent, incongruent and neutral trials in the
task (36 of each; see Table 1).

The second key variable on which problems varied was
level of belief–content conflict (5 levels) (based on number of
believable, unbelievable, or neutral sentences). Believable
sentences from the Canadian geography or familiar-fictional
(learned) map conditions (e.g., “Toronto is east of Vancouver”)
are in accordance with beliefs (no belief–content conflict),
whereas unbelievable sentences (e.g., “Mexico is north of
Canada”) conflict with beliefs (thereby creating belief–content
conflict). Neutral sentences (from the unfamiliar map condi-
tion) are belief-free (neither believable or unbelievable) and
therefore do not cause belief–content conflict. If all three
sentences in the argument (i.e., both premises and the
conclusion) are believable or neutral, then no belief–content
conflict would be present. The highest level of conflict would
occur for arguments in which all three sentences were
unbelievable, with problems containing one or two unbeliev-
able sentences in between. Categorization of the levels of
belief–content conflict was as follows: the lowest level (level 1)
is an argument containing all believable sentences (i.e., 2
believable premises and a believable conclusion). Trials from
the unfamiliar, belief-neutral condition contain no belief–
content conflict (all sentences are neither believable nor
unbelievable), and are thus classified as low conflict (level 2).
Trials from levels 3, 4, and 5 contain one, two or three
unbelievable sentences, respectively. Thus, trials varied in the
level of interference caused by unbelievable sentences (with 3
unbelievable sentences as the highest level of interference).
The number of trials in each belief–content conflict level was
as follows: 18 “all believable” trials (level 1), 36 “neutral trials”
(level 2) and 18 of each 1, 2, or 3 unbelievable sentences (levels
3, 4, and 5, respectively) (see Table 2). Thus, problems can vary
in level of belief–content conflict, from all believable to neutral
to 1, 2 or 3 unbelievable sentences.

Trials also varied in the familiarity of geographical
content. The three conditions were: (1) familiar content
(Canadian geography, 36 trials), (2) familiar fictional content
(learned map, 36 trials), and (3) unfamiliar fictional content
(unlearned map, 36 trials). The two fictional maps were
counterbalanced so that 8 participants were trained on one
map, and 8 on the other. Therefore, each participant learned
one map, while the other remained unfamiliar (belief-
neutral). Conditions 1 and 2, which were both from familiar
geographical locations (Canada or learned fictitious country),
were collapsed unless otherwise stated.

4.3. fMRI data acquisition

A 4-Tesla Oxford Magnet Technologies magnet with a
Siemens Sonata gradient coil was used to acquire the
data. Twenty-two T2*-weighted interleaved multi-shot con-
tiguous echo-planar images, 5 mm thick (3×3×6-mm
voxels), were acquired axially, positioned to cover the
whole brain. A total of 855 volume images were acquired
over 3 runs (285 per run) with a repetition time (TR) of
3 s/volume.

Two subjects completed only one or two experimental runs
due to time constraints. The other 14 participants completed
all three runs in pseudo-random order. A 5-min anatomical
scan was also collected from each participant. All participants
were right-handed; however, half the participants were
instructed to use their left hand as the response hand, while
the other half used the right, to control for neural activation
associated with motor control. Stimuli were presented ran-
domly in an event-related design (see Fig. 1). Each trial began
with a blank screen at 0 s, followed by the first sentence at 1 s,
the second sentence at 4 s, and the conclusion at 7 s.
Participants then had 8 s to respond by pressing a button
box (half with the right hand, half with the left hand). The
trials ended at 15 s. Data was sampled at the halfway point
between the presentation of conclusion and the motor
response (calculated for each individual trial for each
participant).
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