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The ability of testing the validity of a conditional statement is important in our everyday life. However, the
brain mechanisms underlying this process, especially falsification process which is important in daily life,
but especially crucial to scientific reasoning and research is not as yet completely clear. Therefore, in the pre-
sent study, we used event-related functional magnetic resonance imaging (fMRI) to examine the neural bases
of the falsification process in testing the validity of a conditional statement as used in Wason's (1966) selec-
tion task. Our fMRI results showed that: (1) compared with the baseline condition, both Falsification (by
using Modus Ponens, and Modus Tollens) and Non-Falsification conditions (affirming the consequent, and
denying the antecedent) activated the left frontal areas (BA44/45, or BA6), and basal ganglia, the areas pre-
viously found in the rule-guided conditional reasoning operations; the parietal area (BA40, BA7) for recruit-
ing cognitive resources to represent and maintain the different evidential information in working memory.
(2) The left middle frontal gyrus (BA9) and cerebellum were shown to be activated in the contrast of Falsifi-
cation condition versus Non-Falsification condition and in the contrast of MT versus Non-Falsification condi-
tion. These results indicated that the left middle frontal gyrus (BA9) might be the key brain region involved in
the falsification process of conditional statement for which abstracting and integrating logical relationships,
and inhibiting the distraction of the irrelevant information were the essential processes. Moreover, the cer-
ebellum was found to be responsible for constructing an internal working model. In addition, our brain im-
aging results might support the dual-process theory of reasoning.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

A conditional statement is also known as an If…Then… statement.
For example, If you press the brake pedal (p), then the car stops (q). The
first clause of the statement (represented conventionally by the letter
p) specifies a condition, and the second clause (represented by the
letter q) a consequent. There are four conditional reasoning modes:
Modus Ponens (MP), Modus Tollens (MT), denying the antecedent
(DA), and affirming the consequent (AC). Each mode of reasoning is il-
lustrated in the following:

MP: If p, then q
p
Therefore, q

MT: If p, then q
Southwest University, Beibei,
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Not q
Therefore, not p

DA: If p, then q
Not p
Therefore, not q

AC: If p, then q
q
Therefore, p.

MP and MT are valid inferences, but DA and AC are invalid infer-
ences. In the Wason's (1966) selection task, participants were pre-
sented with 4 two-sided cards each with a letter or number on each
side (e.g., “E”, “7”, “K”, “4”) (these 4 characters are equivalent to p,
not q, not p, and q). Participants' task was to select the minimum num-
ber of cards to turn over to test the validity of the statement “If the
card has a vowel on one side, then it has an even number on the
other side”). Since MP and MT are the valid forms of reasoning, “E”
and “7” should be the correct choices (Liberman and Klar, 1996).
The ability of conducting accurate conditional reasoning is essential
not only in the scientific research, but also in our daily life. Therefore,
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it is important to understand the neural bases of the cognitive pro-
cesses underlying the conditional proposition testing such as that in
Wason's selection task.

It is important to note that a conditional proposition can never be
proven true although it can be proven false. In other words, verification
of a conditional statement is not a possibility but falsification is possible.
For example, the conditional statement “If a card has an odd number on
one side, then it has a lowercase letter on the other side” cannot be pos-
sibly verified because this conditional statement defined a rule about a
set of numbers (e.g., the category of odd numbers) and a set of letters
(e.g., the category of lowercase letters).We cannot verify the statement
“A bird can fly” by demonstrating “A robin can fly” is true. However, we
can prove “An ostrich can fly” false falsifies the statement “A bird can
fly”. We provided a detailed explanation of this logic to our participants
before the experiment. Only the choices of “P” and “not Q” can possibly
falsify the conditional statement, and therefore conclusively test the
proposition (Hanson et al., 2001). That is to say, proposition testing is
a complex cognitive process, including logical reasoning, affirming the
verifiable example and falsification.

As for now, there were three major reasoning theories (the mental
logic theory, thementalmodel theory and the dual-process theory) dis-
puted by researchers in reasoning field (proposition testing). Specifical-
ly, the mental logic theory claimed that people solved reasoning
problems based on the formal rules and believed that reasoning was
mainly a linguistic process (see e.g., Braine and O'Brien, 1998; Rips,
1994; Qiu, 2009). If this theory was right, the process of reasoning
should result in the left frontal and temporal lobe regions (language
areas; Goel, 2003; Qiu, 2007) activation. However, the mental model
theory assumed that people draw inferences mainly depend on visuo-
spatial processes (Johnson et al., 2002; Ruff et al., 2003). That is to say,
the reasoning should activate right hemisphere and parietal which
were related to visuospatial process (Goel, 2003; Qiu, 2007). In fact,
some previous studies had pointed out that the mental logic theory in-
dicated the brain mechanism of reasoning process was the pathway
from the temporal lobe and frontal lobe, whereas, the mental model
theory was the pathway from parietal lobe and frontal lobe contributed
to the reasoning process (Johnson-Laird, 2010; Byrne and Johnson-
Laird, 2009; Reverberi et al., 2010). In addition, the dual-process theory
thought that there are twodistinct cognitive systems underlying reason-
ing. System 1 or the Heuristic System is an evolutionarily old, rapid, par-
allel, automatic process which is mainly in the frontal–temporal
pathway; and System 2 or the Analytic System is a slow, rule-based, se-
quential in nature and serial process together with working memory in
the parietal–occipital pathway (Evans, 2003; Goel, 2003; Goel et al.,
2000; Prado and Noveck, 2007; Qiu, 2007).

Research using brain-imaging techniques had provided consider-
able data on the neural correlates of conditional reasoning and tests
these theories. For example, Noveck et al. (2004) applied fMRI to
explore the neural basis of conditional reasoning with arbitrary
materials. They found that relative to the baseline task, the left supe-
rior parietal lobule, the left temporal lobe and the language areas
were activated by Modus Ponens and the left superior parietal lobe,
the left frontal and prefrontal gyrus were activated by Modus Tollens
forms of reasoning. Recently, Prado et al. (2010) also found that the
left inferior frontal gyrus was involved in integrating the premises
of conditional reasoning. Reverberi et al. (2007) further showed that
the left inferior frontal gyrus and the left inferior parietal gyrus
were important in conditional reasoning (see also Reverberi et al.,
2010). Moreover, they thought that the frontoparietal network repre-
sented the neural basis of the generation of conclusions in elementary
propositional deductive problems (Reverberi et al., 2007). In addition,
many neuroimaging studies of reasoning indicated that the left pre-
frontal gyrus played an important role during the reasoning
(Canessa et al., 2005; Fangmeier et al., 2006; Goel and Dolan, 2001,
2003, 2004; Goel et al., 1997; Heckers et al., 2004; Knauff et al.,
2003, 2000, 2002; Noveck et al., 2004; Prado and Noveck, 2007).
Moreover, Goel et al. (2000) suggested that content based reasoning
recruited a left temporal system whereas reasoning with abstract for-
mal problems was associated with activation of a parietal system, and
then the two systems share common components in bilateral basal
ganglia nuclei, right cerebellum, and left prefrontal cortex (two dis-
tinct networks were involved; Goel et al., 2000; Evans, 2003). Similar-
ly, Goel et al. (2004) compared patients with focal frontal lobe
damage and normal controls on Wason's selection task using content
problems drawing on social knowledge. Their results showed that
normal controls displayed the expected improvement in the social
knowledge conditions, but frontal lobe patients failed to perform
this task (Goel et al., 2004). Moreover, they found that the frontal
lobe activation in the task was asymmetric, and reinforced the view-
point that the frontal lobe was necessary for reasoning about social
situations (Goel et al., 2004). Reis et al. (2007) also investigated the
neural basis of social-exchange reasoning, using Wason's selection
task paradigm, and found that “higher emotional intelligence pre-
dicted hemodynamic responses during social reasoning in the left
frontal polar and left anterior temporal regions”. According to a pa-
tient with impaired social reasoning, Stone et al. (2002) found the
frontal cortex and anterior temporal lobe were engaged in reasoning
about social exchange. Elliott and Dolan (1998) presented partici-
pants with hypothesis testing tasks which required the participants
to identify a rule that would determine which of these two checker-
boards was correct, and found that hypothesis testing activated the
cerebellum, the left anterior cingulate, the right precuneus, the right
thalamus, and the left inferior frontal gyrus. Therefore, based on
these findings, we thought that the frontal cortex and parietal lobe
might be both recruited for proposition testing. Specifically, there
might be some brain regions such as the left inferior frontal gyrus
and the left inferior parietal gyrus that were expected to be involved
in the falsification process. Thus, it might be important and necessary
for us to explore the brain mechanism of falsification process and test
the dual-process theory.

In sum, conditional reasoning is not only an ability that is inevita-
ble for everyday life but also a complex and important cognitive pro-
cess. Up to now, lots of studies only focused on the brain regions
associated with reasoning. In particular, few studies have reported
the specific brain regions involved in conditional proposition testing,
especially the neural bases of the falsificationmode in testing the con-
ditional statement. In the scientific research, every problem or issue
must have the property of falsification, but people were impacted
by the bias of verification or other bias. It is important to gain a
clear idea of the neural mechanism of the falsification. Therefore, in
the present study, we used functional magnetic resonance imaging
(fMRI) to make a close examination of the neural bases of testing
the conditional proposition by falsification (the only correct way of
testing it). Moreover, we wanted to explore the brain mechanism
of falsification process directly and test these different views of log-
ical reasoning theories profoundly. In our study, we used an item
with abstract content to exclude the impacts of emotion and life ex-
periences on the brain activities we were observing. In a trial of our
experiment, participants were presented with a conditional state-
ment along with a probe symbol (e.g., the letter “E” or the numeral
“9”) equivalent to a particular card in Wason's task. Their task was
to determine what role the probe symbol can play in testing the
conditional statement. Based on previous findings (see e.g.,
Noveck et al., 2004; Reverberi et al., 2007, 2010; Goel et al., 2004;
Elliott and Dolan, 1998), we thought that there would be some
special neural mechanisms associated with falsification in condi-
tional proposition testing, and we predicted that the left prefrontal
gyrus would be activated when making a falsification response to
an abstract conditional statement. In addition, we also predicted
that an area of the cerebellum would be likely to be responsible
for constructing an integrated internal model on the basis of dif-
ferent probe symbols.
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2. Methods

2.1. Participants

Fourteen healthy, totally right-handed (self-reported by the par-
ticipants) undergraduate students (8 men, 6 women, mean age
21.8; range 17–25,) from Southwest University in China participated
in the experiment as paid volunteers. All participants were native
speakers of Chinese. None of them had a history of neurological or
psychiatric problems. The study was approved by the Institutional
Human Participants Review Board of Southwest University Imaging
Center for Brain Research, and written informed consents were
obtained from all the participants.

2.2. Stimuli

Twenty-eight conditional reasoning statements were used in the
testing. One example of the statement is “If a card has an odd number
on one side, then it has a lowercase letter on the other side”. If the sym-
bol used was a letter, it could be either a vowel (“O” was not used to
avoid confusionwith the numeral “0”), a consonant, an upper- or a low-
ercase letter. If it was a number, it could be either an even, an odd, a pos-
itive, or a negative number. Each test question in a trial consisted of 4
parts, a general statement, a conditional statement, a probe symbol,
and a list of 4 choices. The following is an example of a test question:

General statement: “One side of the card is a number, and the other
side a letter”.
Conditional statement: “If a card has an odd number on one side,
then it has a lowercase letter on the other side”.
Probe symbol: “19”
Four choices:
1. “verification”
2. “falsification”
3. “verification and falsification”
4. “irrelevance”.

Participants' task was to determine the function of the probe sym-
bol in testing the validity of the conditional statement. In the above
example, they were asked to determine whether they could use
“19” (they saw on one side of a card) to “verify”, or “falsify”, or “verify
and falsify” the conditional statement, or whether “19”was simply ir-
relevant for testing this conditional statement. Although 4 choices
were listed, only two could possibly be correct answers, i.e., choice
2 (falsification) and choice 4 (irrelevance). The other two choices
(choice 1, “verification”, and choice 3, “verification and falsification”)
were included on the list as distractors. Therefore, the correct choice
for “19” is choice 2, “falsification”. With the general statement includ-
ed, participants could straightforwardly identify “%” as irrelevant
which provided us with the brain activity level that involved the min-
imum reasoning and hence the baseline neural activity measure
against which other judgments could be compared.

Each of the 28 conditional statements was tested 5 times and each
time with a probe symbol which would reflect one of the responses
known as MP, MT, DA, AC and BL (the BL was added in this experi-
ment and not in Wason's original test). The actual instantiation of
the MP, MT, DA, AC, and BL varied from one conditional statement
to another (see Appendix 1). The MP and MT have the role of falsify-
ing the conditional statement and were called Falsification condition,
and the AC and DA were irrelevant to the testing of the statement
and called Non-Falsification condition.

2.3. Procedure

Before the fMRI scanning, all participants underwent a training
session, in which the problems presented were similar to those
used during scanning session. In the first part of the training, we
explained the logical knowledge involved in the conditional proposi-
tion testing to the participants using everyday life examples, and
demonstrated the procedure of performing the task on the com-
puters. The face-to-face training session lasted for about 3 to 5 min
followed by a practice session performed by participants on the com-
puters for about 10 min. There were two rounds of practice with 10
trials per round (each of the 5 types of probe symbols was practiced
twice in each round). Participants were given immediate feedback
when they made a wrong choice during the practice trials only and
asked to correct their “way of thinking”. They were moved on to the
formal experiment phase when their performance had reached at
least 60% of accuracy.

The sequence of events in the formal experiment was as follows
(see Fig. 1): the beginning of the trial was signaled by a “+” in the
center of screen for 500 ms followed by the displaying of the general
statement (24–28 Chinese characters long) for 2.5 s. Then, the condi-
tional statement (14–18 Chinese characters) appeared on two lines in
the center of screen for 3 s which was followed by a blank screen for 3
to 9 s. The variable length of pre-stimulus interval was necessary to
obtain a better fMRI signal measure. Finally, the probe symbol along
with the four choices which appeared right under the probe symbol
was presented in the center of the screen for 6 s. While the 4 choices
were being displayed, participants were asked to think logically,
judge the role of the probe symbol in testing the conditional state-
ment and press the corresponding response key as soon as possible
(“1” — verification; “2” — falsification; “3” — verification and falsifica-
tion; and “4” — irrelevance). The correct responses to MP and MT
symbols were both assigned to key “2”, and the correct responses
for the other choices were assigned to key “4”. Keys “1” and “2”
were located on one response box controlled by the left hand, and
keys “3” and “4” were located on another response box controlled
by the right hand. The purpose of using choices “1” and “3”was to dis-
tract the participants so that only participants who understood the
logic of conditional proposition testing could respond correctly. In
cases they could not respond within the stimulus display time of
6 s, the trial was aborted, and they were told to let the trial pass
and just focus on the next problem. The 140 trials were divided into
3 blocks, with the first and second blocks having 50 trials each, and
the last block 40 trials. Each block contained complete cycles of test-
ing for the 5 probe symbols. Trials within a block were presented in a
random order. Participants could take a short break between blocks.

2.3.1. Scanning procedures and image acquisition
Images were acquired from a 3 T Siemens Magnetom TrioTim B17

MRI scanner (TR=3000 ms, TE=30 ms, 32 axial slices with 3 mm
thick each, 0.8 mm gap, field of view 200×200 mm, acquisition ma-
trix was 64×64, flip angle 90°, in-plane resolution=3.0×3.0 mm2).
For each participant, we acquired whole-brain T1-weighted anatom-
ical scans and gradient echo T2*-weighted echo planar images (EPI)
with BOLD contrast.

2.3.2. Imaging data analysis
Data analysis was performed with SPM2 (www.fil.ion.ucl.ac.uk/

spm) from the Wellcome Department of Cognitive Neurology, London.
Scans were first realigned, normalized (using the functional EPI tem-
plate provided in SPM2), smoothed (a Gaussian kernel with a full
width at FWHM of 8 mm), and filtered (high-pass filter set at 128 s,
low-pass filter achieved by convolution with hemodynamic response
function). The resulting images had cubic voxels of 3×3×3 mm.

As is well-known, MP condition was often considered as an
extremely simple one which can also trigger deductive reasoning, is
often used as a control of other more complicated arguments (i.e. MT)
in the reasoning literature (Bonnefond and Van der Henst, 2009;
Reverberi et al., 2010). It was unclearwhether there is qualitative differ-
ence between them (Reverberi et al., 2009). In the presented study, in

http://www.fil.ion.ucl.ac.uk/spm
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Fig. 1. The timeline of the symbol-function determination task and the different types of probe symbols.
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order to identify the neural architectures of brain activated by the prop-
osition testing, firstly, we contrast Falsification condition versus BL
which explores the whole activated brain regions of falsification
process. Secondly, we contrast Non-Falsification condition versus BL
which reveals the brain regions of Non-Falsification process. Non-
Falsification condition has the process of proposition testing but no
falsification. In order to get the pure element of falsification process,
we contrast Falsification condition versus Non-Falsification condition.
Moreover, we conduct the comparison between MT condition and
Non-Falsification condition to exclude the influence of MP cognitive
process.

Trials were sorted by condition [MP, MT, BL, Falsification condition
(MP+MT), Non-Falsification condition (AC+DA)]. For each partici-
pant, an event-related analysis contrasted fMRI signal for MP, MT,
BL, Falsification condition and Non-Falsification condition. Falsifica-
tion condition versus Non-Falsification condition, MT versus Non-
Falsification condition difference-scores from each participant were
combined in a group-level random effects analysis to identify differ-
ences consistent across participants. These contrasts used a FDR-
corrected threshold of Pb0.05 at the voxel level (Pb0.0005 with 80
contiguous voxels cutoff at the voxel level). This combination thresh-
old yields very low false-positive rates in simulations. Falsification con-
dition versus BL, Non-Falsification condition versus BL difference-scores
from each participant were combined in a group-level random effects
analysis to identify differences consistent across participants. These
contrasts used a FDR-corrected threshold of Pb0.05 at the voxel level
(Pb0.00005 with 60 contiguous voxels cutoff at the voxel level). In ad-
dition, MT versus MP difference-score from each participant was com-
bined in a group-level random effects analysis to identify differences
consistent across participants. These contrasts used a FDR-corrected
threshold of Pb0.05 at the voxel level (Pb0.0005 with 40 contiguous
voxels cutoff at the voxel level).
Table 1
Newman–Keuls post hoc comparison of the mean RTs of MP, MT, AC, DA, and BL.

Conditions Mean RTs(ms) Newman/Keuls grouping

MP 1937 A
MT 2828 B
AC 2529 C
DA 2408 C
BL 1223 D

Means labeled with the same letters did not differ significantly from one another.
Means labeled with different letters differed significantly from one another.
3. Results

3.1. Behavioral performance

The mean percentage of correct judgments for the 5 probe sym-
bols of MP, MT, AC, DA, and BL was 93.9±1.8, 92.3±1.8, 95.4±2.0,
87.2±5.1, and 99.7±0.3, respectively. Chi-square test on the per-
centages of correct judgments indicated that the effect of the probe
symbol was not significant (P>0.05).

The mean RTs for MP, MT, AC, DA, BL were 1937±126 ms, 2828±
161 ms, 2529±171 ms, 2408±161 ms, and 1223±67 ms, respective-
ly. A repeated-measures ANOVA showed that the effect of the probe
symbol was significant, F (4, 52)=75.625, Pb0.001. The Newman–
Keuls post-hoc comparison results are shown in Table 1. Furthermore,
the mean RTs for Falsification condition, Non-Falsification condition,
and BL were 2383±139 ms, 2468±154 ms, 1223±67 ms. The New-
man–Keuls post-hoc comparison results showed that Falsification con-
dition and Non-Falsification condition were slower than BL (Pb0.001),
and the RTs of Falsification condition and Non-Falsification condition
were not significant (P=0.172).
3.2. fMRI data

Contrasts were made among Falsification, Non-Falsification, and
BL conditions. Firstly, the contrast of Falsification condition versus
BL using a random effects analysis resulted in the following areas
showing activations: left inferior frontal gyrus (BA9), left precuneus
(BA7), left inferior parietal lobule (BA40), left basal ganglia, right su-
perior parietal gyrus (BA7), right inferior parietal lobule (BA40), right
basal ganglia, right medial frontal gyrus (BA6), left medial frontal
gyrus (BA6), left middle frontal gyrus (BA46), and right superior fron-
tal gyrus (BA6) (see Table 2 and Fig. 2). Secondly, the contrast of Non-
Falsification versus BL condition resulted in the following areas show-
ing activation: left inferior parietal lobule (BA40), left precentral
gyrus (BA6), left precuneus (BA7), left middle frontal gyrus (BA6),
right inferior parietal lobule (BA40), right postcentral gyrus (BA40),
and right supramarginal gyrus (BA40) (see Table 2 and Fig. 2).

Thirdly, the contrast of Falsification condition versus Non-
Falsification condition resulted in these areas showing activations:
left middle frontal gyrus (BA9), right cerebellum, left inferior parietal
lobule (BA40), and left precuneus (BA19) (see Table 3 and Fig. 3). Al-
though both MP and MT have the falsification function, MP in com-
parison is a much simpler form of reasoning and people have a bias
toward choosing this symbol in the Wason's (1966) selection task.
Therefore, in order to capture pure and crucial neural components un-
derlying the falsification process, we also contrasted MT (the more dif-
ficult of the two falsification processes) with Non-Falsification
condition. The main contrast of MT versus Non-Falsification condition
resulted in activation showing in left middle frontal gyrus (BA9), left
medial frontal gyrus (BA6/8), right medial frontal gyrus (BA6), right
cerebellum, left cerebellum, left inferior parietal lobule (BA40), and
left precuneus (BA7) (see Table 3 and Fig. 3). In addition, we also
made the contrast betweenMP andMT. Themain contrast of MT versus
MP resulted in these areas showing activations: left inferior parietal lob-
ule, left middle frontal gyrus, anterior cerebellum lobe, posterior cere-
bellum lobe, and bilateral thalamus (see Table 4 and Fig. 4). However,
there was no brain region activated during MP versus MT condition.

4. Discussion

The present study used the Wason's (1966) selection task para-
digm and fMRI technique to explore the neural underpinnings of test-
ing the “If….Then…” conditional statement. To the best of our
knowledge, this workmight be the first fMRI study to have investigated



Table 2
Brain regions showing significant difference by comparisons of Falsification card Ver-
sus BL, and Non-Falsification card versus BL.

Gyrus/structure BA t-
score

Talairach coordinates

x y z

Falsification card>BL
L middle frontal gyrus 46 7.02 −48 24 27

46 6.45 −42 18 21
L medial frontal gyrus 6 11.07 −3 0 60
R medial frontal gyrus 6 12.16 12 3 57
L inferior frontal gyrus 9 8.00 −45 3 24
L inferior parietal lobule 40 8.11 −36 −51 42
R inferior parietal lobule 40 6.82 33 −48 33
L precuneus 7 8.76 −24 −66 39

7 5.71 −9 −72 48
R superior parietal lobule 7 10.48 39 −54 51
L basal ganglia 7 7.42 27 −51 45

9.21 −12 −3 −6
R basal ganglia 11.67 18 −15 0

9.84 21 6 9
8.36 27 12 3

R superior frontal gyrus 6 8.91 27 6 51

Non-Falsification card>BL
L middle frontal gyrus 6 5.00 −33 3 48
L precentral gyrus 6 7.40 −30 −12 42

6 7.31 −30 0 39
L inferior parietal lobule 40 8.73 −36 −51 42
R inferior parietal lobule 40 6.87 36 −51 51
L precuneus 7 7.75 −21 −69 51
R supramarginal gyrus 7 7.59 −9 −72 48
R postcentral gyrus 40 8.65 36 −45 30

40 8.28 42 −30 48

Note. L, left; R, right; BA, approximate Brodmann's area.

Table 3
Brain regions showing significant difference by comparisons of Falsification card versus
Non-Falsification card, and MT versus Non-Falsification card.

Gyrus/structure BA t-
score

Talairach coordinates

x y z

Falsification>Non-Falsification
L middle frontal gyrus 9 7.18 −51 24 33

9 6.08 −39 18 27
9 5.15 −42 42 27

L precuneus 19 5.81 −27 −72 42
L inferior parietal lobule 40 5.65 −48 −54 42

40 5.21 −42 −50 36
R cerebellum 7.19 36 −78 −42

7.10 39 −63 −36
4.77 48 −59 −48

MT>Non-Falsification
L middle frontal gyrus 9 7.35 −39 21 27

9 4.75 −42 39 27
R medial frontal gyrus 6 6.27 6 0 54
L medial frontal gyrus 6 5.45 −9 30 36
L medial frontal gyrus 8 5.18 −6 21 45
L precuneus 7 5.55 −27 −66 39

7 4.54 −18 −75 48
L inferior parietal lobule 40 5.32 −33 −54 36
R cerebellum 9.28 39 −60 −36

5.09 27 −66 −42
L cerebellum 4.92 18 −63 −33

5.71 3 −84 −24
5.88 −6 −57 −30
5.56 −3 −54 −21

Note. L, left; R, right; BA, approximate Brodmann's area.
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directly the brain activation regions of the falsification process in testing
the validity of a conditional proposition. Interestingly,we found that the
left middle frontal gyrus (BA9), including themedial frontal gyrus (BA6,
and BA8), seemed to be the key brain regions responsible for the falsifi-
cation process in testing a conditional proposition.We discuss the roles
of these areas in the following.

4.1. Inferior frontal gyrus and parietal cortex

Previous studies reported that the syntactic processes in condi-
tional reasoning relied on the activation of the left inferior frontal
gyrus (BA44/45), precentral gyrus (BA6), and basal ganglia (Goel
et al., 2000; Goel and Dolan, 2003, 2004; Handley et al., 2002;
Reverberi et al., 2007, 2009). Here, we also found that the left inferior
frontal gyrus (BA9), the left basal ganglia and the left precentral gyrus
(BA6) indicated activation in the contrast of Falsification with BL
Fig. 2. Brain regions with significant of activated for the comparison. Left 2 panels: Falsifica
wise threshold of Pb .00005, n=14, cluster extent k>60).
condition and left precentral gyrus (BA6) in the contrast of the Non-
Falsification with BL condition. Obviously, it is necessary for partici-
pants to possess reasoning knowledge, especially conditional reason-
ing knowledge to test the conditional proposition in Wason's
selection task. We believe that the activations of these brain areas
may be associated with the rule-guided operations in the early
stage of conditional proposition testing. Moreover, we also found
that the parietal areas (BA40, BA7) were activated during Falsification
(falsification vs. BL) and Non-Falsification (Non-falsification vs. BL)
responses. Cavanna and Trimble (2006) suggested that the activation
of parietal area (BA7) might be related to the representation and ma-
nipulation of spatial relations among terms. Reverberi et al. (2010)
further suggested that the parietal area (BA40, BA7) might be related
to selection of strategies, and recruiting of a wider range of cognitive
processes. In our study, conditional proposition testing was a very
complex process, because participants must consider two possible sit-
uations on the other side of the card (“Can it be a Q or not-Q?”) in
tion condition versus BL. Right 2 panels: Non-Falsification condition versus BL (voxel-



Fig. 3. Brain regions with significant of activated for the comparison. Left 2 panels: Falsification condition versus Non-Falsification condition. Right 2 panel: MT versus Non-
Falsification condition (voxel-wise threshold of Pb .0005, n=14, cluster extent k>80).
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judging the function of a probe symbol. Consistent with the complex
nature of the task, we found that the parietal area (BA40, BA7)
seemed involved in recruiting cognitive resources to represent and
maintain the different pieces of evidence. For example, both possibil-
ities that could turn up on the other side of the card must be con-
sciously represented in a highly active state in the working memory.

4.2. Middle frontal gyrus and cerebellum

Our fMRI results showed that the left middle frontal gyrus (BA9),
left precuneus (BA7), left inferior parietal gyrus (BA40) and right
cerebellum were activated in contrasting Falsification with Non-
Falsification condition. Some researchers suggested that the left mid-
dle gyrus might play a role in the manipulation and the active main-
tenance of information in working memory, as required for high-level
planning (Cairo et al., 2004; Woodward et al., 2006). Other re-
searchers indicated that activation of the middle frontal gyrus (BA6,
BA9) might be involved in semantic processing (Abrahams et al.,
2003; Gold and Buckner, 2002; Jeon et al., 2009). In Saxe et al.'s
study (2006), they asked participants to complete a type of algorithm
task, and found that the left middle frontal gyrus was related to inhib-
itory control (see also Garavan et al., 2002; Picton et al., 2007). In ad-
dition, Goel et al. (2000) reported that the left middle frontal gyrus
was an important region involved in the abstract syllogistic reasoning
requiring the comprehension of abstract logic relationships. Goel and
Dolan (2004) further reported that the left middle frontal gyrus
played a crucial role in inductive reasoning. In fact, we believe that
participants who responded correctly must have determined whether
the probe symbol constituted a counterexample, and have inhibited a
tendency to “verify” the statement (as noted earlier, it is impossible
to verify it although people have a tendency toward “verifying” it).
Table 4
Brain regions showing significant difference by comparison of MT versus MP.

Gyrus/structure t-
score

MNI coordinates

x y z

MT>MP
L inferior parietal lobule 6.26 −33 −48 42
L middle frontal gyrus 5.73 −6 −6 57

Bilateral thalamus
L thalamus 7.31 −12 −27 6
R thalamus 6.07 9 −21 3

Cerebellum
Anterior cerebellum lobe 6.02 9 −45 −24
Posterior cerebellum lobe 5.02 3 −63 −39

Note. L, left; R, right.
Thus, based on these findings from the present study, we suggested
that the activation of left middle frontal gyrus might underlie the
abstracting and integrating of logical relationships between different
pieces of evidence, inhibiting the effect of irrelevant information (e.g.,
rejecting the “verification” choice), and judging the role of each probe
symbol in the conditional proposition testing. We conclude that the
left middle frontal gyrus is likely a crucial region for the evoking of
the concept of falsification in conditional statement testing.

In order to investigate the neural correlates of the falsification pro-
cess profoundly, we also compared MT with Non-Falsification condi-
tion and MT with MP. However, MP and Non-Falsification condition
could not be compared directly because MP might be much more au-
tomatic and familiar. The results also showed that the left middle
frontal gyrus (BA9), left medial frontal gyrus (BA6, and BA8), right
medial frontal gyrus (BA6), left precuneus (BA7), left inferior parietal
lobule (BA40) and bilaterally cerebellum were all significantly acti-
vated. Previous studies indicated that the medial frontal gyrus (BA6,
and BA8) might be related to the integration of information from var-
ious sources in working memory (Kroger et al., 2002; Ruff et al.,
2003). Some researchers reported that the medial frontal gyrus
might be involved in higher-level control process (Gilbert et al.,
2006; Seitz et al., 2009). For example, Allman et al. (2001) suggested
that the medial frontal gyrus was involved in coordinating widely dis-
tributed neural activities including cognitive and emotional reactions.
Moreover, Geake and Hansen (2005) showed that the middle frontal
gyrus was engaged in the changes of executive functioning required
to learn new rules (see also Strange et al., 2001). Because the MT
form of reasoning is more complex than MP, our finding on the role
of the medial frontal gyrus in using MT was consistent with those in
the related literature in that the activation of medial frontal gyrus
(BA6, and BA8) seemed to be related to high-level cognitive controls
in the processing of logical relationships. However, the left middle
frontal gyrus seemed to be playing an especially crucial role and
was especially sensitive to the evoking of the falsification concept
(see Fig. 5).

Previous functional neuroimaging studies have pointed to an im-
portant role of the cerebellum in mental imagery, cognitive flexibility,
working memory, sensory discrimination, constructing internal
working model in decision making, reasoning, and hypothesis testing,
monitoring the consequences of actions (Blackwood et al., 2004;
Blakemore et al., 2001; Elliott and Dolan, 1998; Gao et al., 1996;
Goel et al., 2000; Kim et al., 1994; Klingberg et al., 1995; Mellet
et al., 1995,). In the present study, we found that the activation of cer-
ebellum was also associated with conditional proposition testing, a
finding which might be added to the evidence of this structure's al-
ready known high cognitive functions. Researchers found some
newer regions (e.g., the lateral cerebellar hemispheres) were capable
of forming and maintaining internal working models of objects in the

image of Fig.�3


Fig. 4. Brain regions with significant activations in the comparison of MT versus MP condition. Left 2 panels showed the activation in the anterior cerebellum lobe (MNI: 9, −45,
−24). Right 2 panels showed the activation in the posterior cerebellum lobe (MNI: 3, −63, −39) (voxel-wise threshold of Pb .0005, n=14, cluster extent k>40).
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external world (Imamizu et al., 2000; Ito, 1993). In our study, it
seemed to us that the role of the cerebellum in conditional proposi-
tion testing is in constructing an internal working model to analyze
each probe symbol and determine its logical function in the testing
of the conditional proposition.

In conclusion, we used Wason's (1966) selection task to identify
the neural bases of conditional proposition testing, especially of the
falsification process. Our results indicated first that conditional prop-
osition testing is a very complex process, which includes reasoning
and testing; second, that relative to BL condition (which requires lit-
tle reasoning activity), conditional proposition testing requires more
cognitive resources for the representation and manipulation of infor-
mation in working memory; third, that the cerebellum might be an
important region involved in high-level cognitive processes, includ-
ing reasoning, hypothesis testing, and conditional proposition testing.
Lastly, the brain area of left middle frontal gyrus (BA9), including me-
dial frontal gyrus (BA6, and BA8), likely plays an important role in the
falsification process of testing the conditional proposition. Further-
more, our results indicated that the parietal lobe and frontal lobe
were activated in the contrasts between the MP/MT conditions and
baseline, between the DA/AC conditions and baseline, between MP/
MT and DA/AC, MT versus DA/AC, as well as MT versus MP. As men-
tioned previously, the mental logic theory claimed that reasoning
Fig. 5. A statistical parametric map (SPM) rendered into a standard stereotactic space and
itself in a standard space. (a) Left middle frontal gurus (−39, 21, 27; t=7.35) (BA9) was act
parameter (beta) estimates showed that the Left middle frontal gyrus (−39, 21, 27; t=7.3
mainly activated language areas (e.g., the left frontal and temporal
lobe regions; Goel, 2003; Qiu, 2007) whereas the mental model theo-
ry assumed that visuospatial processes (e.g. right hemisphere and pa-
rietal lobe; Goel, 2003; Ruff et al., 2003) involved in reasoning.
However, based on our results, the frontal gyrus and the parietal cor-
tex might be both involved in falsification process. Therefore, our re-
sults might support the dual-process theory of reasoning which
indicated that there were two distinct cognitive systems underlying
reasoning (proposition testing), including the Heuristic System (the
frontal gyrus) and the Analytic System (the parietal cortex; Evans,
2003; Goel, 2003, 2007; Goel et al., 2000; Prado and Noveck, 2007;
Qiu, 2007).

Supplementary materials related to this article can be found on-
line at doi:10.1016/j.ijpsycho.2012.02.011.
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