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1. Introduction
Recent neuroimaging studies have increasingly focused on the neural mechanisms of
human deductive reasoning (see Goel, 2006 for recent review). Deductive reasoning is the
cognitive process of drawing valid conclusions from a given set of premises. Although it
should be performed independently of prior knowledge and intuitive beliefs, actual human
reasoning often relies on them. Sometimes such beliefs provide valid solutions to problems,
though they can also bias our judgment. This tendency toward bias in human reasoning has
been experimentally studied through the demonstration of belief-bias effect in syllogistic
reasoning (De Neys, 2006a, 2006b; Tsujii et al., 2006).
Belief-bias effect refers to the tendency of subjects to be more likely to accept the conclusion
to a syllogism if they find it believable than if they disbelieve it, irrespective of its actual
logical validity (De Neys, 2006a, 2006b; Tsujii et al., 2006). The experiment of belief-bias
effect includes two types of syllogisms: one in congruent trials, in which the logical
conclusion is consistent with beliefs about the world (valid-believable and invalidunbelievable), the other in incongruent trials, in which the logical conclusion is inconsistent
with beliefs (valid-unbelievable and invalid-believable). A typical material design was
presented in Fig.1. Belief-bias thus facilitates logical responses in congruent trials, while it
opposes logically correct responses in incongruent trials (De Neys et al., 2008; De Neys &
van Gelder, 2009b; Goel & Dolan, 2003; Tsujii & Watanabe, 2009, 2010; Tsujii et al., 2010a,
2010b, 2011).
One explanation for the belief-bias effect is offered by the dual-process theory of reasoning,
which proposes the existence of two different human reasoning systems (Evans, 2003, 2008;
De Neys, 2006a, 2006b). The first system, often called the heuristic system, tends to solve
problems by relying on prior knowledge and belief. The second system, often called the
analytic system, engages in reasoning according to logical standards. The schematic
representation of the dual-process theory was presented in Fig. 2. The heuristic default
system is assumed to operate rapidly and automatically, whereas operations of the analytic
system are believed to be slow and heavily demanding of computational resources (De
Neys, 2006a, 2006b; Tsujii & Watanabe, 2009, 2010). The aim of this chapter was to
summarize the recent neuroimaging findings which supported the dual-process account of
deductive reasoning, focusing on studies of the belief-bias effect.
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Fig. 1. Material design of the belief-bias effect
Several neuroimaging studies using functional magnetic resonance imaging (fMRI) have
examined the neural mechanisms of belief-bias reasoning (Goel, 2007). These studies
reported that the belief-bias effect was associated with right inferior frontal cortex (IFC)
activity (De Neys et al., 2008; Goel & Dolan, 2003). Right IFC activity was enhanced when
subjects could respond correctly to incongruent reasoning trials. The authors of these
studies claimed that the right IFC plays a role in inhibiting the default heuristic system for
successful logical reasoning (De Neys et al., 2008; Goel & Dolan, 2003).
In general, the right IFC activity is known to play a central role in inhibitory function (Aron
et al., 2004, 2007). For example, response inhibition has been found to be associated with the
right IFC activity in several tasks, including the go/no-go task (Chikazoe et al., 2007, 2009;
Chiu et al., 2008; Rubia et al., 2001; Tsujii et al., 2011b) and the stop-signal task (Aron and
Poldrack, 2006; Hampshire et al., 2010; Rubia et al., 2001, 2003). Furthermore, when subjects
changed from one task to another (task-set switching), the right IFC activity was also
enhanced (Cools et al., 2002; Smith et al., 2004, 2006; Xue et al., 2008). In addition, other
studies have suggested that the right IFC deficit may underlie the impaired response
inhibition in patients with attention-deficit hyperactivity disorder (Durston et al., 2006, 2011;
Rubia et al., 2005, 2010). These observations are consistent with the claims of dual-process
theory that the right IFC plays a functional role in inhibiting the default heuristic system to
enable analytic logical reasoning system activity (De Neys et al., 2008; Goel, 2007; Goel &
Dolan, 2003). In the present paper, we further presented recent studies in our laboratory
which examined the attention-demanding and time-consuming properties of the right IFC
activity in belief-bias reasoning (Tsujii & Watanabe, 2009, 2010).
While most of the neuroimaging studies of deductive reasoning have used fMRI (Goel et al.,
2000; Goel and Dolan, 2001, 2003; Knauff et al., 2002, 2003; Monti et al., 2007, 2009; Reverbeli
et al., 2007, 2009, 2010), our laboratory utilized two relatively new imaging technique: one is
functional near-infrared spectroscopy (fNIRS) and the other is repetitive transcranial
magnetic stimulation (rTMS). fNIRS is the imaging technique for investigating cortical
hemodynamic responses by measuring changes in the attenuation of near-infrared light
passing through tissue. Since oxygenated hemoglobin (oxy-Hb) and deoxygenated
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hemoglobin (deoxy-Hb) have different absorption spectra in the infrared range, changes in
concentrations of oxy- and deoxy-Hb can be calculated by detecting infrared light at two
different wavelengths on the skull (approximately 787 and 827 nm). In general, enhanced
oxy-Hb and reduced deoxy-Hb are associated with regional cortical activation. NIRS is noninvasive, robust against body movement and has been validated as a suitable technique for
investigating neural mechanisms in psychological experiments (Tsujii et al., 2007, 2009a,
2009b, 2010b, 2010c, 2011b).
Although fMRI and fNIRS studies have provided interesting findings of the neural
mechanisms of deductive reasoning, they can only examine correlations between cortical
areas and a type of behaviour. The second aim of the present study was to demonstrate
recent findings of rTMS studies in our laboratory which elucidated the roles of the inferior
frontal cortex (IFC) and the superior parietal lobule (SPL) in human deductive reasoning
(Tsujii et al., 2010a, 2011a). Especially, we adopted an off-line rTMS method in which lowfrequency rTMS is delivered to a specific brain area over several minutes to disrupt normal
functioning of this area transiently after stimulation (Devlin et al., 2003; Hamidi et al., 2008,
2009; Hilgetag et al., 2001; Miller et al., 2008; Robertson et al., 2003). We investigated the
effect of off-line rTMS of IFC and SPL on subsequent reasoning performance of congruent
and incongruent trials. The rTMS approach can establish the causal relationships between
brain and behaviour more directly compared with fMRI and fNIRS.

Fig. 2. Schematic illustration of the dual-process theory

2. fNIRS studies: Dual-task and time-pressure effects on reasoning
The dual-process theory claimed that the heuristic default system is assumed to operate
rapidly and automatically, whereas operations of the analytic system are believed to be slow
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and heavily demanding of computational resources. Although these claims were supported
by behavioural findings (De Neys, 2006a, 2006b), the neural correlates of dual-task and timepressure effect on belief-bias reasoning was unknown. Thus, a series of fNIRS studies in our
laboratory examined the attention-demanding and time-consuming properties of the
analytic reasoning system and IFC activity using fNIRS (Tsujii & Watanabe, 2009, 2010). In
addition, we examined the aging effect on hemispheric asymmetry in IFC activity using
fNIRS (Tsujii et al., 2010b).
2.1 Dual-task effect on belief-bias reasoning
Tsujii & Watanabe (2009) examined the relationship between dual-task effect and IFC
activity during belief-bias reasoning by fNIRS. Previous behavioural studies demonstrated
that subjects with poor working memory capacity exhibited larger belief-bias effect than
those with rich working memory capacity (De Neys, 2006a, 2006b; Stanovich & West, 2000).
More directly, De Neys (2006a) found that attention-demanding concurrent tasks impaired
incongruent but not congruent reasoning trials. These findings suggest that the analytic
system is attention-demanding, and that when attention is divided by a concurrent task,
individuals tend to rely on the automatic heuristic system, resulting in belief-bias responses.
Although these behavioural findings are important, the neural correlates of dual-task
reasoning are still unclear.
Tsujii & Watanabe (2009) therefore examined the neural correlates of the dual-task effect on
IFC activity in belief-bias reasoning using fNIRS approach. Subjects were asked to perform a
syllogistic reasoning task, involving congruent and incongruent trials, while responding to
attention-demanding secondary tasks, in which a white square stimulus appeared at one of the
four corners of a black screen throughout the experiment (Fig. 3). In the low-load condition,
subjects were required to respond whenever the stimulus was in a predetermined location
(e.g. upper-left position). In the high-load condition, subjects were asked to respond when the
current stimulus was in the same location as the stimulus two trials previously (2-back).

Fig. 3. Time schedule and schematic drawings of the secondary task.
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Behavioural analysis showed that the high-load secondary task impaired only incongruent
reasoning performance. NIRS analysis found that the high-load secondary task decreased
right IFC activity during incongruent trials. Correlation analysis showed that subjects with
enhanced right IFC activity could perform better in the incongruent reasoning trials, though
subjects for whom right IFC activity was impaired by the secondary task could not maintain
better reasoning performance. These findings suggest that the right IFC may be responsible
for the dual-task effect in conflicting reasoning processes. When secondary tasks impair
right IFC activity, subjects may rely on the automatic heuristic system, which results in
belief-bias responses. Tsujii & Watanabe (2009) therefore offer the first demonstration of
neural correlates of dual-task effect on IFC activity in belief-bias reasoning.
2.2 Belief-bias reasoning under time-pressure
Tsujii & Watanabe (2010) addressed the difference in speed between the heuristic and
analytic reasoning systems. The dual-process theory of reasoning explained the belief-bias
effect by proposing a belief-based fast heuristic system and a logic-based slow analytic
system. Although the claims were supported by behavioural findings that the belief-bias
effect was enhanced when subjects were not given sufficient time for reasoning (De Neys,
2006b; Evans & Curtis-Holmes, 2005), the neural correlates were still unknown. Tsujii &
Watanabe (2010), thus, examined the neural correlates of the time-pressure effect on the IFC
activity in belief-bias reasoning using fNIRS. Subjects were asked to perform a syllogistic
reasoning task, involving congruent and incongruent trials, both in long-span (20 s) and
short-span conditions (10 s).
Behavioural analysis found that only incongruent reasoning performance was impaired by
the time-pressure of short-span trials. NIRS analysis found that the time-pressure decreased
right IFC activity during incongruent trials. Correlation analysis showed that subjects with
enhanced right IFC activity could perform better in incongruent trials, while subjects for
whom the right IFC activity was impaired by the time-pressure could not maintain better
reasoning performance. These findings suggest that the right IFC may be responsible for the
time-pressure effect in conflicting reasoning processes. When the right IFC activity was
impaired in the short-span trials in which subjects were not given sufficient time for
reasoning, the subjects may rely on the fast heuristic system, which result in belief-bias
responses. Tsujii & Watanabe (2010) therefore offer the first demonstration of neural
correlates of time-pressure effect on the IFC activity in belief-bias reasoning.
2.3 Aging and belief-bias reasoning
Behavioural Tsujii et al. (2010b) examined the difference in neural activity associated with
deductive reasoning processes between young and older adults. Some behavioural studies
reported that older adults exhibited a larger belief-bias effect than young adults (De Neys &
Van Gelder, 2009), though the neural correlates of the aging effect on belief-bias reasoning
remained unknown. Therefore, Tsujii et al. (2010b) examined IFC activity differences in
belief-bias reasoning between young (mean age, 21.50 years) and older subjects (mean age,
68.53 years) using fNIRS.
Behavioural analysis found that older adults exhibited a larger belief-bias than young
adults. Although the belief-bias effect was significant in both age groups, the size of the

www.intechopen.com

40

Advances in Brain Imaging

effect was significantly larger for older than young adults. In the belief-bias reasoning
paradigm, automatic semantic processing interferes with reasoning performance in
incongruent trials. Subjects were thus required to inhibit irrelevant semantic processing to
resolve the conflicting reasoning. However, it is generally known that older adults are less
able to inhibit task-irrelevant information processing than young adults. This may be one of
the reasons that older adults exhibited a larger belief-bias effect in deductive reasoning.
NIRS analysis showed that the right IFC was more activated than the left IFC in young
adults, while there was no significant difference between the right and left IFCs in older
adults. That is, hemispheric asymmetry of IFC activation (right-lateralization) was only
observed in young subjects. In addition, the reduced lateralization of older adults was not
due to reduction of right IFC activity, but due to enhancement of left IFC activity. These
results are in line with numerous fMRI findings that showed age-related reduction of
hemispheric asymmetry and over-recruitment in prefrontal activity in several tasks (Cabeza
et al., 1997, 2002, 2004; Langenecker et al., 2004, 2007; Nielson et al., 2002, 2004; Rajah &
McIntosh, 2008; Rympa & D'Esposito, 2000). For example, older adults often show bilateral
activation in tasks associated with left-lateralized activity in young adults, such as verbal
working memory and semantic processing tasks (Bergerbest et al., 2009; Rajah & McIntosh,
2008; Rympa & D'Esposito, 2000). Likewise, older adults often show bilateral activation in
tasks associated with right-lateralized activity in young adults such as episodic retrieval and
response inhibition tasks (Langenecker & Nielson, 2003; Nielson et al., 2002, 2004).
With regard to the function of age-related lateralization reduction, two main interpretations
have been proposed: the compensatory and dedifferentiation hypotheses. The compensation
hypothesis considers that older adults recruit more areas of the contralateral hemisphere
than younger adults in order to achieve or attempt to achieve the same levels of
performance (Reuter-Lorenz et al., 2000). In contrast, the dedifferentiation hypothesis
considers that the additional recruitment reflects a generalized spreading of activity due to
reduced specialization of function, regardless of whether it has a compensatory effect
(Logan et al., 2002). Tsujii et al. (2010b) conducted the correlation analysis which revealed
that the positive correlation between reasoning accuracy and IFC activation was significant
in both hemispheres for older subjects, while a significant correlation was only found in the
right hemisphere for young subjects. These findings are consistent with the compensatory
hypothesis that older adults may recruit the left IFC to compensate for the age-related
decline of inhibitory control functions.
2.4 Utility of fNIRS in reasoning studies
In the present chapter, we introduced fNIRS approach to elucidate the neural mechanisms
of deductive reasoning processes, although most of the previous studies used fMRI
technique (Goel et al., 2000; Goel and Dolan, 2001, 2003; Knauff et al., 2002, 2003; Monti et
al., 2007, 2009; Stavy et al., 2006). Certain shortcomings of the NIRS technique thus need to
be mentioned. First, NIRS can detect hemodynamic changes only at the surface of the brain
(about 2 cm beneath the skull). Subcortical responses thus cannot be examined using NIRS.
In particular, activity in the anterior cingulate cortex, which is known to be associated with
conflict detection and is probably an important neural locus of belief-bias reasoning (Goel,
2007; De Neys et al., 2008), cannot be examined by NIRS. Second, NIRS features relatively
low spatial resolution compared with fMRI, making precise analysis with it difficult.
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Despite these shortcomings, use of NIRS is becoming increasingly common in recent
neuroimaging studies, because of its advantages, such as exceptional safety, low cost and
robustness against body movement. Indeed, recent NIRS studies have established the utility
of NIRS in various cognitive tasks involving working memory (Ehlis et al., 2008; Tsujii et al.
2007, 2009b, 2010c), response inhibition (Boecker et al., 2007; Tsujii et al., 2011b), and
semantic memory retrieval (Herrmann et al., 2003, 2004; Tsujii et al., 2009a). We believe that
NIRS will improve understanding of the neural substrates of reasoning processes.
fNIRS is also expected to facilitate the investigation of wide subject populations, including
young children (Minagawa-Kawai et al., 2008; Tsujii et al., 2009b) and the elderly (Herrmann
et al., 2006; Kameyama et al., 2004). Children and elderly subjects have been found to exhibit
a larger belief-bias effect than young adults (De Neys and Van Gelder, 2009). It is thus
important to examine the neural mechanisms in these subject populations in reasoning
research. In deed, we successfully demonstrated the hemispheric difference of IFC activity
between young and older adults in the belief-bias reasoning task (Tsujii et al. 2010b). We
believe that fNIRS will improve understanding of the neural substrates of reasoning
processes.

3. TMS study in deductive reasoning
Although neuroimaging studies, such as fMRI and fNIRS, have provided useful insights of the
neural mechanisms of deductive reasoning, they can only examine correlations between
cortical areas and a type of behaviour. In contrast, the rTMS approach can establish the causal
relationships between brain and behaviour more directly compared with fMRI and fNIRS. In
our laboratory, an off-line method of rTMS was adopted to examine the neural correlates of
deductive reasoning. In the off-line method, low-frequency rTMS is delivered to a specific
brain area over several minutes to disrupt normal functioning of this area transiently after
stimulation (see Robertson et al., 2003 for detailed review). For example, Devlin et al. (2003)
delivered low-frequency (1Hz) magnetic stimulation at IFC region for 10 min and found that
the semantic processing was disrupted in a semantic decision task. In the first experiment, we
examine the effect of low-frequency magnetic stimulation at IFC region on performance of
congruent and incongruent reasoning performance (Tsujii et al., 2010a). In the second
experiment (Tsujii et al., 2011a), we investigated the effect of rTMS at SPL (superior parietal
lobule) on the performance of abstract reasoning in which semantic content was lacking (e.g.,
“All P is B”). The stimulation sites of IFC and SPL were presented in Fig. 4.
3.1 The role of IFC in belief-bias reasoning
Tsujii et al. (2010a) examined the role of IFC in belief-bias reasoning using rTMS approach.
Subjects participated in a belief-bias reasoning task for 10 min (pre-test), then received lowfrequency (1 Hz) rTMS in the left or right IFC for 10 min, and finally performed a reasoning
task again for 10 min (post-test). The reasoning task included congruent and incongruent
trials. For control conditions, we used a specially designed sham coil with the same visual
appearance and same audible clicking sound as the TMS coil but without production of any
magnetic field. There was no significant difference between TMS and sham condition in the
pre-test. Our interest was the TMS effect on performance of congruent and incongruent
reasoning trials in the post-test.
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We found that right IFC stimulation significantly impaired reasoning performance in
incongruent but not congruent trials, enhancing the belief-bias effect. This is consistent with
the findings of previous neuroimaging studies using fMRI and fNIRS. In the belief-bias
reasoning paradigm, semantic information processing should interfere with reasoning
performance in incongruent trial, while facilitating it in congruent trials. Subjects were
therefore required to inhibit semantic processing to resolve the conflicts in reasoning. When
rTMS inhibited the inhibitory function of the right IFC, subjects could not respond correctly
in incongruent trials, enhancing belief-bias responses.
De Neys & Franssens (2009) recently investigated the detailed nature of the inhibition
process in belief-bias reasoning. In their experiments, subjects performed a lexical decision
task after solving the deductive reasoning task which involved congruent and incongruent
trials. They found that incongruent reasoning delayed lexical decisions regarding the target
word that were relevant to the cued heuristic beliefs. Interestingly, no significant difference
was apparent between congruent and incongruent reasoning trials for unrelated words.
That is, the accessibility of unrelated words was unaffected. This suggests that the inhibition
process is focused in nature and is specifically targeted at cued beliefs, not at semantic
processing in general.

Fig. 4. Stimulation sites in rTMS experiments (IFG: inferior frontal gyrus, SPL: superior
parietal lobule, BA: Broadman area).
In contrast, left IFC stimulation impaired congruent reasoning performance, while
paradoxically facilitating incongruent reasoning performance. As a result, the belief-bias
effect was eliminated. The left IFC is generally known to be associated with verbal or
semantic processing in a wide variety of tasks, including the semantic decision task (Devlin
et al., 2003), verbal fluency task (Costafreda et al., 2006), and sentence comprehension task
(Zhu et al., 2009). Subjects whose left IFC was impaired by rTMS did not suffer from
interference by irrelevant semantic processing, resulting in elimination of belief-bias effect.
This study thus demonstrated for the first time the roles of the left and right IFC in beliefbias reasoning using an rTMS approach.
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3.2 The role of SPL in abstract reasoning
Tsujii et al. (2011a) examined the effect of IFC stimulation on abstract reasoning trials in
which semantic content was lacking (e.g. "All P are B"), as well as content reasoning trials
which involved the congruent and incongruent trials. In contrast of the incongruent
reasoning performance, we did not find the significant IFC stimulation effect on abstract
reasoning performance. Right IFC stimulation impaired only incongruent trials. These
findings suggest that the right IFC may not the neural locus of the analytic reasoning
system. Rather, the right IFC may play a role in blocking the belief-based heuristic system
(left IFC) in solving incongruent reasoning trials. On the other hand, individuals need not
actively inhibit the heuristic processing on abstract trials, so right IFC stimulation did not
significantly affect abstract reasoning trials.
So, where is the neural locus responsible for abstract reasoning performance? Tsujii et al
(2011a) magnetically stimulated SPL (superior parietal lobule: BA = 7). In contrast to the IFC
stimulation, bilateral SPL stimulation significantly impaired abstract reasoning
performance. This is consistent with previous fMRI studies which showed that the abstract
reasoning performance significantly activated the SPL region (Goel et al., 2000; Goel &
Dolan, 2001; Knauff et al., 2002, 2003). In general, SPL is associated with spatial processing
based on evidence from fMRI (Takahama et al., 2010; Thakral & Slotnick, 2009), neurological
patients (Ferber & Danckert, 2006; Shinoura et al., 2009) and TMS studies (Hamidi et al.,
2008, 2009). Some authors have claimed that cognitive processes of constructing and
manipulating spatially organized mental models are essential for deductive reasoning
(Johnson-Laird, 1999, 2001). The mental models are a form of representation that can be
spatial but more abstract. Phenomenological reports in the reasoning literature often have
suggested that subjects may solve abstract syllogisms through the use of mental images of
Venn diagrams and Euler circles (Goel et al., 2000; Goel & Dolan). Stimulation of SPL may
thus have impaired abstract and incongruent reasoning by disrupting spatial processing. In
contrast, congruent reasoning performance where semantic-based heuristics are sufficient to
solve the problem was unimpaired.
The findings are largely consistent with the dual-process theory of reasoning, which
proposes the existence of two different reasoning systems in humans: a belief-based
heuristic system; and a logic-based analytic system. In our study, the left IFG appears to
correspond to the heuristic system, while bilateral SPLs are part of the analytic system. The
right IFG may play a role in blocking the belief-based heuristic system (left IFG) in solving
incongruent reasoning trials. So, our rTMS study could offer an insight about functional
roles of distributed brain systems in human deductive reasoning by utilizing the rTMS
approach.

4. Conclusion
In the present chapter, we briefly reviewed recent neuroimaging studies of human
deductive reasoning, especially focusing on relatively new imaging technique: functional
near-infrared spectroscopy (fNIRS) and repetitive transcranial magnetic stimulation (rTMS).
A series of studies in our laboratory successfully provided evidence which is consistent with
recent dual-process theory of reasoning. The dual-process theory proposed belief-based
heuristic system and a logic-based analytic system. The heuristic system is assumed to
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operate rapidly and automatically, whereas operations of the analytic system are believed to
be slow and demanding of computational resources. Our fNIRS findings could demonstrate
the attention-demanding and time-consuming properties of the right IFC activities. In
addition, our rTMS studies showed that the left IFG appears to correspond to the heuristic
system, while bilateral SPLs are part of the analytic system. The right IFG may play a role in
blocking the belief-based heuristic system (left IFG) in solving incongruent reasoning trials.
Although there are several limitations of fNIRS and rTMS, we believe they are useful to
examine the neural substrates of logical reasoning process.

5. Acknowledgment
Funding for this study was provided by the fund of Grant-in-Aid for Young Scientists (B)
from the Ministry of Education, Culture, Sports, Science, and Technology (MEXT) of Japan,
the fund of Center of Developmental Education and Research (CODER) of Japan, and the
fund for Japan Science and Technology Agency (JST), under the Strategic Promotion of
Innovative Research and Development Program.

6. References
Aron, A.R., Robbins, T.W. & Poldrack, R.A. (2004). Inhibition and the right inferior frontal
cortex. Trends in Cognive Sciences, Vol.8, No.4 (April 2004), pp.170-177, ISSN: 13646613
Aron, A.R., & Poldrack, R.A. (2006). Cortical and subcortical contributions to Stop signal
response inhibition: role of the subthalamic nucleus. Journal of Neuroscience, Vol.26,
No.9 (March 2006), pp.2424-33, ISSN: 1364-6613
Aron, A.R., Behrens, T.E., Smith, S., Frank, M.J. & Poldrack, R.A. (2007). Triangulating a
cognitive control network using diffusion-weighted magnetic resonance imaging
(MRI) and functional MRI. Journal of Neuroscience. Vol.27, No.14 (April 2007),
pp.3743-3752, ISSN: 0270-6474
Bergerbest, D., Gabrieli, J.D., Whitfield-Gabrieli, S., Kim, H., Stebbins, G.T., Bennett, D.A.,
Fleischman, D.A. Age-associated reduction of asymmetry in prefrontal function
and preservation of conceptual repetition priming. Neuroimage, Vol.45, No.1 (March
2009), pp.237-246, ISSN: 1053-8119
Boecker, M., Buecheler, M.M., Schroeter, M.L. & Gauggel, S. (2007). Prefrontal brain
activation during stop-signal response inhibition: an event-related functional nearinfrared spectroscopy study. Behavioural Brain Research, Vol.176, No.2 (January
2007), pp.259-266, ISSN: 0166-4328
Cabeza, R., Grady, C.L., Nyberg, L., McIntosh, A.R., Tulving, E., Kapur, S., Jennings, J.M.,
Houle, S. & Craik, F.I. (1997). Age-related differences in neural activity during
memory encoding and retrieval: a positron emission tomography study. Journal of
Neuroscience, Vol.17, No.1 (January 1997), pp.391-400, ISSN: 0270-6474
Cabeza, R., Anderson, N.D., Locantore, J.K. & McIntosh, A.R. (2002). Aging gracefully:
compensatory brain activity in high-performing older adults. Neuroimage, Vol.17,
No.3 (November 2002), pp.1394-1402, ISSN: 1053-8119
Cabeza, R., Daselaar, S.M., Dolcos, F., Prince, S.E., Budde, M. & Nyberg, L. (2004). Taskindependent and task-specific age effects on brain activity during working

www.intechopen.com

Neural Mechanisms for Dual-Process Reasoning: Evidence from the Belief-Bias Effect

45

memory, visual attention and episodic retrieval. Cerebral Cortex, Vol.14, No.4 (April
2004), pp.364-375, ISSN: 1047-3211
Chikazoe, J., Konishi, S., Asari, T., Jimura, K. & Miyashita, Y. (2007). Activation of right
inferior frontal gyrus during response inhibition across response modalities. Journal
of Cognive Neuroscience, Vol.19, No.1, (January 2007), pp.69-80.
Chikazoe, J., Jimura, K., Asari, T., Yamashita, K., Morimoto, H., Hirose, S., Miyashita, Y. &
Konishi, S. (2009). Functional dissociation in right inferior frontal cortex during
performance of go/no-go task. Cerebral Cortex, Vol.19, No.1 (January 2009), pp.146152.
Chiu, P.H., Holmes, A.J. & Pizzagalli D.A. (2008). Dissociable recruitment of rostral anterior
cingulate and inferior frontal cortex in emotional response inhibition. Neuroimage,
Vol.42, No.2 (August 2008), 988-997.
Cools, R., Clark, L., Owen, A.M. & Robbins, T.W. (2002). Defining the neural mechanisms of
probabilistic reversal learning using event-related functional magnetic resonance
imaging. Journal of Neuroscience, Vol.22, No.11, (June 2002), 4563-4567.
Costafreda, S.G., Fu, C.H., Lee, L., Everitt, B., Brammer, M.J. & David, A.S. (2006). A
systematic review and quantitative appraisal of fMRI studies of verbal fluency: role
of the left inferior frontal gyrus. Human Brain Mapping, Vol.27, No.10 (October
2006), pp.799-810, ISSN: 1065-9471
De Neys, W. (2006a). Dual processing in reasoning: two systems but one reasoner.
Psychological Science, Vol.17, No.5 (May 2006), pp.428-433, ISSN: 0956-7976
De Neys, W. (2006b). Automatic-heuristic and executive-analytic processing during
reasoning: Chronometric and dual-task considerations. Quarterly Journal of
Experimental Psychology. Vol.59, No.6 (June 2006), pp.1070-1100, ISSN: 0272-4987
De Neys, W., Vartanian, O. & Goel, V. (2008). Smarter than we think: when our brains detect
that we are biased. Psychological Science. Vol.19, No.5 (May 2008), pp.483-489, ISSN:
0956-7976
De Neys, W. & Franssens, S. (2009a). Belief inhibition during thinking: not always winning
but at least taking part. Cognition, Vol.113, No.1 (October 2009), pp.45-61. ISSN:
0010-0277
De Neys, W. & Van Gelder, E. (2009b). Logic and belief across the lifespan: the rise and fall
of belief inhibition during syllogistic reasoning. Developmental Science, Vol.12, No.1
(January 2009), pp.123-130, ISSN: 1363-755X
Devlin, J.T., Matthews, P.M. & Rushworth, M.F. (2003). Semantic processing in the left
inferior prefrontal cortex: a combined functional magnetic resonance imaging and
transcranial magnetic stimulation study. Journal of Cognitive Neuroscience, Vol.15,
No.1, (January 2003), pp.71-84, ISSN: 0898-929X.
Durston, S., Mulder, M., Casey, B.J., Ziermans, T. & van Engeland, H. (2006). Activation in
ventral prefrontal cortex is sensitive to genetic vulnerability for attention-deficit
hyperactivity disorder. Biological Psychiatry, Vol.60, No.10 (November 2006),
pp.1062-1070, ISSN: 0006-3223
Durston, S., van Belle, J. & de Zeeuw, P. (2011). Differentiating frontostriatal and frontocerebellar circuits in attention-deficit/hyperactivity disorder. Biological Psychiatry,
Vol.69, No.12 (June, 2011), pp.1178-1184, ISSN: 0006-3223
Ehlis, A.C., Bahne, C.G., Jacob, C.P., Herrmann, M.J. & Fallgatter, A.J. (2008). Reduced
lateral prefrontal activation in adult patients with attention-deficit/hyperactivity

www.intechopen.com

46

Advances in Brain Imaging

disorder (ADHD) during a working memory task: a functional near-infrared
spectroscopy (fNIRS) study. Journal of Psychiatry Research, Vol.42, No.13 (October
2008), pp.1060-1067, ISSN: 0022-3956
Evans, J.S. (2003). In two minds: dual-process accounts of reasoning. Trends in Cognitive
Sciences, Vol.7, No.10 (October 2003), pp.454-459, ISSN: 1364-6613
Evans, J.S. (2008). Dual-processing accounts of reasoning, judgment, and social cognition.
Annual Review of Psychology, Vol.59 (2008), pp.255-278, ISSN: 0066-4308
Evans, J.S., & Cutis-Holmes, J. (2005). Rapid responding increases belief-bias: evidence for
the dual process theory fo reasoning. Thinking & Reasoning, Vol.11, No.3
(September 2005), pp.382-389, ISSN: 1464-0708
Ferber, S. & Danckert, J. (2006). Lost in space--the fate of memory representations for nonneglected stimuli. Neuropsychologia, Vol.44, No.2 (June 2006), pp.320-325, ISSN:
0028-3932
Goel, V., Buchel, C., Frith, C. & Dolan, R.J. (2000). Dissociation of mechanisms underlying
syllogistic reasoning. Neuroimage, Vol.12, No.5 (November 2000), pp.504-514, ISSN:
1053-8119
Goel, V. & Dolan, R.J. (2001). Functional neuroanatomy of three-term relational reasoning.
Neuropsychologia. 2001;Vol.39, No.9 (May 2001), pp.901-909, ISSN: 0028-3932
Goel, V., & Dolan, R.J. (2003). Explaining modulation of reasoning by belief. Cognition,
Vol.87, No.1 (February, 2003), pp.B11-22, ISSN: 0010-0277
Goel, V. (2007). Anatomy of deductive reasoning. Trends in Cognitive Sciences, Vol.11, No.10
(October 2007), pp.435-441, ISSN: 1364-6613
Goel, V., Stollstorff, M., Nakic, M., Knutson, K. & Grafman, J. (2009). A role for right
ventrolateral prefrontal cortex in reasoning about indeterminate relations.
Neuropsychologia, Vol.47, No.13 (November, 2009), pp.2790-2797, ISSN: 0028-3932
Hamidi, M., Tononi, G. & Postle, B.R. (2008). Evaluating frontal and parietal contributions to
spatial working memory with repetitive transcranial magnetic stimulation. Brain
Research, Vol.1230 (September 2008), pp.202-210, ISSN: 0006-8993
Hamidi, M., Tononi, G. & Postle B.R. (2009). Evaluating the role of prefrontal and parietal
cortices in memory-guided response with repetitive transcranial magnetic
stimulation. Neuropsychologia, Vol.47, No.2 (January 2009), pp.295-302, ISSN: 00283932
Hampshire, A., Chamberlain, S.R., Monti, M.M., Duncan, J. & Owen, A.M. (2010). The role
of the right inferior frontal gyrus: inhibition and attentional control. Neuroimage,
Vol.50, No.3 (April 2010), pp.1313-1319.
Herrmann, M.J., Walter, A., Ehlis, A.C. & Fallgatter, A.J. (2006). Cerebral oxygenation
changes in the prefrontal cortex: effects of age and gender. Neurobiology & Aging,
Vol.27, No.6, (June 2006), pp.888-94.f
Herrmann, M.J., Ehlis, A.C. & Fallgatter, A.J. (2004). Bilaterally reduced frontal activation
during a verbal fluency task in depressed patients as measured by near-infrared
spectroscopy. Journal of Neuropsychiatry and Clinical Neuroscience, Vol.16, No.2,
(Spring 2004), pp.170-175.
Herrmann, M.J., Ehlis, A.C. & Fallgatter, A.J. (2003). Frontal activation during a verbalfluency task as measured by near-infrared spectroscopy. Brain Research Bulletin,
Vol.61, No.1 (June 2003), pp.51-56.

www.intechopen.com

Neural Mechanisms for Dual-Process Reasoning: Evidence from the Belief-Bias Effect

47

Hilgetag, C.C., Theoret, H. & Pascual-Leone, A. (2001). Enhanced visual spatial attention
ipsilateral to rTMS-induced 'virtual lesions' of human parietal cortex. Nature
Neuroscience, Vol.4, No.9 (September 2001), pp.953-957, ISSN: 1471-0048
Johnson-Laird, P.N. (1999). Deductive reasoning. Annual Review of Psychology, Vol.50 (1999),
pp.109-135, ISSN: 0066-4308.
Johnson-Laird, P.N. (2001). Mental models and deduction. Trends in Cognitive Sciences, Vol.5,
No.10 (October, 2001), pp.434-442, ISSN: 1364-6613
Kameyama, M., Fukuda, M., Uehara, T. & Mikuni, M. (2004). Sex and age dependencies of
cerebral blood volume changes during cognitive activation: a multichannel nearinfrared spectroscopy study. Neuroimage, Vol.22, No.4 (August 2004), pp.1715-1721.
Knauff, M., Mulack, T., Kassubek, J., Salih, H.R. & Greenlee, M.W. (2002). Spatial imagery in
deductive reasoning: a functional MRI study. Brain Research, Vol.13, No.2(May
2002), pp.203-212, ISSN: 0006-8993.
Knauff, M., Fangmeier, T., Ruff, C.C., & Johnson-Laird, P.N. (2003). Reasoning, models, and
images: behavioral measures and cortical activity. Journal of Cognitive Neuroscience,
Vol.15, No.4 (May 2003), pp.559-573, ISSN: 0898-929X.
Langenecker, S.A. & Nielson, K.A. (2003). Frontal recruitment during response inhibition in
older adults replicated with fMRI. Neuroimage, Vol.20, No.2 (October 2003),
pp.1384-1392, ISSN: 1053-8119
Langenecker, S.A., & Nielson, K.A. & Rao, S.M. (2004). fMRI of healthy older adults during
Stroop interference. Neuroimage, Vol.21, No.1 (January 2004), pp.192-200, ISSN:
1053-8119
Langenecker, S.A., Briceno, E.M., Hamid, N.M. & Nielson, K.A. (2007). An evaluation of
distinct volumetric and functional MRI contributions toward understanding age
and task performance: a study in the basal ganglia. Brain Research, Vol.1135, No.1
(March 2007), pp.58-68, ISSN: 0006-8993
Logan, J.M., Sanders, A.L., Snyder, A.Z., Morris, J.C. & Buckner, R.L. (2002). Underrecruitment and nonselective recruitment: dissociable neural mechanisms
associated with aging. Neuron, Vol.33, No.5 (February 2002), pp.827-840, ISSN:
0896-6273
Miller, B.T., Verstynen, T., Johnson, M.K. & D'Esposito, M. (2008). Prefrontal and parietal
contributions to refreshing: an rTMS study. Neuroimage, Vol.39, No.1 (January
2008), pp.436-440, ISSN: 1053-8119.
Minagawa-Kawai, Y., Mori, K., Hebden, J.C. & Dupoux, E. (2008). Optical imaging of
infants' neurocognitive development: recent advances and perspectives.
Developmental Neurobiology, Vol.68, No.6 (May 2008), pp.712-728, ISSN: 19328451
Monti, M.M., Osherson, D.N., Martinez, M.J., & Parsons, L.M. (2007) Functional
neuroanatomy of deductive inference: a language-independent distributed
network. Neuroimage, Vol.37, No.3 (September 2007), pp.1005-1016, ISSN: 1053-8119
Monti, M.M., Parsons, L.M. & Osherson, D.N. The boundaries of language and thought in
deductive inference. Proceedings of National Academy of Sciences USA, Vol.106, No.30,
(July 2009), pp.12554-12559, ISSN: 1091-6490
Nielson, K.A., Langenecker, S.A., Ross, T.J., Garavan, H., Rao, S.M. & Stein, E.A. (2004).
Comparability of functional MRI response in young and old during inhibition.
Neuroreport, Vol.15, No.1, (January 2004), pp.129-133, ISSN: 0959-4965

www.intechopen.com

48

Advances in Brain Imaging

Nielson, K.A., Langenecker, S.A. & Garavan, H. (2002). Differences in the functional
neuroanatomy of inhibitory control across the adult life span. Psychology & Aging,
Vol.17, No.1 (March 2002), pp.56-71, ISSN: 0882-7974
Rajah, M.N. & McIntosh, A.R. (2008). Age-related differences in brain activity during verbal
recency memory. Brain Research, Vol.1199, No.111-125 (March 2008), pp.111-125,
ISSN: 0006-8993
Reuter-Lorenz, P.A., Jonides, J., Smith, E.E., Hartley, A., Miller, A., Marshuetz, C. & Koeppe,
R.A. Age differences in the frontal lateralization of verbal and spatial working
memory revealed by PET. Journal of Cognitive Neuroscience, Vol.12, No.1 (January
2000), pp.174-187, ISSN: 0898-929X
Reverberi, C., Cherubini, P., Rapisarda, A., Rigamonti, E., Caltagirone, C., Frackowiak, R.S,
Macaluso, E. & Paulesu, E. (2007). Neural basis of generation of conclusions in
elementary deduction. Neuroimage, Vol.38, No.4 (December 2007), pp.752-762, ISSN:
1053-8119
Reverberi, C., Shallice, T., D'Agostini, S., Skrap, M. & Bonatti, L.L. (2009). Cortical bases of
elementary deductive reasoning: inference, memory, and metadeduction.
Neuropsychologia, Vol.47, No.4 (March 2009), pp.1107-1116, ISSN: 0028-3932
Reverberi, C., Cherubini, P., Frackowiak, R.S., Caltagirone, C., Paulesu, E. & Macaluso, E.
(2010). Conditional and syllogistic deductive tasks dissociate functionally during
premise integration. Human Brain Mapping, Vol.31, No.9 (September, 2010),
pp.1430-45, ISSN: 1065-9471
Robertson, E.M., Theoret, H. & Pascual-Leone, A. (2003). Studies in cognition: the problems
solved and created by transcranial magnetic stimulation. Journal of Cognitive
Neuroscience, Vol.15, No.7 (October 2003), pp.948-60, ISSN: 0898-929X.
Rubia, K., Russell, T., Overmeyer, S., Brammer, M.J., Bullmore, E.T., Sharma, T., Simmons,
A., Williams, S.C., Giampietro, V., Andrew, C.M. & Taylor, E. (2001). Mapping
motor inhibition: conjunctive brain activations across different versions of go/nogo and stop tasks. Neuroimage, Vol.13, No.2 (February, 2001), pp.250-261, ISSN:
1053-8119
Rubia, K., Smith, A.B., Brammer, M.J. & Taylor, E. (2003). Right inferior prefrontal cortex
mediates response inhibition while mesial prefrontal cortex is responsible for error
detection. Neuroimage, Vol.20, No.1 (September, 2003), pp.351-358, ISSN: 1053-8119
Rubia, K., Smith, A.B., Brammer, M.J., Toone, B. & Taylor, E. (2005). Abnormal brain
activation during inhibition and error detection in medication-naive adolescents
with ADHD. American Journal of Psychiatry, Vol.162, No.6 (June, 2005), pp.10671075, ISSN: 0002-953X
Rubia, K., Halari, R., Cubillo, A., Mohammad, A.M., Scott, S. & Brammer, M. (2010).
Disorder-specific inferior prefrontal hypofunction in boys with pure attentiondeficit/hyperactivity disorder compared to boys with pure conduct disorder
during cognitive flexibility. Human Brain Mapping, Vol.31, No.12 (December, 2010),
pp.1823-1833, ISSN: 1065-9471
Rypma, B. & D'Esposito, M. (2000). Isolating the neural mechanisms of age-related changes
in human working memory. Nature Neuroscience, Vol.3, No.5 (May 2000), pp.509515, ISSN: 1471-0048

www.intechopen.com

Neural Mechanisms for Dual-Process Reasoning: Evidence from the Belief-Bias Effect

49

Shinoura, N., Suzuki, Y., Yamada, R., Tabei, Y., Saito, K. & Yagi, K. (2009). Damage to the
right superior longitudinal fasciculus in the inferior parietal lobe plays a role in
spatial neglect. Neuropsychologia, Vol.47, No.12 (October 2009), pp.2600-2603.
Smith, A.B., Taylor, E., Brammer, M. & Rubia, K. (2004). Neural correlates of switching set as
measured in fast, event-related functional magnetic resonance imaging. Human
Brain Mapping, Vol.21, No.4 (April 2004), pp.247-256, ISSN: 1065-9471
Smith, A.B., Taylor, E., Brammer, M., Toone, B. & Rubia, K. (2006). Task-specific
hypoactivation in prefrontal and temporoparietal brain regions during motor
inhibition and task switching in medication-naive children and adolescents with
attention deficit hyperactivity disorder. American Journal of Psychiatry, Vol.163, No.6
(June 2006), pp.1044-1051, ISSN: 0002-953X
Stanovich, K.E. & West, R.F. (2000). Individual differences in reasoning: implications for the
rationality debate? Behavioural Brain Science, Vol.23, No.5 (October 2000), pp.645665.
Stavy, R., Goel, V., Critchley, H., & Dolan, R. (2006). Intuitive interference in quantitative
reasoning. Brain Research, Vol.1073-1074 (February 2006), pp.383-388, ISSN: 00068993
Takahama, S., Miyauchi, S. & Saiki, J. (2010). Neural basis for dynamic updating of object
representation in visual working memory. Neuroimage, Vol.49, No.4 (Feburuary
2010), 3394-3f403.
Thakral, P.P. & Slotnick, S.D. (2009). The role of parietal cortex during sustained visual
spatial attention. Brain Research, Vol.1302 (December 2009), pp.157-166.
Tsujii, T., Okada, M. & Watanabe, S. (2006). Cognitive neuroscience for deductive reasoning
and inhibitory mechanism: on the belief-bias effect In: Reasoning and Cognition,
Interdisciplinary Conference Series on Reasoning Studies, Vol.2, Adler, D., Ogawa, Y.,
Okada, M., & Watanabe, S. (Ed.), 53-61, Keio University Press, ISBN 978-4-76641332-8, Tokyo, Japan.
Tsujii, T., Yamamoto, E., Ohira, T., Saito, N. & Watanabe, S. (2007). Effects of sedative and
non-sedative H1 antagonists on cognitive tasks: behavioral and near-infrared
spectroscopy (NIRS) examinations. Psychopharmacology, Vol.194, No.1, (September
2007), pp. 83-91, ISSN: 0033-3158
Tsujii, T. & Watanabe, S. (2009). Neural correlates of dual-task effect on belief-bias syllogistic
reasoning: a near-infrared spectroscopy study. Brain Research, Vol. 1287 , pp. 118125, ISSN 0006-8993
Tsujii, T., Masuda, S., Yamamoto, E., Ohira, T., Akiyama, T., Takahashi, T. & Watanabe, S.
(2009a). Effects of sedative and nonsedative antihistamines on prefrontal activity
during verbal fluency task in young children: a near-infrared spectroscopy (NIRS)
study. Psychopharmacology, Vol.207, No.1 (November 2009), pp. 127-132, ISSN: 00333158
Tsujii, T., Yamamoto, E., Masuda, S., Watanabe, S. (2009b). Longitudinal study of spatial
working memory development in young children. Neuroreport. Vol.20, No.8 (May
2009), pp.759-763, ISSN: 0959-4965
Tsujii, T., & Watanabe, S. (2010). Neural correlates of belief-bias reasoning under time
pressure: a near-infrared spectroscopy study. Neuroimage, Vol.50, No.3 (April 2010),
pp.1320-1326, ISSN: 1053-8119.

www.intechopen.com

50

Advances in Brain Imaging

Tsujii, T., Masuda, S., Akiyama, T. & Watanabe, S. (2010a). The role of inferior frontal cortex
in belief-bias reasoning: an rTMS study. Neuropsychologia, Vol.48, No.7 (June 2010),
pp.2005-2008, ISSN: 0028-3932
Tsujii, T., Okada, M. & Watanabe, S. (2010b). Effects of aging on hemispheric asymmetry in
inferior frontal cortex activity during belief-bias syllogistic reasoning: a nearinfrared spectroscopy study. Behavioural Brain Research, Vol.210, No.2 (July 2010),
pp.178-183, ISSN: 0166-4328
Tsujii, T., Yamamoto, E., Ohira, T., Takahashi, T. & Watanabe, S. (2010d). Antihistamine
effects on prefrontal cortex activity during working memory process in preschool
children: a near-infrared spectroscopy (NIRS) study. Neuroscience Research. 2010
May; Vol.67, No.1 (May 2010), pp.80-85, ISSN: 0168-0102
Tsujii, T., Sakatani, K., Masuda, S., Akiyama, T., & Watanabe, S. (2011a). Evaluating the roles
of the inferior frontal gyrus and superior parietal lobule in deductive reasoning: An
rTMS study. Neuroimage, Vol.58, No.2 (September 2011), pp.640-646, ISSN: 10538119
Tsujii, T., Sakatani, K., Nakashima, E., Igarashi, T., & Katayama, Y. (2011b). Characterization
of the acute effects of alcohol on asymmetry of inferior frontal cortex activity
during a Go/No-Go task using functional near-infrared spectroscopy.
Psychopharmacology, Vol.217, No.4 (October 2011), pp.595-603, ISSN: 0033-3158
Xue, G., Aron, A.R. & Poldrack, R.A. (2008). Common neural substrates for inhibition of
spoken and manual responses. Cerebral Cortex, Vol.18, No.8 (August 2008), 19231932.
Zhu, Z., Zhang, J.X., Wang, S., Xiao, Z., Huang, J. & Chen, H.C. (2009). Involvement of left
inferior frontal gyrus in sentence-level semantic integration. Neuroimage, Vol.47,
No.2 (August 2009), pp.756-763.

www.intechopen.com

Advances in Brain Imaging
Edited by Dr. Vikas Chaudhary

ISBN 978-953-307-955-4
Hard cover, 264 pages
Publisher InTech
Published online 01, February, 2012
Published in print edition February, 2012
Remarkable advances in medical diagnostic imaging have been made during the past few decades. The
development of new imaging techniques and continuous improvements in the display of digital images have
opened new horizons in the study of brain anatomy and pathology. The field of brain imaging has now become
a fast-moving, demanding and exciting multidisciplinary activity. I hope that this textbook will be useful to
students and clinicians in the field of neuroscience, in understanding the fundamentals of advances in brain
imaging.

How to reference
In order to correctly reference this scholarly work, feel free to copy and paste the following:
Takeo Tsujii and Kaoru Sakatani (2012). Neural Mechanisms for Dual-Process Reasoning: Evidence from the
Belief-Bias Effect, Advances in Brain Imaging, Dr. Vikas Chaudhary (Ed.), ISBN: 978-953-307-955-4, InTech,
Available from: http://www.intechopen.com/books/advances-in-brain-imaging/neural-mechanisms-for-dualprocess-reasoning-evidence-from-the-belief-bias-effect

InTech Europe

InTech China

University Campus STeP Ri
Slavka Krautzeka 83/A
51000 Rijeka, Croatia
Phone: +385 (51) 770 447
Fax: +385 (51) 686 166
www.intechopen.com

Unit 405, Office Block, Hotel Equatorial Shanghai
No.65, Yan An Road (West), Shanghai, 200040, China
Phone: +86-21-62489820
Fax: +86-21-62489821

© 2012 The Author(s). Licensee IntechOpen. This is an open access article
distributed under the terms of the Creative Commons Attribution 3.0
License, which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.

