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Much of cognitive research on deductive reasoning has
been preoccupied with advocating for or against visuospatial (mental model theory) or linguistic/syntactic
(mental logic theory) models of logical reasoning. Neuroimaging studies bear on this issue by pointing to both
language-based and visuospatial systems being engaged
during logical reasoning, and by raising additional issues
not anticipated by these cognitive theories. Here, the
literature on the neural basis of deductive reasoning from
the past decade is reviewed. Although these results might
seem chaotic and inconsistent, we identify several interesting patterns and articulate their implications for cognitive theories of reasoning. Cognitive neuroscience data
point away from a unitary system for logical reasoning
and towards a fractionated system dynamically reconfigured in response to specific task and environmental
cues.
Introduction
Two major theories have dominated the cognitive
literature on deductive reasoning. The major issue of contention between the two theories is whether deduction is
underwritten by a system of (linguistic) rules sensitive to
the logical form of the argument (mental logic theory [1]),
or whether a visuospatial representation of the argument
is constructed and evaluated (mental model theory [2]).
Until recently, this hotly debated issue relied largely upon
behavioral data. During the past decade findings from
neuroimaging studies and lesion studies with neurological
patients have generated interesting results that need to be
considered in developing a theory of logical reasoning.
There is, however, some disagreement within the scientific
community as to the relevance and interpretation of these
data. Some have argued that the results are not particularly helpful or even relevant to evaluating cognitive
theories [3]. Some have been perplexed by the apparent
lack of consistency in neural activation across different
studies of reasoning [4,5]. Still others see compelling evidence for their favorite theory of reasoning [6,7].
This review begins by organizing the various studies by
the type of logical arguments tested (categorical syllogisms, conditionals, transitive arguments) and summarizing the findings associated with the main effect of
reasoning (i.e. the neural activation associated with
reasoning over and above the baseline task; Box 1). The
data are indeed overwhelming and perplexing at first
glance. The similarities in the results across different
studies are identified and reasons are proposed for
the differences in results across the studies. Finally, an
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explanatory framework to organize and contextualize
the data within a cognitive neuroscience framework is
provided.
Overview of reasoning studies
Categorical syllogisms
Syllogisms involve reasoning about quantification and
negation. Because they come in several logical forms
and so are available for multiple presentations without
repetition, they have constituted the stimuli in a halfdozen neuroimaging studies. Early positron emission tomography PET (Oxygen 15 [O15]) studies of reasoning by
Goel et al. [8,9] used syllogisms (of the form ‘some officers
are generals; no privates are generals; some officers are not
privates’) and reported activation in the left hemisphere
(LH) frontal–temporal system. Another early PET (O15)
study by Osherson et al. [10] used similar stimuli (of the
form ‘none of the bakers play chess; some of the chess
players listen to opera; some of the opera listeners are not
bakers’) and reported activation in right occipital lobe,
right basal ganglia and left prefrontal cortex (PFC). More
recent event-related functional magnetic resonance imaging (fMRI) studies by Goel et al. [11,12] have identified a
large neural network including bilateral PFC (left to right
[L > R]), left temporal lobe and bilateral parietal lobule
(L > R) as underlying logical reasoning. More interestingly, they have demonstrated that manipulation of the
content of arguments leads to systematic reorganization of
this neural system. This issue is addressed further below.
Simple conditional reasoning
Conditional arguments involve the sentential connective
‘if-then’ and constitute an important component of human
reasoning. Noveck et al. [13] used maximally simple forms
of if-then arguments (‘if there is a black square than there
is a yellow circle; there is a black square; there is a red
circle’) to examine the functional neuroanatomy of modus
ponens (if p then q, p; therefore q) and modus tollens (if p
then q, not q; therefore not p) reasoning. They reported
activation in the left lateralized parietal–frontal network
for both inference forms, with increased amounts of right
prefrontal activity during modus tollens. Similar results
have been reported by Prado and Noveck [14]. More complex forms of conditional reasoning have also been used in
the literature.
Complex conditional reasoning
The Wason card selection task [15] is perhaps the most
widely used task in the cognitive literature to assess content effects in reasoning [16–20]. In the original version of
the task, four cards are placed on a table, each having a
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Box 1. Basic research paradigm and issues for fMRI studies
of logical reasoning
The basic cognitive paradigm for studying reasoning adapts
reasonably well to the fMRI environment, although compromise is
invariably required between ideal cognitive parameters and fMRI
technical constraints. Subjects lie in the scanner and are presented
with visual or auditory stimuli, consisting of premises and a
conclusion. They exhibit knowledge of what logically follows from
the premises by pressing one of two buttons to confirm or deny the
given conclusion.
The technology requires 20 presentations of trials per condition
(for event-related designs). If repetition is required to generate an
adequate number of trials per condition, memory recognition might
replace reasoning. This has been the rationale for using argument
forms, such as syllogisms, and avoiding tasks like the Wason
selection task in imaging studies. The line length (for visual
presentation) or duration (for auditory presentation) of stimuli must
be matched across conditions. Timing of trials is another issue.
From a scanning perspective, it is desirable to minimize trial times,
although from a cognitive perspective it needs to be sufficient to
enable task performance.
Processing the stimuli and completing the task requires much
more than the cognitive process of interest. To identify neural
activation associated with the cognitive activity of interest, studies
typically (but not always) use a baseline task. Low-level baseline
tasks can also be used to determine relative direction of neural
response in active conditions. Occasionally, concerns are raised
about the adequacy of a particular baseline task [5]. There are
undoubtedly better and worse baselines, but there is no ideal
baseline for any given task; there is always a trade-off. The point
becomes moot when the activations result from direct comparisons
or interaction analyses, as do many of the key results reported in the
literature. The crucial point is that, whenever a comparison is
involved, the resulting activations are relative and should be
understood as such.
Analyzing the results requires not only a series of technical
decisions (in terms of various image processing parameters and
filters) but also several conceptual decisions that make key
assumptions about the nature of reasoning. For example, (1) what
cognitive processes should be included in the analysis of the neural
response (i.e. what constitutes reasoning)? In the studies by Goel
and colleagues the reading and processing of the premises, and the
actual button press constituting the response, are modeled out as
events of no interest [11,12,29,32]. The ‘reasoning’ component is
taken to occur with the presentation of the conclusion and its
integration into the premises. It is possible to argue that the
mapping of the premises onto a single representation is also part of
the reasoning process. (2) Should correct and incorrect responses
be analyzed collectively or separately? The neural responses
associated with each do differ. (3) Should valid and invalid trials
be analyzed collectively or separately? Cognitive theory would say
collectively, but again, the neural activations associated with each
differ. There are no absolutely right or wrong answers to these and
other similar issues. In making these decisions and compromises it
is advisable to pay as much attention to the neuroscience as to the
cognitive theory.

letter on one side and a number on the other side. The task
is to determine which cards need to be turned over to verify
the rule ‘if a card has a vowel on one side, then it has an
even number on the other side’. The basic finding is that if
the task involves arbitrary material, as in the above
example, performance is relatively poor. However, the
presence of meaningful content (e.g. ‘if someone is drinking
beer, then they are at least 18 years old’) dramatically
improves performance. Canessa et al. [21] administered a
version of this task using arbitrary descriptive statements
(‘if someone does. . ., then he does. . .’) and socially meaningful statements (‘if you give me. . ., then I give you. . .’),
www.sciencedirect.com
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and reported bilateral occipital, parietal and frontal lobe
activation for the main effect of reasoning. Houde et al. [22]
trained participants to find falsifying cases of a complex
conditional rule with a negative antecedent like: ‘if there is
not a blue triangle then there is a red circle’. The training
involved teaching subjects to overcome the perceptual
matching bias inherent in the task. Thus, this task
requires subjects to get beyond perceptual ‘traps’ and know
how to falsify conditionals. They found a shift in neural
activity from bilateral posterior regions in the ‘perceptual’
condition to a left frontal network after training on the
conditional falsification task (see also [23,24]).
Parsons and Osherson [4] used complex conditional
arguments containing conjunctions and disjunctions like
the following: ‘if his home is mortgaged then he is married;
it is not true that he is both married and has children; his
home is not mortgaged.’ Furthermore, they used only
invalid (specifically indeterminate) arguments during
the scan, and asked subjects to make deductive judgments
of validity and inductive judgments of probability. Contrary to other studies, they reported that deduction activates the right hemisphere (RH) homologs of the LH
language areas in the inferior frontal and middle temporal
lobes, and speculated that these regions constitute a
‘deduction module’. This issue is further discussed below.
Transitive inference
Several studies have also addressed the issue of transitivity,
the logical property of transferability such that, the relation
A has to B and B to C, transfers from A to C (A=B; B=C; A=C).
The transitivity relation is a basic cornerstone of logic and a
crucial component of our reasoning abilities. It is available
to adult humans, and on some accounts to 4-year-old children, apes, monkeys and even pigeons, perhaps having its
origins in the need for socially organized species to infer
dominance relations [25]. There exist both human and
animal paradigms for studying transitive inferences. The
animal paradigm is an implicit inference paradigm in so far
as it involves training subjects with overlapping pairs of
stimuli with some specified relation (A:B; B:C; C:D) and
seeing if they can determine the relationship on an
unlearned (nonadjacent) pair (A:C). Pigeons can learn to
draw this ‘inference’ after the presentation of 1600 training trials [25]. Human subjects require the presentation of
800 training trials [26]. The rationale for using this methodology with human subjects is presumably to bypass
language in the assessment of inference.
Acuna et al. [27] used the animal paradigm to
train human subjects to carry out transitive inferences
on an ordered list of 11 arbitrary shapes. They found
activation in bilateral PFC, pre-supplementary motor
area, insula, precuneus and lateral posterior parietal cortex. Heckers et al. [28] used a similar paradigm and
reported activations in a bilateral frontal–parietal–
temporal (including hippocampus) system.
Within a human (explicit inference) paradigm, Goel and
Dolan [29] carried out studies involving propositions such
as ‘George is taller than Mike; Mike is taller than Lynn;
George is taller than Lynn’ and reported activation in
bilateral parietal–frontal systems (LH > RH). Knauff
et al. [30] used similar stimuli (e.g. ‘the dog is cleaner than
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the cat; the ape is dirtier than the cat; the dog is cleaner
than the ape’) and reported similar activation in a bilateral
parietal–frontal system (LH > RH) plus bilateral temporal
systems. Fangmeier et al. [31] used visually presented
nonlinguistic stimuli and reported activation in bilateral
frontal–parietal systems for the reasoning phase of the
task. Goel et al. [32] used transitive arguments involving
familiar geographic relations (e.g. ‘Paris is north of Cairo’)
and found activation in the bilateral hippocampus, in
addition to the frontal–parietal system.
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indicates that logical reasoning involves large networks
encompassing much of the brain. (The overall network
activated in one of these studies [11] is presented in
Figure 1a.) It is also apparent that the activations from
no two studies are identical. This has caused some concern
and confusion in the literature. For example, if one is
searching for a ‘logic module’ these results are bound to
seem chaotic and unsatisfactory, and lead to worries about
poor design and experimental controls [4,5]. Alternatively,
if one is searching for evidence for a favorite theory (for
example, mental models theory [7]) with a selective eye,
there is much to choose from. It is suggested here that
both of these approaches are overly constrained by,
and self-serving to, cognitive criteria at the expense of

Interpreting results
Table 1 summarizes the neural activations of the main
effect of reasoning reported by the above studies. It

Table 1. Summary of particulars of 19 neuroimaging studies of deductive reasoning and reported regions of activation
corresponding most closely to the main effect of reasoning
Studies
(organized by
tasks)

Scanning
method

Transitivity (explicit)
PET
Goel et al.
(1998)
fMRI
Goel & Dolan
(2001)
fMRI
Knauff et al.
(2003)
fMRI
Goel et al.
(2004)
fMRI
Fangmeier et
al. (2006)
Transitivity (implicit)
fMRI
Acuna et al.
(2002)
fMRI
Heckers et al.
(2004)
Categorical syllogisms
PET
Goel et al.
(1998)
Osherson et al. PET
(1998)
fMRI
Goel et al.
(2000)
fMRI
Goel & Dolan
(2003)
fMRI
Goel & Dolan
(2004)
Conditionals (Simple)
fMRI
Noveck et al.
(2004)
fMRI
Prado &
Noveck (2006)
Conditionals (complex)
PET
Houde et al.
(2000) *
PET
Parsons et al.
(2002)
fMRI
Canessa et al.
(2005)
Mixed stimuli
PET
Goel et al.
(1997)
fMRI
Knauff et al.
(2001)

Stimuli
modality

Visual,
linguistic
Visual,
linguistic
Auditory,
linguistic
Visual,
linguistic
Visual,
nonlinguistic

Occipital lobes

Parietal lobes

Temporal
lobes

Basal
ganglia

Cingulate

Frontal lobes

RH

RH

RH

RH

RH

RH

LH
19

17, 18,
19

18, 19

19

18, 19

Visual,
nonlinguistic
Visual,
nonlinguistic
Visual,
linguistic
Visual,
linguistic
Visual,
linguistic
Visual,
linguistic
Visual,
linguistic
Visual,
linguistic
Visual,
linguistic
Visual,
nonlinguistic
Visual,
linguistic
Visual,
linguistic
Visual,
linguistic
Auditory,
linguistic

LH

LH
37

7, 40

7, 40

7

7

21

7, 40

7

21, 22,
Hi

7

40

7, 39, 40

39, 40

40

40

LH
Yes

Yes

24, 32

Yes

45, 46
6, 9

21, 38

6

46, 47

21, 22,
Hi

11, 47
6

6, 9, 46,
11
6, 9

6, 8, 9, 46

6, 8, 9, 46

PSMA, 6

6, 47

32

Yes
37, Hi

37, 21

Yes

24

21, 22
18

24, 32

45, 46, 47

Yes

18, 19

18

17, 18

17, 18

18

18, 19

7

7

19
39, 40

21/22

Yes

37

21, 22,
38
39

7

37

18

17

18

18

19

19

7, 39, 40

7, 39,
40

19

19

7, 40

7, 14

6
Yes

Yes
Yes

Yes

45

44, 45

6

6, 44

6

6, 44, 45

32

40

6, 47
6, 45, 46

21, 37,
39

21, 22

LH

6

Yes

21, 22

9, 46

Yes

24

31

10, 44, 9

Yes

32

32

6, 8, 9,
10, 46

6, 8, 9, 46

32

32

6, 9

6, 9

Numbers denote Brodmann Areas; RH = right hemisphere; LH = left hemisphere; Hi = hippocampus; PSMA = pre-sensory-motor area.
Blank cells indicate absence of activation in region. ‘‘Stimuli modality’’ refers to the form and manner of presentation of the stimuli.
Cerebellum activations are not noted in the table.
*
Brodmann Areas not provided by authors.
www.sciencedirect.com
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(e.g. comparing maximally simple if-then inferences [13]
with more complex multistep syllogisms [10]) or experimental designs asking different research questions.
There are also bound to be differences in areas of
activation, as a function of interactions between experimental design and imaging techniques, involving issues of
unfolding cognitive processes and measurement and
sampling techniques. For example, block versus singleevent designs, point of data sampling within an event,
shape and temporal duration of hemodynamic response
function (HRF) functions. The full understanding of such
differences will take some time to work out and are beyond
the scope of this review.
Goel and colleagues have undertaken a series of studies
in which they have held scanners, scanning parameters,
pre-processing and statistical analyses, and experimental
design (including logical form of stimuli) constant. They
have systematically varied content of arguments, presence
of conflict, and completeness of information and searched
for causal joints in the reasoning machinery by identifying
double dissociations rather than focusing on location (Box
2) [11,12,29,34]. An examination of these data, in the

Box 2. Role of neuroimaging data in informing cognitive
theories of reasoning
Figure 1. (a) The main effect of reasoning activates a large bilateral network
including occipital, parietal, temporal and frontal lobes, basal ganglia, and
cerebellar regions (reproduced from Goel [62]). Further investigation reveals that
this is a composite image. (b) Reasoning about familiar material (all apples are red
fruit; all red fruit are nutritious; all apples are nutritious) activates a left frontal (BA
47) temporal (BA 21/22) system. (c) Reasoning about unfamiliar material (all A are
B; all B are C; all A are C) activates bilateral parietal lobes (BA 7, 40) and dorsal PFC
(BA 6). (Reproduced from Goel et al. [11].)

neuropsychological considerations. To make sense of these
data we need to seriously consider the possibility that the
brain is organized in a different way than envisioned by
cognitive psychology. We need to loosen (but not abandon)
the top-down cognitive constraints and consider the neuroimaging data in the context of 100 years of research in
neuropsychology.
If we look at these imaging data, allowing some distance
between them and our favorite cognitive theory of reasoning, we notice several things. First, the results of the
studies are not arbitrarily different. There are family
resemblances across them. They all implicate some combination of occipital, parietal, temporal and frontal lobes,
basal ganglia, and cerebellar regions in logical reasoning,
and several implicate all of these regions (Table 1).
Furthermore, the results are largely consistent with
patient data, as discussed below.
Where there are differences in the involvement of
specific regions, these can be explained in terms of details
of task, experimental design, stimuli property, and
measurement and sampling techniques (Box 1). For
example, with respect to task, one should not be surprised
to find some differences in transitive inference studies
using an animal paradigm involving hundreds of learning
trials [27,28] and those using an explicit inference paradigm [7,29,32]. We should also not be surprised to find
differences in studies involving different argument forms
www.sciencedirect.com

Although few cognitive psychologists today question the value of
neuroimaging data, there is still a lack of consensus as to its role in
informing cognitive theory. It has at least two immediate roles,
localization of functions and dissociation of functions. Arguably the
latter is much more important than the former.
Localization of brain functions: it is now generally accepted that there
is a degree of modularity in aspects of brain organization. Over the
years, neuropsychologists and neuroscientists have accumulated
some knowledge of this organization. For example, we know some
brain regions are involved in processing language whereas other
regions process visual spatial information. Finding selective involvement of these regions in complex cognitive tasks – like reasoning –
can help us differentiate between competing cognitive theories that
make different claims about linguistic and visuospatial processes in
the complex task (as do mental logic and mental model theories of
reasoning). However, we also know that for much of the brain there is
at least a one-to-many mapping from brain structures to cognitive
processes (and probably a many-to-many mapping), which undercuts
much of the utility of localization. Despite this caveat, localization
seems to loom large in the literature (e.g. it underlies the concerns
about a unitary reasoning system and discontent about variability in
patterns of neural activation across studies).
Dissociation of brain functions: brain lesions result in selective
impairment of behavior. Such selective impairments are called
dissociations. A single dissociation occurs when we find a case of a
lesion in region x resulting in a deficit of function a but not function
b. If we find another case, in which a lesion in region y results in a
deficit in function b but not in function a, then we have a double
dissociation. Recurrent patterns of double dissociation provide
indication of causal joints in the cognitive system invisible in
uninterrupted normal behavioral measures [33]. Double dissociations manifest themselves as crossover interactions in neuroimaging studies. Cognitive theories will have to respect these joints.
Thus, if in the case of reasoning, we find double dissociations along
the lines of familiarity/unfamiliarity and certainty/uncertainty, cognitive theories of reasoning need to be reformulated to take these
dissociations into consideration. Indeed, some neuropsychologists
have argued that it really does not matter where the lesions are in
patients (or where the activations are in neuroimaging studies), but
only that there are dissociations. Although an extreme position, it is
not without merit.
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absence of a commitment to a specific cognitive theory of
reasoning suggests that human reasoning is underwritten
by a fractionated system that is dynamically configured in
response to specific task and environmental cues. Three of
these lines of fractionation are reviewed below.
Systems for dealing with familiar and unfamiliar
material
As noted above, cognitive theories of reasoning disagree
whether logical reasoning is underwritten by the linguistic
system or a visuospatial system. According to the results of
imaging studies, both systems are involved and their
engagement can be systematically manipulated by manipulating the content and context of the stimuli [11,12,32].
More specifically, a left lateralized frontal–temporal conceptual/language system (Figure 1b) processes familiar,
conceptually coherent material whereas a bilateral parietal visuospatial system (Figure 1c) processes unfamiliar,
nonconceptual or incoherent material. It has been proposed [34] that the frontal–temporal pathway (Broadman
area [BA] 47, 21/22) corresponds to a heuristic system
whereas the parietal pathway (BA 7, 40) corresponds to
a formal/universal system, along the lines developed by
Newell and Simon [35] or dual mechanism theory [6,36,37].
A proper treatment of the relationship between these
various theoretical accounts and these data are beyond
the scope of this review. But, the general idea is that
reasoning about familiar situations automatically utilizes
situation-specific heuristics, which are based on background knowledge and experience. Where no such heuristics are available (as in reasoning about unfamiliar
situations), universal/formal methods must be used to
solve the problem. This latter system might rely on decontextualized or even visuospatial representations given the
involvement of the parietal system.
There is even some evidence to suggest that the
response of the frontal–temporal system to familiar situations is content specific to some degree (in keeping with
some content specificity in the organization of temporal
lobes) [38]. For example, although middle temporal lobe
regions are activated when reasoning about categorical
statements such as ‘all dogs or pets’, in the case of making
transitive inferences about familiar spatial environments,
reasoning is mediated by posterior hippocampus and parahippocampal gyrus, the same structures that underwrite
spatial memory and navigation tasks [32]. Perhaps the
most robust example of content specificity in the organization of the heuristic system is the ‘theory of mind’ reasoning system identified by a number of studies [39,40].
Systems for dealing with conflict and belief-bias
One of the oldest findings in the reasoning literature is that
subjects perform better on reasoning tasks when the logical
conclusion is consistent with their beliefs about the world
than when it is inconsistent with their beliefs [41,42]. In
the former case, subjects’ beliefs facilitate the task whereas
in the latter case they inhibit it. Within inhibitory belief
trials the prepotent response is the incorrect response
associated with belief-bias. Incorrect responses in such
trials indicate that subjects failed to detect the conflict
between their beliefs and the logical inference and/or
www.sciencedirect.com
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inhibit the prepotent response associated with the
belief-bias. These belief-biased responses activate ventromedial PFC (VMPFC) (BA 11, 32), highlighting its role in
non-logical, belief-based responses. The correct response
indicates that subjects detected the conflict between their
beliefs and the logical inference, inhibited the prepotent
response associated with the belief-bias, and engaged the
formal reasoning mechanism. The detection of this conflict
requires engagement of right lateral/dorsal lateral PFC
(BA 45, 46) [11,12,14] (Figure 2). This conflict detection role
of right lateral/dorsal PFC is a generalized phenomenon
that has been documented in a wide range of paradigms in
the cognitive neuroscience literature [43–45]. The robust
activation of right PFC in Acuna et al. [27] might have
resulted from the conflict introduced by the switching of
spatial order in stimulus pairs (corresponding to the inversion of relations in linguistic arguments, e.g. Mary is taller
than John versus John is shorter than Mary).
Systems for dealing with certain and uncertain
information
Cognitive theories of reasoning do not typically postulate
different mechanisms for reasoning with complete and
incomplete information. For example, the major cognitive
theories of reasoning assume that the same cognitive system
would deal with the following inferences [46,47]:
Mary is smarter than John; John is smarter than
George; Mary is smarter than George (determinate,
valid trial)
Mary is smarter than John; John is smarter than
George; George is smarter than Mary (determinate,
invalid trial)
Mary is smarter than John; Mary is smarter than
George; John is smarter than George (indeterminate,
invalid trial)
However, patient and neuroimaging data suggest that
different neural systems underwrite these inferences. Goel
et al. [48] tested neurological patients with focal unilateral
frontal lobe lesions (Figure 3) on a transitive inference
task while systematically manipulating completeness of
information regarding the status of the conclusion (i.e.
determinate and indeterminate trials). The results demonstrated a double dissociation such that patients with left

Figure 2. The right lateral/dorsal lateral PFC (BA 45, 46) is activated during conflict
detection. For example, in the following argument ‘all apples are red fruit; all red
fruit are poisonous; all apples are poisonous’ the correct logical answer is ‘valid’/
‘true’ but the conclusion is inconsistent with our world knowledge, resulting in a
belief–logic conflict. (Reproduced from Goel and Dolan [12].)
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unilateral focal lesions to PFC using the Wason card
selection task [59]. The results indicate that patients with
lesions to left PFC fail to benefit from the presentation of
familiar content. Patients with lesions to right PFC perform as well as normal controls. The only exception to this
finding is an electroconvulsive (ECT) hemispheric suppression study by Deglin and Kinsbourne [61], in which they
reported that the LH is engaged by analytic/formal reasoning, whereas the RH is engaged by reasoning about meaningful situations. However, some technical limitations of
the study (e.g. they used only two electrodes and did not
provide details of the extent of hemispheric suppression)
leave their results open to other interpretations (e.g. rather
than a left/right-hemispheric account, a left dorsal lateral
and ventral medial PFC account would be consistent with
their placement of electrodes and the neuroimaging data).
The imaging results regarding right PFC activation for
conflict detection are also supported by lesion data [45], as
is the role of right PFC in dealing with indeterminate
information [48].

Figure 3. Lesion overlay maps showing location of lesions in patients tested on
reasoning with determinate and indeterminate argument forms. Patients with
lesions to right PFC were selectively impaired in reasoning about indeterminate
forms (Mary is taller than Mike; Mary is taller than George; Mike is taller than
George). Patients with lesions to left PFC showed an overall impairment of
reasoning. (Reproduced from Goel et al. [48].)

PFC lesions were selectively impaired in trials with
complete information (i.e. determinate trials), whereas
patients with right PFC lesions were selectively impaired
in trials with incomplete information (i.e. indeterminate
trials). Parsons and Osherson [4] inadvertently demonstrated the same thing in their imaging study described
above. All of their deductive trials were indeterminate and
resulted in right PFC activation (rather than left or bilateral PFC, as reported by other studies).
Consistency with patient data
The most consistent finding in the studies reported in
Table 1 is the presence of activation in left PFC. All studies
(except Parsons and Osherson [4]) report activation in left or
bilateral PFC for logical reasoning. There is a long tradition
in neuropsychology, backed by robust lesion data, suggesting LH dominance for reasoning processes [49–53]. With
respect to logical reasoning specifically, nine patient studies
report impairment in reasoning accuracy as a function of
focal lesions in left temporal lobes [45,54–56], left frontal
lobes [48,57–59] and generalized LH lesions [60].
The involvement of the left frontal–temporal system in
reasoning about familiar content, reported by imaging
studies [11,12,32], was tested in neurological patients with
www.sciencedirect.com

Summary and conclusion
Considerable progress has been made over the past decade
in our understanding of the neural basis of logical reasoning. The imaging results are overlapping with each other,
and perhaps most importantly, consistent with patient
data. Where there are discrepancies in the imaging data,
they can usually be explained in terms of task components,
experimental design and measurement technique factors.
In broad terms, these data are telling us that the brain is
organized in ways not anticipated by cognitive theory. We
should be receptive to this possibility. In particular, we
need to confront the possibility that there might be no
unitary reasoning system in the brain. Rather, the evidence points to a fractionated system that is dynamically
configured in response to certain task and environmental
cues. The three lines of demarcation reviewed above include (i) systems for heuristic and formal processes (with
evidence for some degree of content specificity in the
heuristic system); (ii) conflict detection/resolution systems;
and (iii) systems for dealing with certain and uncertain
inferences. There are undoubtedly others. This is not the
only possible interpretation of the imaging data, but it is
one reasonable interpretation consistent with the neuropsychological literature and the presentation of neurological
patients with focal brain lesions. Sensitivity to these data

Box 3. Questions for future research
 Will the results regarding dual mechanisms generalize to other
reasoning paradigms, in particular, judgment and decisionmaking tasks?
 All current studies involve the recognition of valid conclusions.
Does the generation of conclusions involve similar or different
neural systems?
 Are there sex differences in logical reasoning, in particular, spatial
reasoning?
 Real-world reasoning occurs against a backdrop of beliefs and
emotions. Although several studies have addressed the issue of
how beliefs interact with the reasoning process, the question
remains, ‘How does the interaction with emotions affect the
neural basis of reasoning?’
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will move us beyond the sterility of mental models versus
mental logic debate and further the development of cognitive theories of reasoning (See Box 3).
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