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Abstract

In a recent study we demonstrated that reasoning with categorical syllogisms engages two dissociable mechanisms. Reasoning
involving concrete sentences engaged a left hemisphere linguistic system while formally identical arguments, involving abstract
sentences, recruited a parietal spatial network. The involvement of a parietal visuo–spatial system in abstract syllogism reasoning
raised the question whether argument forms involving explicit spatial relations (or relations that can be easily mapped onto spatial
relations) are sufficient to engage the parietal system? We addressed this question in an event-related fMRI study of three-term
relational reasoning, using sentences with concrete and abstract content. Our findings indicate that both concrete and abstract
three-term relational arguments activate a similar bilateral occipital–parietal–frontal network. However, the abstract reasoning
condition engendered greater parietal activation than the concrete reasoning condition. We conclude that arguments involving
relations that can be easily mapped onto explicit spatial relations engage a visuo–spatial system, irrespective of concrete or
abstract content. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

An important question that concerns cognitive mod-
els of reasoning is whether logical reasoning is inher-
ently sentential or spatial. Sentential (mental logic)
theories of reasoning claim that deductive reasoning is
a rule governed syntactic process [20] where internal
representations preserve structural properties of linguis-
tic strings in which the premises are stated. This linguis-
tic hypothesis predicts that language processing
mechanisms mediate human reasoning processes. Men-
tal model theories claim that deductive reasoning is a
process requiring spatial manipulation and search
where internal representations preserve the structural
properties of the world (e.g. spatial relations) that the
sentences are about. The spatial hypothesis suggests
that the neural structures for visuo–spatial processing
contribute the basic representational building-blocks
used for logical reasoning [11].

In a recent fMRI study [7] we demonstrated that
both linguistic and spatial processing mechanisms are
engaged in syllogistic reasoning processes, but under
different circumstances. Reasoning involving concrete
syllogisms (e.g. ‘all dogs are pets; all poodles are dogs
� all poodles are pets’) engages a left hemisphere
temporal linguistic system, while formally identical rea-
soning tasks involving abstract syllogisms (e.g. ‘all P
are B; all C are P � all C are B’) recruit a parietal
spatial network.

The involvement of a parietal visual–spatial system
in the abstract syllogism condition, raises the question
whether argument forms involving three-term relational
items (e.g. ‘the apples are in the barrel; the barrel is in
the barn; the apples are in the barn’ and ‘apples are
more expensive than pears; pears are more expensive
than oranges; apples are more expensive than oranges’)
are sufficient to engage the parietal system? One ratio-
nale for thinking this might be the case is subjects’
reported phenomenological experience of using a
visuo–spatial strategy during these tasks. Secondly,
neuroimaging studies have shown the involvement of
the parietal system in the encoding of relational spatial
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information [15,16]. To resolve these issues we carried
out a single-event, fMRI study of three-term spatial
and nonspatial relational arguments with sampling of
the BOLD signal during the reasoning component of
the task. Our findings indicate that in three-term rela-
tional arguments both the concrete and abstract argu-
ments activate a similar occipital–parietal– frontal
network.

2. Method

2.1. Subjects

Fourteen right-handed normal subjects (six males
and eight females), with a mean age of 28.57 years
(S.D.=4.6) and mean education level of 16.78 years
(S.D.=2.15), volunteered to participate in the study.
All subjects gave informed consent and the study was
approved by the Joint National Hospital for Neurology
and Neurosurgery/Institute of Neurology Ethics
Committee.

2.2. Stimuli

Sixty contentful and sixty abstract three-term rela-
tional arguments were generated. Half the items in-
volved explicit spatial relations such as ‘Larry is above
Michael’, while the other half involved nonspatial rela-
tions such as ‘Larry is heavier than Michael’, that are
naturally mapped onto spatial relations. These argu-
ments were evenly divided into the following four
forms: determinate consistent (e.g. A is ahead of B; C is
ahead of A � C is ahead of B), determinate inconsis-
tent (e.g. A is ahead of B; C is ahead of A � C is
behind B), indeterminate consistent (e.g. A is in front of
B; A is in front of C � B is in front of C), and
indeterminate inconsistent (e.g. A is above B; C is
below A � C is above B). Half of the arguments were
valid, the other half invalid. The concrete arguments
contained sentences like ‘Larry is standing behind
Kirk’, while the abstract sentences were of the form ‘L
is standing behind K’. All sentences were grammatical
and meaningful. The baseline trials consisted of three
sentences that did not constitute an argument, by virtue
of the fact that the third sentence was unrelated to the
first two sentences, for example, ‘A is ahead of B; C is
ahead of A � F is above X’ or ‘Adam is ahead of Bob;
Carol is ahead of Adam � George is next to Mark’.
These baseline items were generated by switching
around the conclusions of the arguments, thus circum-
venting the need to introduce new sentences in the
baseline. There were thirty items in each of the content
and abstract baseline conditions. Examples of each
category of stimuli appear in Fig. 1a.

2.2.1. Stimuli presentation
Stimuli from all conditions were presented randomly

in an event-related design (see Fig. 1b). The beginning
of a trial was signaled by an ‘*’. The sentences appeared
on the screen one at a time with the first sentence
appearing at 500 ms, the second at 3500 ms, and the
last sentence at 6500 ms. All sentences remained on the
screen until the end of the trial. The length of trials
varied from 10.25–14.35 s, leaving subjects 3.75–7.85 s
(after the presentation of the third sentence) to respond.

2.2.2. Task
The task in all trials was the same. Subjects were

required to determine whether the given conclusion
followed logically from the premises (i.e. whether the
argument was valid). In baseline trials, where the first
two sentences were related, subjects would need to
begin to integrate the premises and construct a repre-
sentation of the problem (task difficulty and time limi-
tations do not allow subjects the option of waiting until
the presentation of the third sentence before deciding to
begin integration of the first two sentences), but when
the third, unrelated, sentence appeared they could im-
mediately disengage the task and respond ‘no’. (This
does mean that there is an imbalance between ‘yes’ and
‘no’ responses. However, the behavioural data suggests
that subjects are not getting locked into a mental set.
We have explored a number of baselines and feel the
advantages of this one, outweigh the disadvantages.) In
trials where the three sentences constituted an argu-
ment, subjects would need to continue with the reason-
ing component of the task after the presentation of the
third sentence (reasoning condition). The difference
between completing the reasoning task and disengaging
after the presentation of the third sentence isolates the
reasoning components of interest. This design, involv-
ing a time-locked single-event design and an (un-
blocked) random presentation of trials, circumvents the
question about what constitutes an appropriate baseline
for reasoning tasks and allows us to keep task instruc-
tions constant across all conditions.

Subjects responded by pressing a button on a keypad
after the appearance of the last sentence. Subjects were
instructed to respond as quickly as possible and move
to the next trial if the stimuli advanced before they
could respond. Subjects reviewed example stimuli from
each condition prior to being scanned to ensure that
they understood the task.

2.3. fMRI scanning technique

A 2T Siemens VISION system (Siemens, Erlangen,
Germany) was used to acquire T1 anatomical volume
images (1×1×1.5 mm voxels) and 48 T2*-weighted
echoplanar images (64×64 3×3 mm pixels, TE=40
ms) sensitive to blood oxygenation level dependent
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(BOLD) contrast. 1.8 mm thick echoplanar images
were acquired axially every 3 mm, positioned to cover
the whole brain. Data were recorded during a single
acquisition period. A total of 558 volume images were
acquired over three sessions (186 volumes per session)
with a repetition time (TR) of 4.1 s/volume. The first
six volumes in each session were discarded (leaving 180
volumes per session) to allow for T1 equilibration
effects.

Trials from all conditions were randomly presented
in a single-event design. The mean trial time was 12300
ms with a random jitter of �2050 ms (1 TR). Trials
duration thus varied from 10.25 to 14.35 s. This varia-
tion affected only the times subjects had to respond to
the task (3.75–7.85 s in increments of 68 ms) and not
the presentation times of the sentences, which were
fixed. Sixty trials were presented during each session for
a total of 180 over the three sessions. Each session
lasted 12.3 min. The scanner was synchronized with the
presentation of all trials in each session.

2.4. Data analysis

Data were analyzed using Statistical Parametric
Mapping (SPM 99) [6]. All volumes in a session were
spatially realigned to the first volume of the session and
temporally realigned to the AC–PC slice, to account
for different sampling times of different slices. Subjects
with head movement greater than 3 mm were dis-
carded. A mean image created from the realigned vol-
umes was coregistered with the structural T1 volume.
The structural volumes were then spatially normalized
to the Montreal Neurological Institute brain template
[5] using nonlinear basis functions [1]. The derived
spatial transformation was then applied to the realigned
T2* volumes, which were finally spatially smoothed
with a 12 mm FWHM isotropic Gaussian kernel in
order to make comparisons across subjects and to
permit application of random field theory for corrected
statistical inference [25]. The resulting time series across
each voxel were high-pass filtered with a cut-off of 120

Fig. 1. (a) Sixty concrete and sixty abstract three-term relational arguments were generated. The logically relevant information was identical in
both conditions. All sentences were grammatical, meaningful, and of roughly equal length. The conclusions of the arguments were switched
around to generate the baseline condition. (b) Stimuli from all conditions were presented randomly in an event-related design. An ‘*’ indicated
the start of a trial at 0 s. The sentences appeared on the screen one at a time with the first sentence appearing at 500 ms, the second at 3500 ms,
and the last sentence at 6500 ms. The length of trials varied from 10.25–14.35 s, leaving subjects 3.75–7.85 s to respond (after the presentation
of the third sentence).
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Table 1
Behavioural scores

Scores (%)RTs (ms)

Abstract ConcreteConcrete Abstract

Reasoning 3085 (776)a 3283 (755) 78.9 (19.4) 75.9 (18.1)
1250 (422) 97.0 (5.1)Baseline 99.6 (1.6)1452 (535)

a S.D. shown in parentheses.

reasoning condition (79%, S.D.=0.19) were slightly,
but not significantly (t(13)=1.7, P=0.11) better than
the scores for the abstract condition (76%, S.D.=0.18).
In baseline trials, performance was slightly better in the
abstract condition than the concrete condition (t(13)=
2.1, P=0.059). (We also analysed the behavioural data
along the lines of determinate/indeterminate and consis-
tent/inconsistent. Consistent with the published litera-
ture, subjects took significantly longer (3438 ms
(S.D.=590)) to respond to the inconsistent problems
than the consistent problems (2949 ms (S.D.=607))
(t(13)=6.19, P�0.0001). There was, however, no dif-
ference in the subjects’ scores for consistent (77%
(S.D.=13.6)) and inconsistent (77% (S.D.=12.4))
problems (t(13)= .01, P=0.99). Subjects took 3250 ms
(S.D.=560) to respond to the determinate problems as
compared to 3024 ms (S.D.=826) for the indetermi-
nate problems (t(13)=1.44, P=0.17). Subjects scored
78.8% (S.D.=9.8) in the determinate problems com-
pared to 72.5% (S.D.=23.6) in the indeterminate prob-
lems (t(13)=1.41, P=0.18).)

The fMRI results are summarized in Table 2. The
main effect of reasoning, derived from a comparison of
concrete and abstract reasoning with the respective
baseline conditions as reference ((abstract reasoning+
concrete reasoning)− (abstract baseline+concrete
baseline)) revealed activation in bilateral cerebellum,
lingual gyrus (BA 17, 18), bilateral middle occipital
gyrus (BA 19), bilateral (LH�RH) superior and infe-
rior parietal lobule (BA 7, 40), bilateral caudate nuclei
(RH�LH), bilateral medial superior frontal lobe (BA
6), bilateral dorsal middle frontal lobe (BA 6), and left
dorsolateral frontal lobe (BA 9) (Fig. 2).

The examination of simple main effects revealed that
both concrete and abstract reasoning trials actually
utilized similar networks, but with differential activa-
tion of parietal and occipital regions. A comparison of
concrete reasoning with concrete baseline (concrete rea-
soning−concrete baseline) resulted in activation of bi-
lateral cerebellum, primary visual cortex (BA 17/18),
right middle occiptial gyrus (BA 18), bilateral (LH�
RH) inferior and superior parietal lobule (BA 40, 7),
precuneus (BA 7) and bilateral (RH�LH) caudate
nuclei. A comparison of abstract reasoning with ab-
stract baseline (abstract reasoning−abstract baseline)
resulted in activation of bilateral cerebellum, primary
visual cortex (BA 17/18), and bilateral (RH�LH) su-
perior parietal lobule (BA 7).

A conjunction analysis of concrete and abstract rea-
soning (conjunction (abstract reasoning−abstract
baseline), (concrete reasoning−concrete baseline)) re-
vealed activation in bilateral cerebellum, bilateral lin-
gual gyrus (BA 17, 18), bilateral middle occipital gyrus
(BA 19), bilateral superior parietal lobule (BA 7), bilat-
eral caudate nuclei (RH�LH), bilateral medial supe-
rior frontal gyrus (BA 6), bilateral dorsal middle frontal
gyrus (BA 6), left middle frontal gyrus (BA 8).

s, using cosine functions to remove section-specific low
frequency drifts in the BOLD signal. Global means
were normalized by proportional scaling to a grand
mean of 100, and the time series temporally smoothed
with a 4 s FWHM Gaussian kernel to swamp small
temporal autocorrelations with a known filter.

Condition effects at each voxel were estimated ac-
cording to the general linear model and regionally
specific effects compared using linear contrasts. Each
contrast produced a statistical parametric map of the
t-statistic for each voxel, which was subsequently trans-
formed to a unit normal Z-distribution. The activations
reported survived a voxel-level correction of P�0.05
(Z�4.60) using a repeated measures ANOVA with
pooled error term (random effect model). An exception
to this correction was made in the case of anatomical
symmetry, such that, if a structure in one hemisphere
was significantly active, we also reported any corre-
sponding activation in the other hemisphere (P�
0.001), even if it did not survive correction. The
sampled data were time-locked to onset of the third
sentence (i.e. the beginning of the reasoning component
of the task), thus avoiding much of the preliminary
cognitive activity of reading and processing the
premises.

3. Results

Behavioral scores indicated that subjects performed
the task in the expected manner (see Table 1). Subjects
took a mean of 3184 ms (S.D.=765) (after presenta-
tion of the third sentence at 6500 ms) to respond to the
reasoning task, significantly longer than the 1351 ms
(S.D.=479) required to respond to the baseline condi-
tion (t(13)=14.1, P�0.0001). Similarly, with a mean
of 98% (S.D.=0.03) correct on baseline trials versus
77% (S.D.=0.19) correct on reasoning trials, subjects
performed significantly better on baseline trials
(t(13)=6.3, P�0.0001). Subjects’ response time of
3283 ms (S.D.=755) for the abstract arguments was
significantly longer than their response time of 3085 ms
(S.D.=776) for the concrete arguments (t(13)=3.44,
P=0.004). For baseline trials, response times were
longer for concrete trials than abstract trials (t(13)=
3.9, P=0.002). Performance scores for the concrete
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Table 2
Name and coordinates of brain regions that remained significantly active after each subtraction

Location (Brodmann area) Z-scoreMNI coordinates

ZX Y

Main effect of reasoning ((Abstract reasoning+concrete reasoning)−(abstract
baseline+concrete baseline))

279 6.08−75Rt. cerebellum
−66 −51 5.43Rt. cerebellum 33

Rt. cerebellum 4.9830 −60 −33
4.87−45Rt. cerebellum 33 −48

−33−6 6.01−75Lt. cerebellum
−39−33 5.19−54Lt. cerebellum

4.86−33−60Lt. cerebellum −42
−99 6 5.81Calcarine sulcus/lingual gyrus (17/18) 15

4.6130Lt. occipital gyrus (19) −30 −81
3336 *4.50a−75Rt. occipital gyrus (19)

−60 48 5.69Precuneus (7) 0
5.6448−51−42Lt. superior and inferior parietal lobule (40)

4836 5.60−48Rt. superior and inferior parietal lobule (40)
015 5.146Rt. caudate nucleus/accumbens

*4.13−30Lt. caudate nucleus/accumbens −18
9 51 4.64Rt. middle frontal gyrus (6) 30

4.6351Lt. middle frontal l gyrus (6) −27 3
513 4.6012Bi. dorsal medial frontal gyrus (6)

−42 33 4.63Lt. middle frontal gyrus (9) 30

(Concrete reasoning−concrete baseline)Concrete reasoning
Rt. cerebellum 4.8933 −66 −51

−75 −36 4.77−9Lt. cerebellum
Rt. calcarine sulcus/lingual gyrus (17/18) 4.666 −87 −3

5.099Rt. calcarine sulcus/lingual gyrus (17/18) 9 −96
933 4.66−87Rt. inferior occipital gyrus (18)

5.14Lt. inferior parietal lobule (40) −42 −51 48
3.6848Rt. inferior parietal lobule (40) 36 −48

57−18 4.68−66Lt. superior parietal lobule (7)
5712 *4.03−63Rt. superior parietal lobule (7)

4.6448−60Precuneus (7) 0
15 −6 4.85Rt. caudate nucleus/accumbens 6

*3.73−30Lt. caudate nucleus/accumbens −18

(Abstract reasoning−abstract baseline)Abstract reasoning
−78 −24 5.959Rt. cerebellum

−33−6 4.82−75Lt. cerebellum
5.093Calcarine sulcus/lingual gyrus (17/18) 18 −99

4830 5.32−60Rt. superior parietal lobule (7)
−27 51 *4.06Lt. superior parietal lobule (7) −60

(Conjunction (abstract reasoning−abstract baseline) (concreteConjunction of abstract and abstract concrete reasoning
reasoning−concrete baseline))

−75 −33 6.81Lt. cerebellum −6
5.84−39Lt. cerebellum −33 −54

−3330 5.59−57Rt. cerebellum
−63 −51 5.24Rt. cerebellum 33

4.95−51−5136Rt. cerebellum
−15−12 5.41−81Lt. lingual gyrus (18)

915 6.58−99Rt. calcarine sulcus/lingual gyrus (17/18)
6.530−102Lt. calcarine sulcus/lingual gyrus (17/18) −6

−81 30 5.21Lt. superior occipital gyrus (19) −30
4.9333Rt. superior occipital gyrus (19) 33 −72

51−21 6.19−69Lt. superior parietal lobule (7)
24 60 5.87Rt. superior parietal lobule (7) −60

6.0751−30Lt. superior parietal lobule (7) −60
5430 *3.33−60Rt. superior parietal lobule (7)

−60 48 6.23Precuneus (7) 0
12 0 5.05Rt. caudate nucleus/accumbens 6

*4.043−15 −3Lt. caudate nucleus/accumbens
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Table 2 (Continued)

Z-scoreLocation (Brodmann area) MNI coordinates

YX Z

Lt. middle frontal gyrus (6) −27 3 48 5.16
3 5133 4.64Rt. middle frontal gyrus (6)

12 51Bi. dorsal medial frontal gyrus (6) 5.093
30 36−42 4.75Lt. middle frontal gyrus (8)

Main effect of content (Abstract reasoning+baseline)−(Concrete reasoning+baseline)
−39 51−48 5.62Lt. inferior parietal lobule (40)

−18Lt. superior parietal lobule (7) −66 57 5.25
33Rt. superior parietal lobule (7) −54 66 4.89

−75 048 4.78Rt. inferior occipital gyrus (19)
Lt. inferior occipital gyrus (19) −48 −75 −6 4.93

Main effect of content (Concrete reasoning+baseline)−(abstract reasoning+baseline)
−84 0 InfRt. calcarine sulcus/lingual gyrus (17/18) 9
−81 6−9 6.70Lt. calcarine sulcus/lingual gyrus (17/18)
−93 −6 6.45Lt. calcarine sulcus/lingual gyrus (17/18) −6

Simple effect of content Abstract reasoning−concrete reasoning
Lt. inferior parietal lobule (40) −36−45 48 4.64

−69 51Rt. superior parietal lobule (7) *4.3027

Simple effect of content Concrete reasoning−abstract reasoning
Rt. calcarine sulcus/lingual gyrus (17/18) −849 0 6.67

−9Lt. calcarine sulcus/lingual gyrus (17/18) −84 6 5.07
−81 −12−12 4.93Lt. calcarine sulcus/lingual gyrus (17/18)

a Activations marked with an ‘*’ did not survive correction and are reported only because the corresponding region in the other hemisphere did
survive correction.

Direct comparisons of concrete and abstract condi-
tions (masked by the main effect of reasoning relative
to baseline) confirmed differential activation in parietal
and occipital regions. The abstract versus concrete con-
tent comparison ((abstract reasoning+baseline)−
(concrete reasoning+baseline)) revealed significantly
greater activation of left superior and inferior parietal
lobule (BA 7, 40), right superior parietal lobule (BA 7),
and bilateral inferior occipital gyrus (19) in the abstract
condition (Fig. 3). The reverse comparison ((concrete
reasoning+baseline)− (abstract reasoning+baseline))
revealed activation only of primary visual cortex (BA
17, 18). The direct simple comparisons of reasoning —
masked by the main effect of reasoning relative to
baseline — revealed similar results. Abstract reasoning
compared to concrete reasoning (abstract reasoning−
concrete reasoning) activated the left inferior (extending
to superior) parietal lobule (BA 7, 40), and the right
superior parietal lobule (BA 7). As in the main effect of
content, activation was also present in the bilateral
inferior occipital gyrus (19), but it did not survive
correction. The reverse comparison (concrete reason-
ing−abstract reasoning) resulted in activation of the
primary visual cortex (BA 17, 18). There was no inter-
action between content type and reasoning.

4. Discussion

Our results indicate that three-term relational rea-

soning implicates a widespread dorsal network incorpo-
rating bilateral occipital (BA 17, 18, 19), bilateral
parietal (BA 7, 40), bilateral dorsal frontal (BA 6), left
dorsolateral prefrontal cortex (BA 9), basal ganglia
nuclei and cerebellum regions. This pattern of bilateral
occipital, parietal, and frontal activation has been re-
ported in a number of studies involving the manipula-
tion of visuo–spatial information [2,3,17]. The primary
visual cortex has been activated in imagery tasks
[13,14]. A bilateral occipital-parietal– frontal network
has been reported in studies involving manipulation of
allocentric spatial relations (e.g. up, left, front, down,
right, and back) such as found in our reasoning task
[16]. This network also subserves spatial working mem-
ory rehearsal and manipulation processes [12,21–24],
and is very similar to that reported for certain types of
mathematical reasoning involving approximation of nu-
merical quantities [4]. Picture–sentence verification
tasks have been shown to involve greater parietal acti-
vation when a visual–spatial strategy is utilized and
greater activation of Broca’s area when a linguistic
strategy is utilized [19]. Thus our profile of activation
suggests that during reasoning subjects bypassed the
linguistic system and constructed visuo–spatial repre-
sentations from the sentences, a finding consistent with
phenomenological and theoretical claims that subjects
solve three-term relational arguments through the use
of Venn diagrams, Euler circles, or perhaps the type of
spatial models predicted by mental model theory [11].
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The network revealed by our results encompasses
many regions found in previous imaging studies of
deductive reasoning [7–10,18], but with some important
discrepancies. Some of these discrepancies can be ac-
counted for by methodological and task differences,
while others suggest strategy differences in dealing with
different types of arguments. For example, a study by
Goel et al. [9], using (contentful) three-term relational
arguments very similar to the present study, reported
left hemisphere language system activation, but failed
to report any parietal activation. The Goel et al. [9]
study was a [15O]H2O PET block design in which the
activation was averaged over 1 min, much of it being
taken up by reading of the argument forms, so it
possible that activation associated with the reasoning
component of the task was swamped by non-reasoning
aspects of the task. Also, the baseline task in the above
study involved reading the same argument forms. The
parietal system may be very sensitive to explicit spatial
relations. If so, simply reading argument forms involv-
ing explicit relations may be sufficient to engage it. In

this case, any parietal activation associated with reason-
ing may subtract out. In the present study we con-
trolled for these factors by sampling the BOLD signal
after the presentation of the third sentence and used
baseline trials that did not constitute arguments (the
third sentence being unrelated).

In a related study, using an identical methodology to
the present investigation we reported two dissociable
networks for concrete (e.g. all apples are red; all red
things are fruit; all apples are fruit) and abstract (e.g.
all A are B; all B are C; all A are C) syllogistic
reasoning [7]. In particular, a temporal lobe (BA 21/22)
activation was evident in a concrete syllogistic reason-
ing condition, an activation conspicuously absent in the
present study. We found only primary visual cortex
activation in the concrete minus abstract comparison. A
possible explanation of this is the use of mental imagery
in the concrete trials. However, an examination of
parameter estimates and comparison of the concrete
and abstract baselines suggests that the activation of
the striate cortex (BA 17) and lingual gyri (BA 18)

Fig. 2. A statistical parametric map (SPM) rendered into standard stereotactic space and superimposed on to transverse (a, b, c) and cronal (d)
sections of an magnetic resonance image (MRI) which is itself in standard space. Main effect of reasoning ((abstract reasoning+concrete
reasoning)− (abstract baseline+concrete baseline)) activated (a) primary visual cortex (15, −99, 6); (b) bilateral occipital gyrus (−30, −81, 30
and 36, −75, 33), left dorso-lateral frontal cortex (−42, 30, 33); (c) bilateral inferior and superior parietal lobules (−42, −51, 48 and 36, −48,
48), precuneus (0, −60, 48); (c, d) bilateral middle frontal gyrus (30, 9, 51 and −27, 3, 51) and dorsal-medial prefrontal gyrus (3, 12, 51); (d)
right caudate nucleus/accumbens (15, 6, 0); and cerebellum (not shown). All activations survived a voxel-level correction of P�0.05 (Z�4.60)
using a random effects model.
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Fig. 3. SPMs rendered into standard stereotactic space and superimposed onto transverse (a, b) and cronal (c) sections of an magnetic resonance
image (MRI) which is itself in standard space. A direct comparison of the abstract with concrete conditions ((abstract reasoning+baseline)−
(concrete reasoning+baseline)), revealed greater activation in: (a) left superior and inferior parietal cortex (−18, −66, 57 and −48, −39, 51);
(b) right superior parietal lobule (33, −54, 66); and (c) bilateral occipital gyrus (48, −75, 0 and −48, −75, −6). All activations survived a
voxel-level correction of P�0.05 (Z�4.60) using a random effects model.

reflects greater visual processing due to increased letter
lengths of the concrete words (also reported in [7]). For
example, ‘Mary is behind Paul’ has 16 characters and
occupies more of the visual field than ‘M is behind P’
which has only 10 characters.

The lack of temporal lobe (BA 21/22) activation in
the present study might be explained by analysing the
nature of the content used in the two studies. The
concrete sentences in Goel et al. [7], were syllogisms of
the form ‘All apples are poisonous’ whereas the con-
crete sentences in the present study are of the form
‘John is to the right of Mary’. The former sentence
types predicate known properties to known objects. We
have beliefs about whether they are true or false. By
contrast, the latter sentence types do not allow for such
beliefs. (It is possible to generate relational sentences
one can have beliefs about, e.g. ‘London is north of
Rome’ or ‘granite is harder than diamonds’.) This
leaves open the interesting possibility that involvement
of BA 21/22 in reasoning may be specific to content
processing involving belief networks rather than just
concrete contents.

In abstract syllogistic reasoning, Goel et al. [7] re-
ported parietal activation in left hemisphere alone. In

the present study, parietal activation was bilateral. The
activation of right parietal may be explicable by the
presence of explicit spatial relations found in the argu-
ments used in the present study. Another notable differ-
ence is involvement of inferior prefrontal cortex in both
concrete and abstract conditions of the Goel et al. [7]
study, and its absence in the present study. This may
suggest genuine processing differences between categor-
ical syllogisms and three-term relational arguments in
terms of the involvement of the linguistic system.

While we do not find evidence for two dissociable
networks in reasoning about concrete and abstract
three-term relational arguments (for the reasons noted
above), we do find greater involvement of parietal and
occipital lobes in the abstract condition compared to
the concrete condition. There are several possible expla-
nations for this. The argument forms in the concrete
and abstract conditions were logically matched for
difficulty. However, examination of the behavioural
scores indicates that subjects took longer to complete
the abstract trials and did not do quite as well. One
possibility is that the differential parietal and occipital
activation in the two conditions reflects differential task
difficulty. However, the difference also extends to the
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baseline items, which showed a reverse pattern of be-
havioural scores, suggesting difficulty may not be the
critical factor. The alternative explanation is that pari-
etal lobe activation may reflect a greater sensitivity to
spatial relations involving abstract terms.

In conclusion, mental logic theories predict that the
language (syntactic) system is both necessary and suffi-
cient for deductive reasoning while mental model theo-
ries predict that the visuo–spatial system is necessary
and sufficient. For reasoning involving three-term rela-
tional arguments, we have found evidence for involve-
ment of a bilateral occipital–parietal– frontal
visuo–spatial network as predicted by mental model
theories (and introspective phenomonological experi-
ence), irrespective of the presence of concrete or ab-
stract sentences. While a similar network is used for
both concrete and abstract arguments, there is greater
occipital–parietal involvement in the abstract argu-
ments. However, the content utilized in the study was
such that subjects could have no prior beliefs about the
sentences. It remains to be seen how the presence of
arguments containing belief-laden sentences will influ-
ence reasoning strategies and mechanisms in three-term
relational arguments. Finally, these results are different
from those involving syllogistic reasoning [7], suggest-
ing involvement of differential strategies and mecha-
nisms in the two types of reasoning.
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