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Abstract

Logic is widely considered the basis of rationality. Logical choices, however, are often influenced by emotional responses, sometimes
to our detriment, sometimes to our advantage. To understand the neural basis of emotionally neutral (“cold”) and emotionally salient (“hot”)
reasoning we studied 19 volunteers using event-related fMRI, as they made logical judgments about arguments that varied in emotional
saliency. Despite identical logical form and content categories across “hot” and “cold” reasoning conditions, lateral and ventral medial
prefrontal cortex showed reciprocal response patterns as a function of emotional saliency of content. “Cold” reasoning trials resulted in
enhanced activity in lateral/dorsal lateral prefrontal cortex (L/DLPFC) and suppression of activity in ventral media prefrontal cortex
(VMPFC). By contrast, “hot” reasoning trials resulted in enhanced activation in VMPFC and suppression of activation in L/DLPFC. This
reciprocal engagement of L/DLPFC and VMPFC provides evidence for a dynamic neural system for reasoning, the configuration of which

is strongly influenced by emotional saliency.
© 2003 Elsevier Inc. All rights reserved.

Introduction

Rational and emotional behavior are often seen to be in
opposition, with the former linked to reason and logic, and
much of what is uniquely human, and the latter connected to
“animal passions’ (Henle, 1962). This dichotomy is cap-
tured by phrases such as “using your head” versus “making
a gut response.” Rationa behavior is goal-oriented and
widely described as “careful,” “calculating,” and “evaluat-
ing,” whereas emotional responses are described as “pas-
sionate,” “rash,” and “acting in the heat of the moment.”
Despite this apparent separation, the rational and emotional
coexist in the real world, and most people experience situ-
ations where rational choices are preempted or muddied by
emotional biases.

Much neuropsychological data implicate ventral medial
prefrontal cortex (VMPFC) in emotiona processing
(Damasio, 1997; Goel and Dolan, 2001a; Harlow, 1868;
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Lane et al., 1997; Pietrini et al., 2000) and the lateral/
dorsolateral prefrontal cortex (L/DLPFC) in high-level cog-
nitive processing (Drewe, 1974; Goel et al., 1997; Gold-
man-Rakic, 1987; Rowe et a., 2001; Shallice, 1988; Stuss
and Levine, 2002), including logical reasoning (Goel et al.,
1997, 1998, 2000; Goel and Dolan, 2001b, 2003; Houde et
al., 2001; Knauff et al., 2002; Parsons and Osherson, 2001).
However, with a few exceptions (Gray et a., 2002), the
literatures on cognition and emotion are largely independent
of each other. It has been observed that some patients with
VMPFC lesions, in addition to having significant emotional
and social problems, make poor decisions in rea-world
situations (Anderson et a., 2000). This has led to the sug-
gestion that there is a causal connection between emotional
deficits and poor decision-making (Bechara et al., 2000;
Damasio, 1996). One possible basis for this connectionisan
interaction between L/DLPFC and VMPFC during reason-
ing. While several neuroimaging and patient studies have
shown a dissociation between L/DLPFC and VMPFC in
cognitive and affective processing (Goel and Dolan, 2001&;
Greene et a., 2001; Hariri et a., 2000; Koechlin et &.,
2000; Stuss and Levine, 2002), a predicted interaction be-
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Emotional Content Neutral Content

Reasoning Some wars are not unjustified. Some Canadians are not children
All wars involve raping of women. All Canadians are people
Soma raping of wemen is not unjustified. Some people are not children

Some Canadians are not children
All Canadians are people
Some babies are curious.

Baseline Some wars are not unjustified.
All wars involve raping of women.
Some Indians are dishonest.
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Fig. 1. (8) Experimental design and sample stimuli. (b) Specifics of stimuli presentation.

tween L/DLPFC and VMPFC in reasoning tasks, as a func-
tion of emotional saliency, remains to be demonstrated.
To test the hypothesis of interaction between L/DLPFC
and VMPFC during rational thought, we scanned 19 right-
handed normal subjects using event-related fMRI, while
they engaged in identical logical reasoning tasks that varied
only in emotional saliency. After the scanning session sub-
jects reviewed and rated each item for saliency of content.
Our findings indicate that the neural systems engaged by
logical reasoning are dynamically configured as a function
of the emotional saliency of the content. Specifically, we
show a reciprocal response in L/DLPFC and VMPFC that
reflects the degree to which reasoning is “cold” or “hot.”

M ethod
Subjects

Nineteen right-handed normal subjects (7 male and 12
female), with a mean age of 32.4 years (SD = 10.5) and
mean education level of 16.2 years (SD = 1.6), volunteered
to participate in the study. All subjects gave informed con-
sent and the study was approved by the Joint National
Hospital for Neurology and Neurosurgery/Institute of Neu-
rology Ethics Committee.

Experimental design

Sixty emotionally salient and 60 emotionally neutral
syllogisms, encompassing 24 different forms' were orga-
nized into a2 X 2 factorial design (Fig. 18). Thefirst factor
was Content, in which half the arguments contained sen-
tences that subjects could be expected to consider emotion-
ally neutral, while the other half contained sentences that
subjects could be expected to consider emotionally salient
or charged. This allocation of trials was confirmed by sub-
jects’ postscan ratings of saliency of al items (see below).
The logically relevant information in both conditions was
identical and the key terms were matched for category
(living things, objects, abstract ideas). The conditions were
also balanced for congruent and incongruent trials. (Con-
gruent trials are either valid arguments with a true (or
believable) conclusion or invalid arguments with afalse (or
unbelievable) conclusion. Incongruent trials are either in-
valid arguments with a true conclusion or valid arguments
with afalse conclusion.) Sample arguments are presented in
Table 1. The second factor was Task in which thefirst level

1 The following forms of syllogisms (encoded as per Evans et al.,
1993b): were utilized: AAL, AA3, AA4, AE2, AE4, All, Al3, AO2, EAL,
EA2, EI1, EI2, EI3, El4, E04, IAL, 1A3, 1A4, 1EL, 113, 114, OA3, OEL, Ol4.
Some valid forms also had invalid “counterparts.”
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Table 1
Sample arguments from emotionally salient and neutral categories

All murderous people are criminals.
All Nazis were murderous.
Some Nazis are criminals.

All child molesters are perverse.
Some child molesters are priests.
Some priests are perverse.

Some marathon runners are smokers.
All marathon runners are healthy.
Some smokers are healthy.

No one with a crimina record is innocent.
Some pedophiles have criminal records.
Some pedophiles are not innocent.

Some blacks are pimps.
All pimps are criminals.
Some blacks are not criminals.

No gay people are perverse.
Some priests are perverse.
Some priests are gay.

All handicapped are capable.
All amputees are handicapped.
Some amputees are not capable.

All Chinese are Oriental.
Some Chinese are not smart.
Some Orientals are not smart.

No doctors are criminals.
Some doctors are rapists.
Some rapists are not criminals.

Some kids are not expendable.
No disabled people are kids.
Some disabled people are expendable.

Some policemen are detectives.
All detectives are competent.
Some policemen are competent.

No poisons are sold at the grocers.
Some mushrooms are sold at the grocers.
Some mushrooms are not poisonous.

All gossip rags are popular.
All Hello magazines are gossip rags.
All Hello magazines are popular.

All African animals can be obedient.
Some African animals are fierce.
Some fierce animals can be obedient.

Some rock stars are guitarists.
All guitarists can sing.
Some rock stars cannot sing.

No reptiles can grow hair.
Some elephants can grow hair.
No elephants are reptiles.

All French poodles are dogs.
Some French poodles are small.
Some small animals are not dogs.

Some mammals are donkeys.
All mammals are animals.
Some animals are not donkeys.

No Catholic nuns are priests.
Some women are Catholic nuns.
No priests are women.

No mutes are opera singers.
Some musicians are mute.
Some musicians are not opera singers.

(a reasoning condition) involved stimuli that constituted
legitimate arguments, half of which were valid while the
other half were invalid. The second-level (baseline condi-
tion) trials were generated by taking the above arguments
and switching around the third sentence such that the three
sentences did not constitute arguments. There were 20 neu-
tral and 20 emotional baseline trials and 20 “rest” trids
where subjects simply viewed a fixation cross. Sentencesin
all trials were grammatical, meaningful, and matched for
length across conditions.

After the scan subjects rated each trial for salience of
content using a published scale (Bradley and Lang, 1994).
Subjects were asked “How does this item make you feel?’
The scale described high salience items as those that made
subjectsfed “stimulated,” “tense,” and “excited,” while low
salience items were those that made subjects feel “relaxed,”
“calm,” and “dull.” The scale ranged from 5+ to 5—, with
zero signifying neutral.

Simuli presentation

Stimuli from all conditions were presented randomly in
an event-related design (Fig. 1b; the asterisk indicates the

start of atria at 0 s). The sentences appeared on the screen
one at atime 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 to 14.35 s, leaving
subjects 3.75 to 7.85 sto respond. Thetask in all conditions
was the same. Subjects were required to determine whether
the conclusion followed logically from the premises (i.e.,
whether the argument was valid). Subjects responded by
pressing a button on a keypad after the appearance of the
last sentence. In (reasoning condition) trials where the three
sentences constituted an argument, subjects had to deter-
mine the validity of the argument. In (baseline) trias, where
the first two sentences were related, subjects would begin to
construct a representation of the problem, but when the
third, unrelated, sentence appeared it would not be inte-
grated into a coherent representation (i.e., search for a so-
lution) and subjects would respond “no.” 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
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fMRI scanning technique

A 2-T Siemens VISION system (Siemens, Erlangen,
Germany) was used to acquire T1 anatomica volume im-
ages (1xX1X1.5-mm voxels) and 48 T2*-weighted echopla-
nar images (6464 3X3-mm pixels, TE = 40 ms) sensitive
to blood oxygenation level dependent (BOLD) contrast;
1.8-mm-thick echoplanar images were acquired axialy ev-
ery 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 vol-
umes per session) with a repetition time (TR) of 4.1 sivol-
ume. The first 6 volumes in each session were discarded
(leaving 180 volumes per session) to alow for T1 equili-
bration effects. Trials from &l conditions were randomly
presented in a single-event design. The mean trial time was
12300 ms +2050 ms (TR) with a random jitter. Trials thus
varied from 10.25 to 14.35 s. There were 60 event presen-
tations during a session for a total of 180 over the three
sessions. Each session lasted 12.3 min. The scanner was
synchronized with the presentation of al trials in each
session.

Data analysis

Datawere analyzed using Statistical Parametric Mapping
(SPM 99) (Friston et al., 1995). All volumes were spatially
realigned to the first volume (head movement was <2 mm
in all cases) and temporally realigned to the AC-PC dlice, to
account for different sampling times of different dlices. A
mean image created from the realigned volumes was coreg-
istered with the structural T1 volume and the structural
volumes were spatially normalized to the Montreal Neuro-
logical Ingtitute brain template (Evans et al., 1993a) using
nonlinear basis functions (Ashburner and Friston, 1999).
The derived spatia transformation was then applied to the
realigned T2* volumes, which were finaly spatialy
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 (Wordley and Friston, 1995)). The resulting time
series across each voxel were high-pass-filtered with a cut-
off of 32 s, using cosine functions to remove section-spe-
cific low-frequency drifts in the BOLD signa. Global
means were normalized by proportional scaling to a grand
mean of 100, and the time series temporally smoothed with
a canonica hemodynamic response function to swamp
small temporal autocorrelations with a known filter.

The BOLD signal was modeled as a hemodynamic re-
sponse function with time derivative at the midway point
between the presentation of the third sentence and the motor
response (on a subject by subject, trial by trial basis). The

2 Thethin 1.8-mm slices, with 1.2-mm gap, and arelatively short echo
time of 40 ms serve to minimize dropout and distortion (Deichmann et al.,
2002; Gorno-Tempini et a., 2002; Hutton et al., 2002).

Table 2
Behavioural performance scores and reaction times on task

Performance scores (SD) Rts (SD)

Emotional Neutral Emotional  Neutral
(%) (%) (ms) (ms)

65.9(84) 3497 (538) 3606 (516)
98.1(49)  1665(403) 1594 (416)

Reasoning trials  64.5 (6.2)
Basdline trials ~ 98.0 (3.8)

presentation of all three sentences, along with the motor
response, was modeled out in the analysis. Condition effects
at each voxel were estimated according to the general linear
model and regionally specific effects compared using linear
contrasts. Each contrast produced a statistical parametric
map of thet statistic for each voxel, which was subsequently
transformed to a unit normal Z distribution. We report all
activations surviving voxel-level intensity threshold of P <
0.05 (corrected for multiple comparisonsin a random effect
model using False Discovery Rate) (Genovese et al., 2002)
and a cluster level threshold of P < 0.05.

Results

Behavioral scores indicated that subjects performed the
task in the expected manner (Table 2). Subjects’ ratings of
emotional saliency of content were significantly higher for
the emotionally charged material (+0.82, SD = 0.74) than
the emotionally neutral material (—0.72, SD = 0.58) (t(157)
= 14.62, P < 0.0001), indicating that the stimuli categories
were experienced in the expected direction. There were no
differences in subjects’ performance on the emotionaly
neutral and emotionally salient arguments. Subjects took a
mean of 3606 ms (SD = 516) (after presentation of third
sentence at 6500 ms) to respond to neutral, and 3497 ms
(SD = 538) to emotionally charged arguments. Accuracy
scores for the neutral arguments were 65.9% (SD = .8.4)
compared to 64.5% (SD = 6.2) for the emotionally salient
trials. The mean reaction times for the baseline condition
were significantly lower (1665 ms (SD = 403) and 1594
(SD = 416) for emotional and neutral respectively), and
accuracy scores significantly higher (98% (SD = .3.8) and
98.1 (SD = 4.9) for emotiona and neutral respectively),
than the reasoning trials. There were no significant differ-
ences between the two baselines. Subjects were not given
feedback about their performance. The fMRI results are
based on al trials.

Consistent with our previous studies (Godl et al., 2000;
Goel and Dolan, 2003) the main effect of reasoning (neutral
reasoning + emotional reasoning trials — neutral baseline
— emotional baseline trials) resulted in activation of bilat-
eral striate cortex (BA 17), lingual gyri (BA 18) (—12, —84,
2;Z=525and 16, —94, 2; Z = 4.96), left cerebellum (10,
—76, —30; Z = 4.07), left middle temporal lobe (BA 21/22)
(=54, —46, 0; Z = 3.72), left temporal pole (BA 21/38)
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(=50, 8, —18; Z = 4.60), right basal ganglia nuclei (ac-
cumbens, caudate nucleus, and putamen) (12, 8, —8; Z =
4.10), medial frontal gyrus (BA 6) (0, 10, 60; Z = 3.41), left
middle frontal gyrus (BA 6) (—38, 2, 58; Z = 3.83), and | eft
inferior frontal gyrus (BA 44) (—56, 18, 26; Z = 3.55).

Our primary interest in the present study was in the
Content (salient and neutral) by Task (reasoning and base-
line) interaction. Reasoning specific to neutral arguments
[(neutral reasoning — neutral baseline) — (emotional rea-
soning — emotional baseline)] showed enhanced activation
in left L/DLPFC (BA 44, 8) (—46, 6, 32; Z = 4.62) (Fig. 2a
and 2b). Reasoning specific to emotional content [(emo-
tional reasoning — emotional baseline) — (neutral reasoning
— neutral baseline)] revealed activation in VMPFC (—10,
42, —16; Z = 4.65 and 6, 46, —16; Z = 4.59) (Fig. 2c and
2d) and right fusiform gyrus (BA 37) (24, —50, —10; Z =
4.46).

Consistent with these results the direct comparison of
neutral with emotional reasoning showed enhanced activa-
tion of left lateral PFC during neutral reasoning (—54, 28,
14; Z = 3.66). The reverse comparison (emotional reason-
ing — neutral reasoning) showed activation in VMPFC (0,
26, —14; Z = 3.66) and fusiform gyrus (26, —54, —12; Z =
3.50). While these activations did not survive correction, the
same comparisons for neutral and emotiona baseline state-
ments did not reveal any activation in L/DLPFC, VMPFC,
or fusiform gyrus.

To further examine the influence of emotional saliency
on the reasoning process, we examined how the neura
response in L/DLPFC and VMPFC covaried with the sub-
jects’ postscan ratings of saliency of arguments. We con-
strained this analysis to regions where there was a signifi-
cant interaction between reasoning and emotiona saliency
{[(emotional reasoning — emotional baseline) — (neutral
reasoning — neutral baseline)], (P < 0.05, uncorrected)}. A
significant effect was evident indicating a positive covaria-
tion within VMPFC (—10, 42, —16; 10, 34, —16) and the
subjects’ postscan ratings of saliency of arguments (P <
0.05, corrected) (Fig. 2€). The reverse comparison (masked
inclusively by the interaction [(neutral reasoning — neutral
baseline) — (emotional reasoning — emotional baseline)], p
< .05, uncorrected) reveaed left L/DLPFC (BA 8, 9, 47)
(=56, 8, 30; —46, 30, 24; —44, 20, —4) negatively covaried
with subjects postscan ratings of saliency of arguments (P
< 0.05, corrected) (Fig. 2f).

Discussion

The main effect of reasoning activated bilateral striate
cortex (BA 17), lingual gyri (BA 18), left cerebellum, left
middle temporal lobe (BA 21/22), left tempora pole (BA
21/38), media frontal gyrus (BA 6), left middle frontal
gyrus (BA 6), and left inferior frontal gyrus (BA 44). A
similar network has been identified in previous studies of
logical reasoning (Goel et a., 2000; Goel and Dolan, 2003;

Houde et al., 2000; Knauff et a., 2002). However, in the
present study we are interested in the two-way interaction
between Content (emotionally salient and neutral) and Task
(reasoning and baseling). Reasoning with neutral content
resulted in greater activation in L/DLPFC cortex (over and
above the neutral baseline) than reasoning with emotionally
sdlient content (over and above the emotionally salient base-
line). Consistent with this role, the L/DLPFC has been
implicated in a series of “executive” cognitive tasks includ-
ing the WCST (Drewe, 1974; Stuss et al., 2000), Tower of
London (Fincham et al., 2002; Rowe et al., 2001; Shallice,
1988), the Stroop task (Perret, 1974; Weekes and Zaidel,
1996), design fluency (Jones-Gotman and Milner, 1977),
cognitive estimation (Smith and Milner, 1984), planning
and design (Goel and Grafman, 2000; Goel et al., 1997), and
tasks (like humor appreciation) requiring the “breaking of
mental sets’ (Goel and Dolan, 2001a; Shammi and Stuss,
1999).

The introduction of emotionally salient content into the
reasoning task resultsin enhanced activation in VMPFC and
fusiform gyrus. A number of studies have activated these
structures in emotion regulation tasks (Davidson et al.,
20003, 2000b; Reiman et a., 1997). However, our results go
one step further. They demonstrate greater activation in
VMPFC in emotionally salient reasoning (over and above
the emotionally salient baseline) than neutral reasoning
(over and above the neutral baseline). This interaction anal-
ysis, and the simple comparisons between salient and neu-
tral reasoning trials (VMPFC activation), and salient base-
line and neutral baseline tridls (no VMPFC activation),
suggest that VMPFC activation in our case cannot be ex-
plained simply by the presence of emotiona saliency, and
lead us to the conclusion that VMPFC is engaged by the
reasoning process in the presence of emotional saliency.

There is one other potentia interpretation of our results.
Given the pattern of parameter estimates in Fig. 2e, it is
possible that the “ activation” in VMPFC during emotionally
sdlient trials is actually “less’ deactivation. It has been
suggested that deactivation in VMPFC (along with other
medial structures) during complex cognitive processing en-
gaging DLPFC reflects a default mode of brain operation
(Gusnard et a., 2001; Raichle et a., 2001). On this inter-
pretation the “deactivation” in VMPFC during neutral rea-
soning trials reflects a baseline level of activity, given ac-
tivation of DLPFC. The activation or “less’ deactivation in
VMPFC during emotionally salient trials may reflect an
interruption in the baseline state, given decreased activation
in DLPFC. This explanation, however, assumes that emo-
tional reasoning trials involve less effort than neutral rea-
soning trials (hence decreased activation in DLPFC). Thisis
not the case. The stimuli in the neutral and emotional con-
ditions were matched for task difficulty and subjects’ reac-
tion times and accuracy scores confirm that the matching
was successful. Therefore, our reciprocal activation in
DLPFC and VMPFC in response to the emotional saliency
of the reasoning material cannot be explained simply as a
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Reciprocal Activation in LPFC & VMPFC in
Response to Cold and Hot Reasoning
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Fig. 2. Statistical parametric map (SPM) rendered into standard stereotactic space and superimposed on to coronal (a) and sagittal (c) sections of a magnetic
resonance image (MRI) which isitself in standard space. (a) Modulation of the reasoning task from salient content to neutral content [(neutral reasoning —
neutral baseline) — (emotional reasoning — emotional baseline)] revealed activation in left inferior/middle frontal gyri (BA 44, 8) (—46, 6, 32; Z = 4.62).
(b) Condition-specific parameter (beta) estimates show that the L/DLPFC is more activated during neutral reasoning trials than during emotionally salient
reasoning trias. (¢) The reverse modulation of reasoning from neutral content to emotionally salient content [(emotional reasoning — emotiona baseline)
— (neutral reasoning — neutral baseline)] resulted in activation of bilateral VMPFC (—10, 42, —16; Z = 4.65 & 6, 46, —16; Z = 4.59) (BA 11/25) and right
fusiform gyrus (BA 37) (24, —50, —10; Z = 4.46) (not shown). (d) Condition-specific parameter (beta) estimates show that the VMPFC is more functionally
deactivated during neutral reasoning trials than during emotionally salient reasoning trials. (€) Parameter (beta) estimates showing increasing activity in
VMPFC as afunction of increasing levels of emotional saliency of content (from level 1 to level 3) (single subject). (f) Parameter (beta) estimates showing
decreasing activity in L/DLPFC as a function of increasing levels of emotional saliency of content (single subject).
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default mode of brain operation. It is real effect of the
experimental manipulation.

While we are unaware of other studies explicitly manip-
ulating emotional saliency of content in reasoning or deci-
sion-making tasks, our findings are consistent with several
related fMRI studies involving “persona judgments.” One
recent study on logical reasoning demonstrated activation in
VMPFC when the logical response was overcome by belief
bias (i.e., when subjects responded on the basis of personal
beliefs rather than the logic of the situation) (Goel and
Dolan, 2003). A study involving mora personal, moral
impersonal, and nonmoral judgments has shown greater
activation of MPFC in the moral personal condition com-
pared to the other conditions (Greene et al., 2001).® Our
results are also consistent with neuroanatomical evidence.
The VMPFC receives projections from the amygdala and
medial temporal and thalamic structures and in turn is ro-
bustly interconnected to the latera prefrontal cortex (Bar-
bas, 2000). It is well situated to serve the role we postulate
for it.

In summary, while one or two studies have recently
looked at the interaction of emotion and cognition in a
dual-task paradigm, by manipulating subject mood with
stimuli unrelated to the cognitive task (Gray et al., 2002),
we believe this is the first study to use a reasoning task and
directly manipulate the emotional saliency of the content of
reasoning material in a single-task paradigm. Our findings
indicate that neural systems engaged by reasoning tasks are
dynamically configured as a function of the emotional sa-
liency of the content. Specifically, we show a reciprocal
response in L/DLPFC and VMPFC that reflects the degree
to which reasoning is “cold” or “hot.”
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