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We used functional MRI to test the hypothesis that emotional
states can selectively influence cognition-related neural activity in
lateral prefrontal cortex (PFC), as evidence for an integration of
emotion and cognition. Participants (n ⴝ 14) watched short videos
intended to induce emotional states (pleasant兾approach related,
unpleasant兾withdrawal related, or neutral). After each video, the
participants were scanned while performing a 3-back working
memory task having either words or faces as stimuli. Task-related
neural activity in bilateral PFC showed a predicted pattern: an
Emotion ⴛ Stimulus crossover interaction, with no main effects,
with activity predicting task performance. This highly specific
result indicates that emotion and higher cognition can be truly
integrated, i.e., at some point of processing, functional specialization is lost, and emotion and cognition conjointly and equally
contribute to the control of thought and behavior. Other regions
in lateral PFC showed hemispheric specialization for emotion and
for stimuli separately, consistent with a hierarchical and hemisphere-based mechanism of integration.

E

motion and cognition are two major aspects of human
mental life that are widely regarded as distinct but interacting (1–3). Emotion–cognition interactions are intuitively intriguing and theoretically important. However, there are many different kinds or forms of interaction, and in principle these differ
widely in what they imply about the functional organization of
the brain. Some forms of interaction are diffuse or nonspecific,
whereas others are more nuanced and imply a greater complexity in brain organization. The typical folk psychological view of
emotion–cognition interaction is nonspecific: for better or
worse, emotional states diffusely impact higher cognition (e.g.,
pleasant emotions are nonspecifically beneficial, whereas unpleasant emotions are nonspecifically detrimental). A nonspecific view is parsimonious: complexity should not be posited
without compelling evidence. Here, we report neural evidence
for a strong highly constrained form of emotion–cognition
interaction. These data reveal a complexity that implies an
integration of emotion and cognition in brain functional
organization.
Neuroimaging data are widely used to provide evidence for a
specialization or fractionation of psychological function (based
on double-dissociation logic; e.g., ref. 4). Intuitively, integration
is the opposite: a convergence and merging of specialized
subfunctions into a single more general function (5–7). Formally,
we define integration in terms of a specific experimental design
and a logically sufficient pattern of results (see Fig. 1). Given
such a design, emotion–cognition integration is implied by the
existence of a brain region having a crossover interaction
between the emotional and cognitive factors, with no main
effects of either factor. Although emotion and cognition may be
mostly separable, the presence of such a highly specific pattern
means that the emotional and cognitive influences are also
inseparable. At that point of processing, functional specialization
is lost. If the integrated signal has a functional role, emotion and
cognition can conjointly and equally contribute to the control of
thought, affect, and behavior. Integration does not mean that
emotion is an intrinsic aspect of cognition or vice versa, or that
emotion and cognition are completely identical (in fact, they can
www.pnas.org兾cgi兾doi兾10.1073兾pnas.062381899

be integrated only if they are also separable). Multiple processing
streams may exist, not all of which need be integrated.
In our model of emotion–cognition interaction (8–10), approach- and withdrawal-motivated emotional states (11, 12) are
associated with different modes of information processing. The
efficiency of specific cognitive functions is held to depend on the
particular state or mode (see refs. 13–15). Emotional states are
postulated to transiently enhance or impair some functions but
not others, doing so relatively rapidly, flexibly, and reversibly. In
this way, they could adaptively bias the overall control of thought
and behavior to meet situational demands more effectively (8,
16, 17). For example, the active maintenance of withdrawalrelated goals should be prioritized during threat-related or
withdrawal-motivated states but deemphasized during rewardexpectant or approach-related states, yet just the opposite should
be true for approach-related goals (8, 9, 15). A functional
integration of emotion and cognition would allow the goaldirected control of behavior to depend on the emotional context.
Goal-directed behavior is a complex control function mediated
neurally by lateral prefrontal cortex (PFC) (18) and involves
higher cognitive processes such as working memory (19). Consequently, lateral PFC is a possible site for the occurrence of
integration.
Our model currently draws support from three behavioral
studies (8). Induced emotional states consistently exerted opposite effects on working memory for verbal versus nonverbal
information, showing a selective effect. An unpleasant emotional state (anxiety, withdrawal-motivated) impaired verbal
working memory yet improved spatial working memory. A
pleasant emotional state (amusement, approach-motivated) produced the opposite pattern (improved verbal working memory
and impaired spatial working memory). The manipulations of
working memory and emotional state were well controlled
methodologically. The tasks were variants of the n-back paradigm, and the verbal and spatial versions differed in instructions
but not in difficulty or even task stimuli. The effect was a
crossover interaction—the strongest kind of evidence for a
selective rather than nonspecific effect. Moreover, the behavioral effect was specific to approach–withdrawal emotional
states, as shown by a striking specific association between the size
of the behavioral effect and individual differences in trait
sensitivity to reward and threat, which act as selective amplifiers
of emotion inductions (20). Stronger inductions lead to a stronger effect on performance, and both were predicted by validated
measures of emotional reactivity. This result held when further
controlling for individual differences in a neutral condition,
strongly suggesting an effect of approach–withdrawal emotional
states.
These data and much other work suggest that theories of PFC
function will need to incorporate both cognitive and affective
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Fig. 1. Two formal tests of brain functional organization based on neuroimaging data used in this paper. A variable represents a psychological function (e.g.,
working memory); levels of a variable represent subfunctions (e.g., verbal, nonverbal). The form of the observed interaction is critical (crossover or not), but the
direction is not. (Upper) A test for specialization assesses whether a psychological function must be separable into subfunctions, on the basis of a doubledissociation by area (see ref. 4). The null hypothesis is that the function is unitary, and fractionation is not possible; this is falsified if there are two distinct brain
areas for which processing associated with one subfunction activates area1 but not area2, and processing associated with the other subfunction activates area2
but not area1. That is, a Function ⫻ Area (e.g., Stimulus ⫻ Hemisphere) crossover interaction shows that the two subfunctions are distinct or separable for at least
one point of processing. (Double-dissociations can also be shown in the time domain.) (Lower) A test for integration assesses whether two psychological functions
must be inseparable within some brain region. The null hypothesis is that two functions (e.g., working memory and emotion) are completely separable. This is
falsified if there is at least one brain area in which activity (i) is not predictable given only information about either function in isolation, and yet (ii) is influenced
conjointly and equally by the two functions in combination; i.e., in a full factorial design, there are no main effects of either function and yet there is a Function1 ⫻
Function2 crossover interaction (e.g., Stimulus ⫻ Emotion). These conditions and results are sufficient to show integration: If the pattern holds, integration must
be occurring; without the pattern, no inference about integration can be drawn. The locus where integration is revealed is not necessarily the locus where it
occurred: it could be revealed at a point of processing that is subsequent to, yet correlated with, its actual occurrence. abc, verbal stimuli; , nonverbal stimuli;
appr, approach-related; var, variable; wdrw, withdrawal-related.

variables (8, 14, 15, 19, 21–26). Several theories suggest a
segregated model in which ventromedial and orbitofrontal areas
subserve emotional function, whereas lateral and dorsal areas
subserve cognitive function (27–29). Most segregated models are
agnostic about selective effects or integration. In contrast, other
models actively or tacitly predict selective effects and, by implication, integration (8, 11, 14, 15, 26). Although there has been
a great deal of work on emotion–cognition interaction, little or
none of it has examined whether and where emotion and higher
cognition are integrated in the brain. To our knowledge, there
are no imaging studies that can be reinterpreted as evidence for
such integration, because the minimum experimental design
requirements have not been met. Single-task studies (e.g., emotion and verbal fluency; ref. 30) cannot show integration, because showing a crossover interaction requires two tasks.
We used functional MRI (fMRI) to examine the conjoint
effects of cognitive task and emotional state manipulations on
brain activity, focusing on lateral PFC as a potential site of
emotion–cognition integration. Previous work has suggested
that lateral PFC is critical for working memory and goal-directed
behavior (18, 31–33) and for some forms of integration (5–7).
Lateral PFC is also thought to be sensitive to approach–
withdrawal emotion specifically (11, 12, 15, 34). Thus it is
possible that lateral PFC is further sensitive to the integration of
emotion and cognition. To test this hypothesis, we sought
evidence that cognitive task and emotional state factors would
contribute jointly and equally to lateral PFC activity during
performance of a working memory task.
We also sought to identify brain regions sensitive to emotional
and cognitive factors separately. We did so to test the hypothesis
that emotion–cognition integration within lateral PFC is related
to hemispheric specialization of function in this region. This
hypothesis is based on a pioneering neuropsychological model
that holds that the effects of emotion on cognition can often be
predicted if the task depends on regional neural systems (26, 35).
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Positive emotional states§ are held to relatively enhance performance on tasks that depend on the left frontal lobe, whereas
negative states are held to enhance performance on tasks that
depend on the right frontal lobe.¶ The model is partly based on
research suggesting that lateralized effects of experienced emotion are specific to frontal regions and do not hold throughout
the entire brain (11, 12, 15, 26, 34); it is also based on a
lateralization of cognitive function. In general, verbal processing
tends to be left lateralized, and nonverbal processing tends to be
right lateralized (38, 39). This verbal–nonverbal specialization
also appears to hold in tasks that recruit lateral PFC (33, 40–42).
Thus, hemispheric specialization within lateral PFC for emotion and cognition separately might support their integration.
For example, a hierarchical arrangement is possible, in which
segregated sources of emotional and cognitive information
within lateral PFC serve as the input to another higher-order
lateral PFC region that integrates them. However, in addition to
a lack of knowledge regarding emotion–cognition integration in
lateral PFC, it has also not yet been demonstrated within a single
dataset that both emotional and cognitive hemispheric asymmetries occur within lateral PFC. We predicted and found
evidence for both emotion–cognition integration and for later§Recent work suggests that an approach–withdrawal distinction best explains the prefron-

tal emotion-related hemispheric asymmetries (10 –12, 34). Perhaps the strongest evidence
is that induced anger—a subjectively unpleasant but approach-motivated emotion—is
associated with greater left frontal activity, arguing strongly for an approach–withdrawal
account of the prefrontal asymmetry (12). This account might also explain some apparent
exceptions (36, 37).
¶The model is a generalization from diverse data. It might be argued that emotion-related

activation should interfere with cognitive activity in the same brain area (for discussion,
see ref. 9; J.R.G., unpublished work). However, the opposite behavioral effect is observed
(8). If emotion-related activity was due to an independent source of activation within a
region (i.e., competing with on-going cognitive activity), it should produce crosstalk
or dual-task interference. If emotion modulated ongoing activity, it could produce
enhancement.
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Methods
We used fMRI to assess brain activity as participants performed
a demanding cognitive task after a preceding emotional video
had ended. We tested a larger sample off-line to assess the
reliability of effects of the emotion induction on behavioral
performance.
Participants and Procedure. In the fMRI study (see ref. 43 for more

detail), 14 neurologically normal right-handed participants (six
male; age 19–27 years) gave informed consent and were paid $25
per hour. They had 15 familiarization trials of each version of the
3-back task. Inside the scanner, they had structural scans followed by six functional scans in a factorial design: 2 (stimulus
type: face or word) ⫻ 3 (emotion video-type: pleasant–approach,
neutral, or unpleasant–withdrawal), order counterbalanced. For
each functional scan, the 3-back task and scan began simultaneously after a short video had ended.
In the sample that was scanned, we expected to find the same
behavioral effect (an Emotion ⫻ Stimulus crossover interaction)
as in our previous work (8), in terms of effect size (r ⫽ 0.24).
Because such an effect would not be statistically reliable in a
small sample, we assessed the behavioral effect using data from
an additional 52 participants tested in a similar design (total
n ⫽ 66).
There were six different videos for the emotion inductions
(two versions of three emotion types). The videos were presented digitally but were otherwise the same as used in previous
work (8): 9- to 10-min selections from comedy (amusement,
pleasant, approach-related), documentary (neutral, calm), or
horror (anxiety, unpleasant, withdrawal-related) films.
The 3-back tasks had four initial fixation trials to allow tissue
magnetization to reach steady-state. These were followed by 16
3-back trials and 10 fixation trials, with the task-plus-fixation
sequence repeated three more times (108 trials total, each trial
2.5 s long). The task instructions were to press a target button if
the stimulus currently on the screen was the same as the one seen
three trials previously and to press a nontarget button for any
other stimulus. The stimuli were either concrete English nouns,
one to four syllables in length, or unfamiliar male and female
faces intermixed (41).
After each scan, participants used the response buttons to rate
how they had felt after the last video just before the scan, from
0 (not at all) to 4 (very much) for each of six emotion terms
presented in random order (calm, amused, anxious, energetic,
fatigued, and gloomy).
Image Acquisition and Analysis. Whole-brain images were acquired

on a Siemens 1.5 Tesla Vision System (Erlangen, Germany).
Structural images were acquired by using a high-resolution
MP-RAGE T1-weighted sequence (44). Functional images were
acquired by using an asymmetric spin-echo echo-planar sequence (45). Each scanning run gave 108 sets of 16 contiguous
8-mm-thick axial images (3.75 ⫻ 3.75 mm in-plane resolution).
After movement correction, functional images were scaled to a
whole-brain mode value of 1,000 for each scanning run and were
temporally aligned within each whole-brain volume. Functional
images were resampled into 3-mm isotropic voxels, transformed
into atlas space (46), and smoothed with a Gaussian filter (8 mm
full width half maximum).
Analyses were conducted to identify different kinds of regions:
integration sensitive, stimulus sensitive, and emotion sensitive.
To ensure that these analyses were conservative, they subjected
the data to multiple statistical tests, each test being a t test or
ANOVA with participants as the random effect and a voxel-wise
significance threshold of P ⬍ 0.05. Regions were identified only
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if they had at least eight contiguous voxels, with each voxel
simultaneously passing several such tests. Although we collected
whole-brain images, our a priori search space was lateral PFC,
defined as 兩X兩 ⬎ 25, Y ⬎ 0, and 0 ⬍ Z ⬍ 48. We report signal
change as the task-related percent change from fixation.储
To be identified as integration sensitive, all voxels in a region
had to survive tests requiring greater activity in task than
fixation, an Emotion ⫻ Stimulus interaction, and no main effects
of emotion or stimulus. To be identified as stimulus sensitive, a
region had to have greater activity in task than fixation and
greater activity for a preferred than for a nonpreferred stimulus
type. To be identified as emotion sensitive, a region had to have
greater activity in task than fixation and greater activity for the
preferred than for the nonpreferred emotion. Hemispheric
specialization was inferred on the basis of an interaction of
hemisphere with the factor of interest by using ANOVA.
A specific pattern of activation across the six experimental
conditions was of interest a priori (8): a crossover Emotion ⫻
Stimulus interaction. We used contrast weights to formalize this
prediction and to express the observed strength of the predicted
pattern, collapsing the six values from the six conditions into a
single numerical index. Because performance is best in the
verbal–pleasant and nonverbal–unpleasant conditions, these
conditions were both assigned contrast weights of 1. Performance is poorest in the verbal–unpleasant and nonverbal–
pleasant conditions (assigned weights of ⫺1) and intermediate in
the verbal and nonverbal neutral conditions (assigned weights of
0). To summarize the observed strength of the predicted pattern
across conditions, the value from each condition was multiplied
by its contrast weight, and the resulting products were summed
together. A higher sum indicates a more strongly selective effect
of emotion. In different analyses, the contrast weights were
applied to group or individual data to retain information about
the conjoint (interactive) modulation of activation or performance by the two experimental factors (task stimuli, emotion
induction) and remove information about the mean levels.
Technical problems resulted in unusable fMRI images from
one scan for one subject (face-unpleasant condition) and the loss
of behavioral data from one scan from another subject (faceneutral condition).
Results
Behavioral Data. The face and word versions of the task were
matched for difficulty. Repeated-measures ANOVAs (emotion
and stimulus conditions within-subject) indicated no main effects of stimulus type on mean accuracy (expressed using the
signal detection index d⬘: face ⫽ 2.56, word ⫽ 2.36, F (1, 12) ⫽
2.17, P ⬎ 0.10), or mean response time (RT: face ⫽ 1,112 ms,
word ⫽ 1,063 ms, F (1, 12) ⫽ 2.50, P ⬎ 0.10).
The effect of emotion on task performance was a crossover
interaction (as tested by a focused contrast; see Methods). In the
sample that was scanned (n ⫽ 14), Fig. 2A, this held in the
direction expected (d⬘, effect size r ⫽ 0.50; RT, r ⫽ 0.41). In the
larger sample (n ⫽ 66), Fig. 2B, the same behavioral effect held
and was statistically reliable (d⬘, r ⫽ 0.30, P ⫽ 0.019; RT, r ⫽ 0.24,
P ⫽ 0.063). That is, word 3-back performance was enhanced by
a pleasant state and impaired by an unpleasant state, whereas
face 3-back performance showed the reverse (replicating and
extending ref. 8).
Participants’ self-report ratings verified that the emotion
induction was successful at eliciting the intended emotional
states. We compared how strongly participants rated feeling an
储This

procedure is obviously appropriate for identifying task-specific activations but is not
clearly so for identifying the direction of emotion-specific activity within a task-related
network; see Discussion. The identification of emotion– cognition interactions and hemispheric differences is uninfluenced by this consideration.
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alized effects of emotion and cognition separately within lateral PFC.

Fig. 2. A selective effect of the emotion induction on 3-back task performance (Emotion ⫻ Stimulus interaction between subjects) in (A) the 14 participants
who were scanned, and (B) 66 participants (52 off-line, 14 scanned). Higher d⬘ indicates more accurate performance.

intended emotion after the appropriate videos compared with
the other videos (e.g., the average rating of anxious after the two
unpleasant videos minus the average of anxious after the other
four). The emotion induction produced selectively larger self
reports for anxious after the unpleasant videos [mean difference ⫽ 1.5; t(13) ⫽ 5.87, P ⬍ 0.001], calm after the neutral videos
[mean ⫽ 0.9, t(13) ⫽ 3.70, P ⬍ 0.003], and amused after the
pleasant videos [mean ⫽ 1.3, t(13) ⫽ 5.80, P ⬍ 0.001]. Emotional
arousal was assessed by comparing how strongly participants
rated feeling energetic. Ratings of energetic were smaller after
the neutral videos (mean rating ⫽ 1.4), as compared with either
the pleasant [mean ⫽ 2.5; t(13) ⫽ 2.38, P ⫽ 0.03] or unpleasant
[mean ⫽ 2.7; t(13) ⫽ 3.03, P ⫽ 0.01] videos. The energetic ratings
did not differ between pleasant and unpleasant videos [t(13) ⫽
0.41, P ⫽ 0.68], suggesting equal arousal.
Neuroimaging Data. Integration-sensitive regions. Candidate re-

gions were identified on the basis of voxels that were part of the
task network and showed an Emotion ⫻ Stimulus interaction.
The results of this conjunction analysis across the whole brain are
summarized in Table 1. Two regions of interest (ROI) were
within lateral PFC (Fig. 3). They showed no hemispheric specialization (Fs ⬍ 1 for all interactions with hemisphere) nor main
effects of the stimulus or emotion factors (when treated either
as two separate regions or as a single combined region, all main
effect Fs ⬍ 1.05, Ps ⬎ 0.30). We considered them be a single ROI
and refer to it as the integration-sensitive ROI. The pattern of
activity in the integration-sensitive ROI across the six conditions
was a crossover interaction (Fig. 3) indicating that the emotion
induction selectively influenced task-related brain activity. Neural activity was greatest in the word-unpleasant and face-pleasant
conditions, intermediate in the neutral conditions, and lowest in
the word-pleasant and face-unpleasant conditions. This region
met all formal criteria for integration (Fig. 1).
The crossover pattern in the integration-sensitive ROI was
reminiscent of the behavioral effect (Fig. 2). Conditions with the
most neural activity were the most difficult behaviorally, consistent with a functional relationship. To test this idea, we
computed correlations between activity and performance. We
first created summary scores for each participant using the
Table 1. Integration-sensitive ROIs across the whole brain

Dorsolateral PFC
Occipital cortex

Midbrain

Brodmann’s
Area

Talairach
coordinates

Size,
voxels

9
9
18
18

⫺32, 48, 30
33, 41, 32
⫺23, ⫺96, 0
26, ⫺99, ⫺3
⫺8, ⫺105, ⫺12
⫺8, ⫺21, ⫺12

8
24
39
141
30
13

Only the dorsolateral PFC ROIs were within the a priori search space.
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contrast weights (see Methods). This yielded two scores for each
participant summarizing the strength of the selective effect for
(i) brain activation and (ii) performance, removing mean activation and mean performance. The pattern of neural activity
predicted the pattern of d⬘ (r ⫽ ⫺0.66, P ⫽ 0.013). The
correlation held for the left and right regions separately (rs ⫽
⫺0.57, ⫺0.64, Ps ⬍ 0.05) but not for the non-PFC ROIs in Table
1 (兩rs兩 ⬍ 0.43, Ps ⬎ 0.10). These analyses bolster the primary
finding: both activity and performance were modulated by the
emotion induction, and in lateral PFC only, the degree of
modulation of one predicted the degree of modulation of the
other.
Stimulus-sensitive regions. We found effects of stimulus type in
lateral PFC in the neutral conditions (see Table 2). ROI analyses
revealed the expected pattern of hemispheric specialization
(Stimulus ⫻ Hemisphere interaction: dorsolateral PFC,
F(1,12) ⫽ 18.9, P ⬍ 0.001; ventrolateral PFC, F(1,12) ⫽ 39.3, P
⬍ 0.001). Word stimuli preferentially activated the left hemisphere, and face stimuli preferentially activated the right hemisphere (replicating ref. 41). The emotion inductions did not
modulate activity in these ROIs (i.e., there were no Emotion ⫻
Hemisphere or Emotion ⫻ Stimulus ⫻ Hemisphere interactions,
Fs ⬍ 1).
Emotion-sensitive regions. We found effects of the emotion
induction in lateral PFC in the emotional conditions (see Table
2). ROI analyses indicated that lateral PFC showed hemispheric
specialization (Emotion ⫻ Hemisphere interaction, F (1, 12) ⫽
28.3, P ⬍ 0.001), with greater right-hemisphere task-related
activation during the pleasant emotion conditions and greater
left-hemisphere task-related activation during the unpleasant
emotion conditions (see Discussion regarding the direction of
activation). Stimulus type did not influence activity in the
emotion-sensitive ROIs (i.e., there were no Emotion ⫻ Stimulus ⫻ Hemisphere interactions nor Stimulus ⫻ Hemisphere
interactions, Fs ⬍ 2, Ps ⬎ 0.10). In posterior areas, there were
several emotion-sensitive ROIs but no hemispheric asymmetries
(Emotion ⫻ Hemisphere interactions, Fs ⬍ 1.7, Ps ⬎ 0.2).
Discussion
As participants performed psychometrically matched verbal and
nonverbal versions of a working memory task, neural activity in
a bilateral region in lateral PFC depended conjointly and equally
on the emotional and stimulus conditions: a crossover interaction with no main effects. The existence of such a remarkable
pattern within a discrete region directly supports our primary
hypothesis that lateral PFC is sensitive to an integration of
emotion and cognition. Lateral PFC was the only brain region to
show the crossover interaction and have such activity predict
behavioral performance, consistent with a functional influence
of emotion on higher cognition specifically.
Two other kinds of regions were evident in lateral PFC:
stimulus sensitive and emotion sensitive. These regions showed
hemispheric specialization but not Emotion ⫻ Stimulus interGray et al.

actions. Because these regions were present in lateral PFC, the
data are consistent with the possibility that lateral PFC is the site
of emotion–cognition integration, not merely sensitive to it.
To our knowledge, the current experiment is the most direct
test of, and evidence for, the hypothesis that prefrontal hemispheric asymmetries for cognition and emotion separately might
mediate selective interactions (8, 14, 15, 26). Developing and
testing more specific models of selective interactions will be
important. One model is that emotion should modulate stimulussensitive areas in a hemisphere selective manner (or conversely,
cognition should modulate emotion-sensitive areas). Another
model is that lateralized emotional and cognitive signals are first
represented in separate regions in lateral PFC and are then
combined hierarchically. The resulting integrated signal is represented in a third, integration-sensitive region.
Lateral PFC activity in the current paradigm appears to reflect
psychological load: how much top-down support is needed to
maintain behavioral performance at a given set point (32, 47).
Table 2. Stimulus-sensitive and emotion-sensitive ROIs
Left hemisphere
Stimulus sensitive
Asymmetric
DLPFC (BA 9)
VLPFC (BA 45)
Symmetric
MPFC (BA 32)
Parietal
Single
LPFC
Emotion sensitive
Asymmetric
DLPFC (BA 9)
Symmetric
MPFC
Parietal
Single
DLPFC
VLPFC

Right hemisphere

⫺37, 42, 24
⫺40, 6, 21

46, 24, 33 F
47, 12, 18 F

⫺17, 24, 24
⫺23, ⫺27, 33

11, 24, 24
38, ⫺30, 33
26, 57, 33

⫺37, 36, 33 U

35, 48, 24

⫺8, 6, 18
⫺50, ⫺24, 24
⫺23, ⫺42, 33

20, 18, 18
59, ⫺36, 24
17, ⫺48, 33
35, 18, 33
59, 3, 24

The Talairach coordinates of all ROIs in lateral PFC are reported; parietal
ROIs are reported as controls. Stimulus-sensitive regions were identified in the
two neutral conditions and had more activity in the word than face condition
unless noted (F, face). Emotion-sensitive regions were identified in the four
nonneutral conditions (collapsing word and face conditions) and had more
activity in the pleasant than unpleasant condition, unless noted (U, unpleasant). Asymmetric, a significant interaction (P ⬍ 0.05) of hemisphere with the
stimulus or emotion effect on % signal change; Symmetric, no such interaction
(P ⬎ 0.05). BA, Brodmann’s area; DLPFC, dorsolateral PFC; LPFC, lateral PFC;
MPFC, medial PFC; VLPFC, ventrolateral PFC.
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The current data support the idea that PFC activity reflects
psychological load in response to the separate and conjoint
demands of emotional and task demands. Because the effect of
emotion was selective, the emotional load cannot be attributed
merely to general or nonspecific effects such as effort, motivation, or arousal.
In addition to finding emotion–cognition integration, this
study is the first we are aware of to use fMRI or positronemission tomography and report an emotion-related asymmetry
in PFC and not posterior cortex. Because lateralization has been
suggested only on the basis of anatomically nonspecific reports
(e.g., refs. 12, 34, and 48), it is of note that we observed it in
lateral PFC. The n-back task may have created relatively uniform
neural activity as a baseline against which a subtle or nonfocal
influence of emotion could then be detected as a bias on the
task-related activity.
Although the self-report, behavioral, and imaging data show
that emotional states were induced and their effects persisted
during the task (also shown in ref. 8), emotional states are
dynamic and may have been altered by engaging in the task. This
idea is consistent with our view of emotion–cognition integration: not only should emotion contribute to the regulation of
thought and behavior, but also cognition should contribute to
the regulation of emotion (for a convergent fMRI study, see ref.
49). We do not assume that emotional states persisted statically
during the task, but rather that their induction exerted an
emotional bias on subsequent cognitive function (cf. ref. 50).
Although the existence of the emotion-related hemispheric
asymmetry was as predicted, its apparent direction was surprising (see refs. 11, 12, and 34). The emotion effect was an apparent
modulation of activity in the task network; the question concerns
the direction of modulation. The interpretation we favor is that
the emotion inductions both reduced and imposed a psychological load, doing so differentially within each hemisphere (i.e.,
pleasant-approach states leading to a lower load on the left,
facilitating verbal performance, and leading to lower activity). In
the emotion-sensitive ROIs, the emotional load modulated the
task-related load, doing so in a hemisphere-specific manner.
Another interpretation is that emotion-specific activity was
greater during fixation and reduced during the task (e.g., the task
tending to suppress the emotional state). If so, then emotionspecific signal changes should be assessed as fixation minus task
(i.e., opposite in direction from what we report). Either interpretation is consistent with previous work.
Although emotion has high psychological validity and unique
strengths as a challenge paradigm for investigating PFC function,
caveats are warranted regarding statistical power. We may not
have been able to detect all important effects. For example, the
integration-sensitive analyses also revealed six voxels in left
ventrolateral PFC that each showed an Emotion ⫻ Stimulus
interaction, not meeting the cluster-size threshold. Further, all of
the identified interactions had a crossover form. Weaker interPNAS 兩 March 19, 2002 兩 vol. 99 兩 no. 6 兩 4119
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Fig. 3. Integration-sensitive regions in lateral PFC (LPFC; Brodmann Area 9). Percent signal change reflects how much more neural activity was present during
the task blocks as compared with the fixation blocks. ROIs are shown in a coronal view (left on left, top at top), at Y ⫽ 48 mm. Task stimuli: word or face; emotion
induction: pleasant, neutral, or unpleasant video.

affective variables (8, 50, 52). The distinction between affective
states and stimuli is important in the context of hemispheric
asymmetries (11). Consequently, it is of note that working
memory-related activity in the lateral PFC can be influenced by
induced affective states, in addition to affective stimuli (50, 52).

actions might be mechanistically important but may have failed
to reach statistical threshold because of the greater power
needed to detect such effects (51). Finally, individual differences
in emotional reactivity may have made it harder to detect
group-level effects. For example, the anterior cingulate cortex
(ACC) is critical for both cognitive control and emotion (27), yet
we did not find evidence for integration in ACC. However, we
did find large meaningful variation in ACC activity as a function
of personality (43). Thus, for several reasons, future fMRI
studies in this domain are likely to benefit from relatively large
sample sizes.
Finally, the current data provide converging evidence that
working memory and lateral PFC activity can be influenced by
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