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Abstract: Objective: We aimed to study the neural processing of emotion-denoting words based on a
circumplex model of affect, which posits that all emotions can be described as a linear combination of
two neurophysiological dimensions, valence and arousal. Based on the circumplex model, we predicted
a linear relationship between neural activity and incremental changes in these two affective dimensions. Methods: Using functional magnetic resonance imaging, we assessed in 10 subjects the correlations of BOLD (blood oxygen level dependent) signal with ratings of valence and arousal during the
presentation of emotion-denoting words. Results: Valence ratings correlated positively with neural activity in the left insular cortex and inversely with neural activity in the right dorsolateral prefrontal
and precuneus cortices. The absolute value of valence ratings (reﬂecting the positive and negative
extremes of valence) correlated positively with neural activity in the left dorsolateral and medial prefrontal cortex (PFC), dorsal anterior cingulate cortex, posterior cingulate cortex, and right dorsal PFC,
and inversely with neural activity in the left medial temporal cortex and right amygdala. Arousal ratings and neural activity correlated positively in the left parahippocampus and dorsal anterior cingulate
cortex, and inversely in the left dorsolateral PFC and dorsal cerebellum. Conclusion: We found evidence
for two neural networks subserving the affective dimensions of valence and arousal. These ﬁndings
clarify inconsistencies from prior imaging studies of affect by suggesting that two underlying neurophysiological systems, valence and arousal, may subserve the processing of affective stimuli, consistent
with the circumplex model of affect. Hum Brain Mapp 30:883–895, 2009. V 2008 Wiley-Liss, Inc.
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INTRODUCTION
Research in the affective neurosciences has been inﬂuenced heavily by a theoretical model of basic emotions
which posits that a small set of discrete emotions accounts
for all affective experiences [Ekman, 1992; Panksepp, 1992;
Tomkins, 1962]. A single speciﬁc neural system is thought
to subserve each of the discrete emotions, such as happiness, sadness, anger, and fear. Thus, proponents of discrete
emotions have sought to identify distinct neural pathways
that subserve each individual emotion. Numerous functional imaging studies have reported neural activity during
the experience of speciﬁc emotions when contrasted with
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activity during experiences that are purportedly emotionneutral. Findings across these studies of individual emotions have been inconsistent, however, and they have not
produced a comprehensive understanding of the neural
systems that subserve emotional experience [Barrett and
Wager, 2006; Berridge, 2003; Cacioppo et al., 2000; Davidson, 2003; Ortony and Turner, 1990]. Additional limitations
of the theory of basic emotions include the fact that few
proponents of the theory agree on which emotions are basic [Ekman, 1993]; measures of different basic emotions are
highly intercorrelated [Cacioppo et al., 2000]; studies
attempting to identify basic emotions have been biased by
the choice of instruments used to quantify or classify emotions [Posner et al., 2005]; and compared with evidence
from animal studies, direct evidence supporting the model
of basic emotions in humans is limited [Berridge, 2003].
The circumplex model of affect is a competing theory of
emotion [Russell, 1980]. It posits that all emotions can be
described as a linear combination of two underlying,
largely independent neurophysiological systems, valence
and arousal. The valence system determines the degree to
which an emotion is pleasant or unpleasant, and the
arousal system determines the degree to which it is behaviorally activating (see Fig. 1). Upon these neurophysiological substrates, diverse cognitive and affective processes are
recruited to interpret and contextualize any given emotional experience. The combination of these neurophysiological systems and cognitive interpretations determines
how an individual experiences, delineates, and reﬁnes any
emotional state. Emotions are therefore ambiguous, overlapping sensations that are the product of activity in neural pathways subserving valence and arousal, and they
become contextualized and classiﬁed through the processing of salient situational, historical, behavioral, and physiological cues.
By valence, we mean the positive or negative felt quality
that is inherent to all emotional experiences. This quality
ranges from highly pleasurable experiences, such as joy or
exuberance, to highly unpleasant experiences, such as anguish or despair [Colombetti, 2005; Fridja, 1986; Russell,
2003]. We use valence and hedonic tone synonymously,
but distinguish valence from the behavioral dimension of
approach or withdrawal that has been described previously [Davidson et al., 1990]. Approach behaviors, such as
the seeking of rewards, often suggest an underlying positive valence, and yet this is not uniformly true (consider,
for example, the approach of a fearful or angry competitor). Conversely, some emotions, such as contentedness or
mild serenity, are not associated clearly with either
approach or withdrawal behaviors.
By ‘‘arousal,’’ we mean the preparedness of an organism
for action [Kandel et al., 2000]. Levels of arousal can range
from coma or sleep on one extreme, to intense excitement
or panic on the other. This sense of ‘‘arousal’’ is contrasted
with ‘‘attention,’’ which refers to the allocation of the neural resources that support the preferential orienting to, and
processing of, task-relevant stimuli [Coull, 1998; Posner,
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Figure 1.
A schematic representation of the affective circumplex. The horizontal axis represents valence and the vertical axis represents
arousal. Circles are drawn around each emotion to indicate that
the affective states are ambiguous, overlapping categories.

1999]. Although attention and arousal often are intercorrelated, they are nevertheless dissociable [Sarter et al., 2001].
A delirious person, for example, may be highly aroused,
and yet grossly inattentive. ‘‘Vigilance’’ and ‘‘salience,’’ on
the other hand, refer to speciﬁc modes or features of attentional processing. Vigilance, for example, refers to a state
of sustained attention [Sarter et al., 2001], whereas salience
refers to the degree to which a stimulus attracts or biases
attentional resources [Kastner and Ungerleider, 2000; Sarter et al., 2001].
A large number of neuroimaging studies have previously attempted to identify distinct and dissociable circuits
that support one of several basic emotions, such as the
amygdala supporting fear [Davis and Whalen, 2001;
LeDoux, 2003], the subcallosal cingulate supporting sadness [Beauregard et al., 1998; Reiman et al., 1997], and the
insular cortex supporting disgust [Lane et al., 1997; Sprengelmeyer et al., 1998]. These ﬁndings, however, have been
highly inconsistent across studies [Barrett and Wager,
2006]. Indeed, even the most reproducible ﬁnding in imaging studies of single emotions, that of amygdala activation
during the processing of fear, was reported in only 60% of
studies in one meta-analysis [Phan et al., 2002] and in less
than 40% of studies in another [Murphy et al., 2003].
We suspect that these inconsistencies may be a consequence of the inherent limitations of the theory of basic
emotions and of the conventional construction of functional magnetic resonance imaging (fMRI) tasks as ‘‘subtraction’’ paradigms. Functional imaging studies typically
compare neural activity during the processing of a single
emotion, such as fear, with a baseline condition that is
putatively emotionally ‘‘neutral.’’ Whether any stimulus
can be truly neutral, however, is open to debate [Damasio,
1994], and in fact, we suspect that most neutral stimuli ei-
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ther are emotionally ambiguous, or they induce a relative
disinterest and boredom. According to the model of the
affective circumplex, both of these conditions (fear and disinterest/boredom) are associated to some degree with a
negative valance. Comparing brain activity during the
processing of these two types of emotion would likely fail
to detect differential activity related to the processing of
valence, and therefore would not detect activation of the
amygdala, because the valence associated with each of the
conditions is relatively equal. Activation of the amygdala
could be detected, however, if the valences associated with
the two conditions differed substantially. Thus if the same
neurophysiological systems support the processing of all
emotions, as the theory of the affective circumplex suggests, the difﬁculties and vagaries of designing appropriate
subtraction paradigms may explain the remarkably poor
consistency of regional activations that have been reported
during the processing of speciﬁc emotions in previous
imaging studies [Murphy et al., 2003].
In contrast to the inconsistencies in ﬁndings reported
from studies based on theories of basic emotions, the validity of two-dimensional models of emotion has been supported by multiple self-report [Feldman Barrett and Russell, 1998; Watson et al., 1988], physiological [Cacioppo
et al., 2000; Lang et al., 1993], and electroencephalographic
(EEG) studies of emotion [Davidson, 1984]. Their validity
has also been supported by fMRI studies of emotion that
have explicitly considered either valence or arousal as
dimensional constructs that contribute to emotional experience [Anderson et al., 2003; Small et al., 2003]. For example, recent fMRI studies of olfaction and gustation suggest
that the medial prefrontal cortex (PFC) supports the affective dimension of valence [Anderson et al., 2003; Small
et al., 2003], and likewise several studies have demonstrated that activity of the dorsolateral and medial prefrontal cortices is associated with the processing of emotionally
valenced words compared with neutral words [Fossati
et al., 2003; Maddock et al., 2003]. Based on these and
other studies [Lewis et al., 2007], we predicted that the
medial PFC would subserve the affective dimension of valence. Studies have also suggested that the amygdala and
anterior cingulate cortex may support valence, having
demonstrated increased activity in these regions in association with positively and negatively valenced, as compared
to neutral, visual stimuli [Garavan et al., 2001; Killgore
and Yurgelun-Todd, 2004]. Findings in imaging studies of
arousal have been less consistent than those in imaging
studies of valence. Several studies, for example, have correlated emotional arousal with activity in the primary sensory cortices, anterior cingulate cortex, and thalamus,
whereas others suggest that the amygdala and parietal cortex may support the processing of arousal [Lang et al.,
1998; Portas et al., 1998; Posner and Petersen, 1990; Small
et al., 2003]. We suspect that one reason for these inconsistent ﬁndings is that the studies have often used ratings of
affective intensity as a surrogate for arousal, while neglecting to adequately assess and control for ratings of affective
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valence of the stimuli, thereby confounding contributions
from valence with arousal. Inconsistencies may also be the
consequence of using subtraction paradigms in which the
baseline stimuli are assumed to be emotionally neutral but
in fact are not.
We aimed to clarify and extend ﬁndings from prior
functional imaging studies that have correlated neural activity with ratings of emotional valence or arousal. Our
study was not designed to prove the validity of the circumplex model or to invalidate the theory of basic emotions. Rather, we aimed to identify the neural systems that
support the processing of valence and arousal across a
wide range of emotional stimuli, as postulated by the circumplex model. Prior studies that have examined valence
and arousal as emotional dimensions have been limited either by a reliance on off-line ratings of emotional stimuli,
or by an assessment of only one of the two affective
dimensions predicated by dimensional models of emotion
[Lang et al., 1998; Small et al., 2003]. To our knowledge, no
studies thus far have explicitly correlated imaging-based
measures of neural activity with on-line ratings of both valence and arousal, which the circumplex model of affect
most directly predicts will reveal the underlying neurophysiological determinants of emotional experience. We
sought to select and use affective stimuli that would reliably probe the full affective circumplex, and that would
therefore provide the greatest ranges of valence and
arousal ratings for use in parametric models. Emotiondenoting words have been shown in several behavioral
and self-report studies to probe reliably all four quadrants
(and therefore the full range of valence and arousal) of the
affective circumplex [Feldman, 1995; Kring et al., 2003].
Therefore, we correlated blood-oxygen-level dependent
(BOLD) signal during an fMRI experiment as subjects
rated the valence and arousal that they attributed to written, emotion-denoting words.

MATERIALS AND METHODS
Subjects
The procedures of this study were approved by the
Institutional Review Board of the New York State Psychiatric Institute. Subjects were recruited through advertisements in the New York City community. They provided
written informed consent for participation. Each subject
was assessed for psychiatric disorders with the Structured
Clinical Interview for DSM-IV (SCID-IV) [Spitzer et al.,
1995]. Subjects who met DSM-IV criteria for a current Axis
I disorder or who had a lifetime history of a psychotic or
substance abuse disorder, or who had a history of head
trauma, seizure disorder, or other neurological disease
were excluded from participating. Estimates of full scale
intelligence quotient (IQ) were made using the Wechsler
Abbreviated Scale of Intelligence (WASI). Handedness was
assessed with the Edinburgh Handedness Inventory. Socio-
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economic status (SES) was measured with the Hollingshead Index of Social Status.
Ten subjects (5 men and 5 women) were scanned, having a mean age of 25.51 6 4.58 years (range: 19 to 34 years
old). All were right-handed, Caucasian, and native English
speakers. They were of slightly above-average intelligence
(mean full scale IQ 112.4 6 13.7) and were from households of high average SES. All were medication-free.

Task Construction
Each trial was 38 s in duration and consisted of three
distinct temporal components: (1) participants were shown
a single emotion-denoting word for 18 s, having been
instructed before the experiment to reﬂect upon the emotion that the word described; (2) they were then shown a
9 3 9 grid displaying the dimensions of valence and arousal
as visual analog scales on the x- and y-axes, respectively,
ranging in values from 24 to 14; (3) they then gazed at a
cross-hair at the center of an otherwise blank screen for
variable durations, such that the time from offset of the
prior word to presentation of the next word (i.e., the total
time for rating of valence and arousal, followed by gaze
ﬁxation) equaled 20 s (see Fig. 2). The 9 3 9 grid used to
collect affective ratings allowed subjects to rate simultaneously both valence and arousal with a single click of the
mouse. Before the scanning session, each subject practiced
a shortened version of the task using a different set of
stimuli outside of the scanning environment. Subjects were
instructed to try to generate the feelings described by the
emotion-denoting words and to rate the feelings using the
9 3 9 grid. Subjects were given the following written
instructions: ‘‘You will be shown words that describe certain emotions. Try to think about what the emotion feels
like. Some people think about situations, or draw on memories of situations, that have made them feel the emotion
in the past.’’ Prior behavioral studies have shown that the
9 3 9 affective grid provides ratings of valence and
arousal similar to those obtained when these two affective
dimensions are rated separately [Russell et al., 1989].
We conducted three scanning runs, each comprising 16
stimulus trials of emotion-denoting words, for a total of 48
stimuli and associated ratings per subject. The duration of
each run was 10 min 8 s. The words were selected based
on behavioral studies demonstrating that they probe all
four quadrants of the affective circumplex [Feldman, 1995;
Feldman Barrett and Fossum, 2001]. The words were:
excited, lively, cheerful, pleased, calm, relaxed, idle, still, dulled,
bored, unhappy, disappointed, nervous, fearful, alert, and
aroused, and each was presented three times throughout
the experiment, in a pseudo-randomized order, with the
constraint that each word of the set of 16 emotion-denoting
words was presented once in each scanning run. The order
of stimulus presentation was maintained across subjects.
The task was programmed in E-Prime (v. 1.0; Psychology Software Tools, Pittsburgh, PA) running on a Dell
desktop computer (Dell Computer Corp., Austin, TX). All
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Figure 2.
Each trial was divided into three distinct temporal components:
(1) participants were shown a single emotion-denoting word; (2)
participants were shown a 9 3 9 grid displaying the dimensions
of valence and arousal as visual analog scales on the x- and yaxes, respectively, ranging in values from 24 to 14; (3) participants gazed at a cross-hair at the center of an otherwise blank
screen. The duration of Component 1 was 18 s. The combined
duration of Components 2 and 3 was 20 s. The 9 3 9 grid was
presented on screen until the subject made a selection or until a
maximum time of 20 s had elapsed. Once the participant made
the selection, the ﬁxation screen was displayed for the remainder of the 20 s (i.e. the duration of Component 3 5 20 s 2 the
duration of Component 2).
stimuli were presented through goggles (Resonance Technology, Northridge, CA). Subjects made responses with
their right hand using a computer mouse modiﬁed for use
in the MRI environment.

Image Acquisition
Images were obtained on a GE Signa 3-T whole body
scanner (Milwaukee, WI) operating the E2-M4 platform
using a quadrature head coil in receive mode. T1-weighed
sagittal localizing images were used to position axial functional images parallel to the anterior–posterior commissure
(AC-PC) line. A 3D spoiled gradient recall (SPGR) image
was acquired for coregistration with axial echoplanar
images and a reference brain from the Montreal Neurological Institute (MNI). Axial echoplanar images (TR 5 2,800 ms,
TE 5 25 ms, 908 ﬂip angle, single excitation per image,
slice thickness 3 mm, 0.5 mm gap, 24 cm 3 24 cm ﬁeld of
view, 64 3 64 matrix) were obtained to provide an effective resolution of 3.75 mm 3 3.75 mm 3 3.5 mm and
whole brain coverage, with 43 slices in each imaging volume and 218 volumes per run.

Image Preprocessing
Image processing and statistical analyses employed
MATLAB 6.5 using an integrated image processing software platform that was developed in-house, based on
SPM2. All images were visually inspected and discarded if
artifacts such as ghosting were found or if the subject
moved more than 2.5 mm in any direction. Slice-timing
correction was applied using the middle slice of each run
as the reference image. Images were motion-corrected for
three translational directions and rotations [Friston et al.,
1995a]. Corrected images were reformatted to 2 mm3 voxels and then spatially normalized to the standard MNI
template using a hybrid algorithm of afﬁne transform and
nonlinear warping: each subject’s SPGR images were normalized to the template, and then these subject-speciﬁc
warping parameters were used to normalize the functional
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images to the same template. Normalized images were
then spatially ﬁltered with a Gaussian ﬁlter having a fullwidth, half maximum of 8 mm. A discrete cosine transform-based high-pass ﬁlter with a basis function length of
128 s removed drift from the baseline image intensity and
a low-pass Butterworth ﬁlter with a cutoff frequency of
0.15 Hz removed high frequency noise. No grand mean
scaling or intensity normalization was applied.

Parametric Analysis
In keeping with the general linear model [Friston et al.,
1995b], we modeled the time series data for each subject
with ﬁve independent functions and a constant. The variables were as follows: (1) the canonical hemodynamic
response function (HRF) convolved with a box car function
(BCF) of 18 s duration indexing the presentation of the
affective stimulus (we will term this function A); (2) Function A weighted by the arousal rating for each stimulus; (3)
Function A weighted by the valence rating for each stimulus; (4) the canonical HRF convolved with a BCF indexing
the presentation of the 9 3 9 response grid (the duration of
the BCF was equivalent to the time the subject required to
respond, up to a maximum of 20 s), and (5) the canonical
HRF convolved with a BCF indexing gaze ﬁxation (the ﬁxation point was displayed for a duration such that the rating
period plus the gaze ﬁxation period always equaled 20 s).
Based on a priori assumptions dictated by the theoretical
model of the affective circumplex that informed the design
of our study, we modeled a linear relationship at each
voxel between the on-line ratings of arousal and valence
with the time-varying BOLD signal. No Euclidean normalization or parameter orthogonalization was applied. Voxelbased correlation estimates for each subject were determined by an ordinary least squares ﬁt.
We also assessed the correlations of BOLD signal with
the extremes of emotional valence and arousal, as indexed
by the absolute value of the ratings in each of these dimensions (i.e. a stimulus rated by a subject as arousal 14 and
valence 23 was transformed to a 14 ‘‘extreme arousal’’
weighting and a 13 ‘‘extreme valence’’ weighting). These
analyses were undertaken in light of ﬁndings from a number of animal studies of emotional processing in which subcortical brain regions contained distinct but intermingled
populations of neurons, one determining positive valence
and another determining negative valence [Murray, 2007].
Previous single unit recordings in the amygdala of nonhuman primates, for example, reported the existence of one
population of neurons that was active during the processing of positively valenced stimuli and a second population
that was active during the processing of negatively
valenced stimuli during a classical conditioning experiment
[Paton et al., 2006]. These two populations of neurons were
interdigitated throughout the amygdala, without spatial
sequestration. If these animals had been imaged using
fMRI during the same experiment, the limitations in spatial
resolution of fMRI would indicate the presence of progres-
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sively increasing activity in the amygdala during the presentation of progressively more positively and more negatively valenced stimuli—i.e., it would show greater amygdala activity with more extreme ratings of valence.
Previous functional imaging studies, in fact, have reported
increasing activation of the amygdala during both positive
and negative, relative to neutral, ratings of valence
[Hamann and Mao, 2002]. Therefore, we hypothesized that
if individual brain regions contain these intermingled populations of neurons that are differentially sensitive to valence, then the BOLD signal in those regions should
increase with ratings of valence that are progressively more
positive or more negative. To model this valence-speciﬁc
effect on BOLD signal, we assessed the correlations of
BOLD signal with the absolute value of valence ratings. We
multiplied the absolute value of the valence rating for each
stimulus with the 18-s box-car HRF that indexed the presentation of each stimulus. Although we did not have an a
priori hypothesis regarding the correlations of BOLD signal
with absolute value of arousal ratings, we did assess these
correlations to maintain a parallel analytic approach across
the parametric analyses for ratings of valence and arousal.
Statistical parametric maps were thresholded using the
conjoint requirement of P < 0.01 and a cluster of 45 contiguous voxels. Based on Monte Carlo simulations across the
entire imaging volume, this conjoint requirement yielded
an effective P value < 0.05 when corrected for multiple
comparisons [Forman et al., 1995; McAvoy, 2001].

Power Analysis
We conducted a comprehensive calculation of statistical
power for our study. Correlations of affective ratings with
BOLD signal were established within subjects in a ﬁrst-level
analysis using 48 stimulus presentations per subject, with
14 imaging volumes collected per stimulus presentation.
For each subject, the power to detect an effect was high
(80%; two-sided a 5 0.05). Contrast images for positive and
inverse correlations for each of the 10 subjects were entered
into a second-level, random effects analysis (i.e. testing
whether the mean of the correlations across subjects differed signiﬁcantly from zero) to assess the reproducibility
and generalizability of the correlations. The power was
moderate for the second level analysis (56%; two-sided a 5
0.05), thus risking the presence of false negative (type II)
errors; the risk of false positives, however, was low (less
than 0.05 when corrected for multiple comparisons) [Mumford and Nichols, 2008; Zarahn and Slifstein, 2001]. We can
therefore be conﬁdent that the effects detected were real,
although we may have missed detecting other real effects.

RESULTS
Behavioral results
On-line ratings of valence and arousal indicated that the
emotion-denoting words probed all four quadrants of the
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TABLE I. Mean valence and arousal rating 6 SD
for each emotion denoting word
Emotion denoting word
Alert
Aroused
Bored
Calm
Cheerful
Disappointed
Dulled
Excited
Fearful
Idle
Lively
Nervous
Pleased
Relaxed
Still
Unhappy

Arousal rating
2.80
2.93
22.67
21.80
2.60
21.37
22.90
3.40
2.43
22.63
3.17
2.69
0.57
21.80
22.07
21.37

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6

1.24
0.69
0.66
1.24
0.77
1.47
0.80
0.56
0.77
1.47
0.65
0.66
1.36
1.23
1.68
1.63

Valence rating
0.77
2.33
22.13
2.00
2.93
22.93
22.23
2.90
23.37
20.33
2.00
22.66
2.73
3.03
0.47
23.07

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6

1.43
1.47
0.86
1.28
0.78
0.78
0.77
0.80
0.56
1.75
1.26
0.67
0.91
0.72
1.48
0.64

Extremes of emotional valence correlated positively with
BOLD signal in the left dorsolateral and medial PFC bilaterally, in the anterior and posterior cingulate bilaterally,
and in a region centered over the anterior portion of the
left caudate. Inverse correlations were detected in the left
medial temporal gyrus and right amygdala (Figs. 3C and
4C). Extremes of arousal did not correlate signiﬁcantly
with BOLD signal in any region.

DISCUSSION
Our ﬁndings suggest that distinct functional neural networks subserve the affective dimensions of valence and
arousal. Ratings for valence and arousal were entered
simultaneously into a single linear model, such that the
neural activity correlating with the ratings in one affective
dimension were dissociated from ratings in the other affective dimension.

Each of the 10 subjects rated the words during the scanning sessions and each word was presented three times for a total of 30
on-line ratings per word.

The Valence Network

affective circumplex (Table I). Although valence and
arousal ratings correlated signiﬁcantly, the magnitude of
this correlation was small (correlation of valence with
arousal: r 5 0.27, P < 0.001; correlation of absolute valence
with arousal: r 5 0.10, P < 0.05; correlation of valence
with absolute arousal: r 5 0.04, P < 0.37). Moreover, several behavioral studies using the same affective stimuli in
larger samples of subjects have demonstrated that the two
dimensions are independent [Feldman, 1995; Feldman Barrett and Fossum, 2001]. We therefore treated the affective
ratings as independent predictor variables in the regression model. Furthermore, inclusion of both ratings in the
model isolated simultaneously the effects of each variable
while covarying for the effects of the other variable.

Imaging results
Scatterplots depicting the mean percent change in BOLD
signal for a given brain region with changes in the ratings
from one affective dimension, while accounting simultaneously for the contribution from the other affective dimension, indicated that the data were well conditioned, without evidence of heteroscedasticity or undue inﬂuence from
outliers [Mickey et al., 2004] (Fig. 4).
Valence ratings correlated signiﬁcantly with BOLD signal in the left anterior insula, and correlated inversely with
BOLD signal in the right dorsolateral prefrontal cortex
(DLPFC) and right precuneus gyrus (Figs. 3A and 4A, Table II). Ratings of arousal correlated positively with BOLD
signal in the left parahippocampal gyrus and the dorsal
anterior cingulate cortex (ACC) bilaterally. Inverse correlations of arousal with BOLD signal were detected in the left
DLPFC and dorsal cerebellum (Figs. 3B and 4B).
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The network subserving emotional valence included the
left DLPFC, bilateral medial PFC, amygdala, cingulate
gyrus, insular cortex, and precuneus. Within this network,
increasing activity in the left insula accompanied increasing valence (increasingly pleasant stimuli), whereas
increasing activity in the right DLPFC and right precuneus
accompanied decreasing valence (increasingly aversive
stimuli). BOLD signal increased with progressively more
extreme ratings of both positive and negative valence (i.e.,
with increasing absolute value of the valence ratings) in
the left DLPFC and bilateral medial prefrontal cortices, left
caudate nucleus, and the dorsal anterior and posterior cingulate cortices. BOLD signal declined with progressively
more extreme ratings of valence in the right amygdala and
left middle temporal gyrus.
The decline in amygdala activity with progressively
more extreme ratings of valence may seem at odds with
ﬁndings from prior studies suggesting that the amygdala
activates more with more negatively valenced stimuli
[Davidson, 2002; Kim et al., 2003]. We suspect that these
differences can be reconciled by considering the bipolarity
of the valence dimension in the affective circumplex. Our
ﬁndings indicate, for example, that activity in the amygdala increases as the valence of a stimulus increases from
more negative to more neutral values. This ﬁnding is consistent with previous reports that one population of neurons in the amygdala becomes increasingly more active as
valence shifts in the positive (i.e. less negative) direction
[Garavan et al., 2001; Murray, 2007; Paton et al., 2006].
Conversely, we also found that activity in the amygdala
increases as the valence of a stimulus decreases from more
positive to more neutral values, which again is consistent
with previous reports that a discrete population of neurons
in the amygdala, different from the ﬁrst, becomes increasingly more active as valence shifts in the negative (i.e. less
positive) direction [Hamann and Mao, 2002; Murray, 2007;
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Figure 3.
Valence unadjusted and Arousal unadjusted index voxel-wise with more negative valence ratings) B: Activity in the left parahipcorrelations of subjects’ affective ratings and BOLD signal. Valence pocampal gyrus (PHG) and the bilateral anterior cingulate cortex
extremes index correlations of the absolute value of subjects’ (ACC) correlated with arousal ratings. The inverse correlations in
valence ratings and BOLD signal. Positive correlations are coded in left dorsolateral prefrontal cortex (DLPFC) and the dorsal cerebelred to yellow, and inverse correlations are coded in green to lum (DC) indicate that activity decreased with progressively more
purple. The effective P-value for the conjoint requirement of a positive ratings of arousal (or increased with more negative ratings).
statistical threshold and cluster ﬁlter across all voxels was < 0.05 C: Activity in the left dorsolateral prefrontal cortex (DLPFC), bilat[Forman et al., 1995]. A: Activity in the left anterior insula cortex eral medial prefrontal cortex (MPFC), bilateral anterior cingulate
(AIN) correlated with valence ratings. Inverse correlations in the cortex (ACC), and bilateral posterior cingulate cortex (PCC)
right dorsolateral prefrontal cortex (DLPFC) and the right precu- correlated with extremes of valence ratings. Inverse correlation in
neus gyrus (PC) indicate that activity in these regions decreased the right amygdala (AMG) indicates that activity decreased with
with progressively more positive ratings of valence (or increased progressively more extreme ratings of valence.
Paton et al., 2006]. This latter set of ﬁndings is consistent
with the imaging studies that report increasing activity of
the amygdala during the processing of increasingly aversive stimuli [Davidson, 2002].
Consistent with the correlates of valence that we
detected, multiple lesion and imaging studies have demonstrated associations of emotional valence with activation of

r

the dorsolateral and medial prefrontal cortices and the
amygdala, although the directions of these associations
have varied considerably across reports [Davidson, 2002;
Wager et al., 2003]. Our results may help to explain these
variable ﬁndings by demonstrating that these prefrontal
and amygdala regions subserve the processing of both
positively and negatively valenced stimuli (i.e. regions in
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Figure 4.
Unit change in BOLD signal per unit change in affective rating. the dorsal anterior cingulate and inversely with activity in the
BOLD signal intensity and affective ratings are represented on left DLPFC. C: Valence extremely correlated positively with acthe vertical and horizontal axes, respectively. A: Valence ratings tivity in the left medial prefrontal cortex (MPFC) and inversely
correlated positively with activity in the left anterior insula and with activity in the right amygdala. [Color ﬁgure can be viewed
inversely with activity in right dorsolateral prefrontal cortex in the online issue, which is available at www.interscience.wiley.
(DLPFC). B: Arousal ratings correlated positively with activity in com.]
r
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TABLE II. Only clusters greater than 45 contiguous voxels with an unadjusted P < 0.01 are reported.
The coordinates and their t-values are reported at the peak voxels in each cluster

Bold signal
correlations

Direction
of correlation

Unadjusted valence

Positive
Inverse

Unadjusted arousal

Positive
Inverse

Valence extremes

Positive

Inverse

Regions

Side

Brodmann’s
area

Cluster size
(voxels)

Anterior insula
Dorsolateral prefrontal cortex
Precuneus
Parahippocampal gyrus
Dorsal anterior cingulate
Dorsolateral prefrontal cortex
Dorsal cerebellum
Dorsolateral prefrontal cortex
Medial frontal gyrus
Dorsal anterior cingulate
Posterior cingulate
Middle frontal gyrus
Middle temporal gyrus
Amgydala

L
R
R
L
R/L
L
L
L
L
R/L
R/L
R
L
R

38
10
7
NA
32
6
NA
10
10
32
7
10
21
34

115
173
51
69
70
46
226
4469
358
113
68
84

Talairach
coordinates
X

Y

Z

T-value

240
32
14
232
2
232
26
233
210
5
22
34
261
35

3
50
246
222
45
5
274
51
59
40
249
49
233
1

215
25
56
216
9
57
26
1
8
9
39
18
2
220

5.38
4.53
3.91
4.00
3.34
4.31
3.74
6.52
6.23
3.02
4.29
3.60
4.32
4.22

L, left; R, right; R/L, Clusters detected in both hemispheres; NA, not applicable; X, Y, Z, the voxel position in standard Talairach space;
One voxel 5 2 mm3.

which BOLD signal correlated with the absolute value of
valence ratings). This interpretation is supported by functional imaging studies demonstrating increased activity in
the amygdala when comparing neutral stimuli with stimuli
that were either positively or negatively valenced [Garavan
et al., 2001; Yang et al., 2002].
Finally, the opposing directions of correlation that we
found between extreme ratings of valence with prefrontal
and amygdala activity (Fig. 4C) is consistent with animal
models and human imaging studies that have reported a
reciprocal relationship between prefrontal and amygdala
activity [Davidson, 2002; Likhtik et al., 2005; Quirk et al.,
2003]. Our ﬁndings suggest that as neural activity
increases in prefrontal regions with increasingly positive
or negative valence, activity in the amygdala concurrently
declines. This is consistent with animal and human imaging studies of functional connectivity that have demonstrated inverse correlations of activity in the PFC with activity in the amygdala [Kim et al., 2003; Quirk et al., 2003;
Zald et al., 1998]. Several investigators have suggested that
this reciprocal relationship between activity in the PFC
and amygdala may represent a regulatory, or feedback,
system that serves to modulate and dampen affective
responses that would otherwise be excessive [Garcia et al.,
1999; Ochsner et al., 2002].
We detected positive correlations of BOLD signal with
valence extremes in the dorsal anterior and posterior cingulate cortices, consistent with ﬁndings from prior imaging
and electrophysiological studies of these same regions
[Fossati et al., 2003; Nishijo et al., 1997]. The cingulate
gyrus is an anatomically heterogeneous structure having a
wide range of functions [Peterson et al., 1999]. Most investigators agree that the cingulate relays signals from the
PFC to limbic structures and association cortices, such as
the amygdala and precuneus, suggesting that the cingulate

r

may transmit valence signals through the putative valence
network that we have described. In opposition to our ﬁndings, however, some investigators have suggested the presence of a functional division within the ACC, in which the
dorsal ACC is associated with cognitive tasks and the ventral ACC is associated with affective processing [Bush
et al., 2000]. Several studies of persons with anterior cingulate lesions, however, suggest that this proposed cognitive
and affective division of the ACC may be specious [Cohen
et al., 1999; Fellows and Farah, 2005b]. Moreover, the control functions assigned to the dorsal ACC may extend to
other domains, including the control of affect [Ochsner
et al., 2002; Peterson et al., 1999]. An endogenous control
system could become progressively more active with the
experience of progressively greater extremes of valence in
emotional stimuli.
We also found that valence ratings correlated positively
with BOLD signal in the left anterior insular cortex. This
ﬁnding is consistent with recent studies demonstrating
involvement of the left insula in romantic love [Aron et al.,
2005], addiction and reward [Naqvi et al., 2007], and positively valenced vocal prosody [Johnstone et al., 2006]. Anatomically, the insula has abundant connections with the
dorsal PFC, anterior cingulate, and amygdala—other
regions that we found participate in the proposed valence
network [Augustine, 1985].
Activity in the right DLPFC and the right precuneus
increased with the presentation of stimuli that were
increasingly negatively valenced. Activation in these
regions has often been detected during attentional tasks
and the processing of emotional valence [Le et al., 1998;
Paradiso et al., 1999; Posner and Dehaene, 1994]. We suspect that the processing of more negatively valenced stimuli recruits greater attentional resources because the affective salience of aversive stimuli tends to be greater than
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the salience of appetitive stimuli [Ohman et al., 2001].
Indeed, valence ratings for negatively valenced stimuli
were signiﬁcantly more extreme than were ratings for positively valenced stimuli (i.e., the average of the absolute
values of valence ratings was greater for negatively versus
positively valenced words: 2.5 6 1.0 vs. 2.2 6 1.3, t 5 2.8;
P 5 0.005), suggesting that negatively valenced words
may have greater emotional salience, and therefore they
may recruit more attentional resources, than do positively
valenced words.
Likewise, subjects with lesions to the PFC demonstrate
greater apathy and attend less to novel visual stimuli than
do healthy controls [Daffner et al., 2000, 2003]. This relative indifference to novel stimuli may be even more pronounced in decision-making tasks that require subjects to
assess the risks of potentially aversive or threatening stimuli [Fellows and Farah, 2005a; Manes et al., 2002]. Lastly,
functional imaging studies of the right precuneus have
reported activation during spatial memory tasks that
require a signiﬁcant reallocation of attentional resources
and that are frequently associated with negatively
valenced emotions, such as frustration or anger [Fletcher
et al., 1995; Ghaem et al., 1997]. Anatomically, the precuneus has abundant reciprocal connections with the posterior and anterior cingulate cortices, DLPFC, and temporal
lobes—regions where we found strong correlations of neural activity with ratings of valence [Cavanna and Trimble,
2006].

The Arousal Network
Signiﬁcant correlations of BOLD signal with ratings of
arousal suggest the existence of a uniﬁed neural network
that consists of the dorsal ACC, left parahippocampus, left
DLPFC, and dorsal cerebellum. These regions have been
associated previously with attentional processing and error
monitoring. For example, studies have associated increased
ACC activation with inhibiting a prepotent, or dominant,
response in favor of a subdominant one [Bush et al., 2000;
Peterson et al., 1999]. Most of these studies, however, have
not controlled for the arousal inherent in the emotional
states that accompany attentional tasks that require resolution of cognitive and behavioral conﬂicts, when participants are especially prone to committing errors. These
attentional states are likely highly confounded with
arousal, and indeed emotion theorists have long noted that
highly arousing emotions draw attention toward the arousing stimulus [James, 1890; Ohman et al., 2001]. Conversely,
attention researchers note a component of arousal in certain attentional processes [Coull, 1998; Portas et al., 1998;
Posner and Petersen, 1990].
The parahippocampal gyrus, an additional region where
BOLD signal correlated positively with arousal ratings, is
functionally closely associated with the hippocampus,
which is thought to play an important role in the processing of affective experience [Richter-Levin, 2004]. Prior
studies have associated hippocampal activation with nega-
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r

tive emotions rather than with arousal, and yet these studies have used affective probes of negative emotions that
are highly arousing, such as threatening words or aversive
sounds to induce fear [Buchel et al., 1999; Isenberg et al.,
1999]. Consistent with our ﬁndings, electrophysiological
studies using implantable electrodes have demonstrated
increased hippocampal activity associated with cortical
arousal [Green and Arduini, 1954], and microdialysis studies have demonstrated the increased release of acetylcholine in the hippocampus following the presentation of
arousing stimuli [Inglis and Fibiger, 1995]. We also suspect
that the emotion-denoting word task used in our study
recruits episodic and semantic memories, known functions
of the hippocampus [Fletcher et al., 1997; Manns et al.,
2003; Nadel and Moscovitch, 1997], with greater activity
being associated with more arousing memories.
Activity in the left DLPFC and dorsal cerebellum correlated inversely with arousal ratings. Similar to the ACC,
these regions have been implicated in attentional processing [MacDonald et al., 2000; Nigg and Casey, 2005; Posner
and Petersen, 1990]. The inverse correlations indicate that
activity in these regions increased as arousal levels
decreased, suggesting that neural activity in these regions
may have had a direct inhibitory inﬂuence on arousal.
Alternatively, the ﬁndings could represent greater activity
of inhibitory interneurons in these regions, which would
have produced a net effect of decreasing activity in excitatory projection neurons, as arousal declined. The BOLD
signal cannot distinguish whether increasing neural activity derives from excitatory or inhibitory neurons [Arthurs
and Boniface, 2002].

Limitations
The design of this study was guided by the theory of
the circumplex model of affect. Our ﬁndings support the
theory by suggesting the existence of distinct neural pathways that subserve the affective dimensions of valence
and arousal. Although the ﬁndings of this study support
the postulated existence of neural pathways common to all
emotions, the study was not designed to falsify basic emotion theory, and therefore it cannot gainsay the existence
of discrete neural pathways that distinguish one emotion
from another. In addition, the study assessed the processing of affective stimuli by presenting emotion-denoting
words to the participants and implying to them that memories might help generate the feelings described by the
words. Thus the task and the stimuli used may have more
readily engaged semantic and episodic memories than
would have other affective probes, such as affective pictures or facial expressions, and therefore the stimuli may
have engaged preferentially the neural systems that subserve the linguistic and mnemonic components of affective
processing. Additional studies are needed to assess how
speciﬁc the regional networks that subserve valence and
arousal are to a given stimulus modality. In addition, our
study design could not differentiate clearly the neural ac-
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tivity needed to generate valence and arousal ratings for
the appraisal of emotional stimuli, from the neural activity
needed actually to generate the corresponding emotional
experience. This limitation, however, applies equally to a
vast number of ﬁndings in affective neuroscience that
require the cognitive appraisal of emotional stimuli. Lastly,
given our limited sample size, we were unable to explore
the effects of sex or age on our ﬁndings, which have
increasingly been recognized as important inﬂuences on
affective processing [Gunning-Dixon et al., 2003; Wager
et al., 2003].

CONCLUSION
Prior fMRI studies of emotion using dimensional models
to explore affective experience have yielded promising
results. Our ﬁndings, however, go beyond these studies in
several ways. First, we demonstrate a linear relationship
between neural activity and incremental changes in
two affective dimensions—a ‘‘dose-response’’ relationship
between neural activity and affective ratings that is predicted by dimensional models of emotion. Second, functional imaging studies that have investigated dimensional
models of affect have yielded inconsistent ﬁndings. Some
studies, for example, have associated greater positive valence with left when compared with right prefrontal activation, whereas other studies have found the reverse
[Wager et al., 2003]. We offer an explanation for these
inconsistencies by indexing valence extremes and then correlating these ratings with changes in BOLD signal. Third,
ours is the ﬁrst study to have explicitly used a parametric
design to correlate imaging-based measures of neural activity with on-line ratings of both valence and arousal—the
approach that the circumplex model of affect most directly
predicts will reveal the underlying neurophysiological
determinants of emotional experience. Our ﬁndings thus
support the contention that two affective dimensions, valence and arousal, can together support processing of stimuli across the range of all possible affects, consistent with
the theory of the affective circumplex.
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