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Successful control of affect partly depends on the capacity to modulate negative emotional responses through the use of
cognitive strategies (i.e., reappraisal). Recent studies suggest the involvement of frontal cortical regions in the modulation of
amygdala reactivity and the mediation of effective emotion regulation. However, within-subject inter-regional connectivity
between amygdala and prefrontal cortex in the context of affect regulation is unknown. Here, using psychophysiological
interaction analyses of functional magnetic resonance imaging data, we show that activity in specific areas of the frontal cortex
(dorsolateral, dorsal medial, anterior cingulate, orbital) covaries with amygdala activity and that this functional connectivity is
dependent on the reappraisal task. Moreover, strength of amygdala coupling with orbitofrontal cortex and dorsal medial
prefrontal cortex predicts the extent of attenuation of negative affect following reappraisal. These findings highlight the
importance of functional connectivity within limbic-frontal circuitry during emotion regulation.
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INTRODUCTION
The ability to self-regulate negative emotion in distress

enhances mental and physical well-being and loss of such

capacity confers risk towards psychopathology (Gross, 2002;

John and Gross, 2004). A fundamental question in cognitive

affective neuroscience is which neural circuit is involved in

the control of emotion. Recently, functional neuroimaging

studies have begun to address this question in humans.

Although multiple strategies for conscious control of

emotion exist (Lazarus, 1991; Gross, 1999b), extant neuro-

imaging research on the neural correlates of affect regulation

has concentrated on two empirical approaches�suppression

and reappraisal (Ochsner and Gross, 2005; Quirk and Beer,

2006). Functional brain imaging of suppression-based

(voluntary inhibition of reaction to emotional stimuli) and

reappraisal-based (cognitive re-interpretation of evocative

stimuli to reduce negative affect) paradigms have shown that

specific frontal brain regions such as the orbitofrontal cortex

(OFC), dorsolateral prefrontal cortex (DLPFC), dorsal

medial prefrontal cortex (DMPFC), ventrolateral prefrontal

cortex (VLPFC) and anterior cingulate cortex (ACC) are

engaged (Beauregard et al., 2001; Ochsner et al., 2002;

Levesque et al., 2003a; Ochsner et al., 2004b; Phan et al.,

2005; Urry et al., 2006). Moreover, the recruitment of these

frontal regions occurs when subjects engage in active self-

regulation and is associated with modulation of amygdala

reactivity (Beauregard et al., 2001; Ochsner et al., 2002;

Schaefer et al., 2002; Phan et al., 2005; Urry et al., 2006). The

amygdala is a region critical to the generation, expression

and experience of negative emotions as demonstrated by

both animal and human lesion studies (Aggleton, 1993;

Angrilli et al., 1996; Davis and Whalen, 2001; Adolphs, 2002;

Amaral et al., 2003; Phelps, 2004), and human imaging

studies (Phan et al., 2002; Murphy et al., 2003; Phillips et al.,

2003a; Wager et al., 2003; Zald, 2003).

Evidence of frontal involvement in the regulation of

emotion is further supported by imaging studies in which

similar frontal regions are observed to be important for the

control of emotion-related behavior. For example, the ACC,

VLPFC and DLPFC have been found to activate to response

inhibition during the cognitive-emotion interference tasks

(Whalen et al., 1998; Bush et al., 2000; Etkin et al., 2006).

The ACC, VLPFC, DMPFC and OFC are engaged when

subjects divert their attention from threat and/or painful

stimuli (Bantick et al., 2002; Tracey et al., 2002; Bishop et al.,

2004). Moreover, cognitive labeling (i.e., appraisal) of

negative emotional stimuli similarly engages VLPFC,

DLPFC and DMPFC (Hariri et al., 2000, 2003; Taylor

et al., 2003). As above, these indirect forms of emotion

modulation are also associated with attenuation of limbic-

amygdala responses (Hariri et al., 2000; Pessoa et al., 2002;

Taylor et al., 2003; Etkin et al., 2006).

Interestingly, studies of psychiatric disease also impli-

cate cortico-limbic dysfunction in disorders of affect
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dysregulation (Phillips et al., 2003b). For example, the ACC,

DMPFC, DLPFC and/or OFC appear to be dysfunctional

during cognitive-emotional tasks in patients with depression

(Mayberg, 1997; Beauregard et al., 2006), anxiety (Shin et al.,

2001; Lanius et al., 2004), impulsive aggression (Coccaro

et al., in press) and personality disorders (McCloskey et al.,

2005; New et al., 2007); furthermore, these patients also

exhibit exaggerated amygdala reactivity to emotionally

negative stimuli (Coccaro et al., in press; Rauch et al., 2000;

Herpertz et al., 2001; Sheline et al., 2001; Donegan et al.,

2003). However, an exact neural mechanism for dysregulated

emotion in psychiatric disorders remains elusive.

Taken together, the data from animal and human studies

point to a specific amygdala–frontal circuit of emotion

generation and regulation (Davidson et al., 2000; Phan et al.,

2002; Phillips et al., 2003a; Ochsner and Gross, 2005; Quirk

and Beer, 2006). Anatomical tracing studies have demon-

strated strong reciprocal connections between the amygdala

and the ACC, OFC, VLPFC and DMPFC (Amaral and Price,

1984; Ghashghaei and Barbas, 2002; Ghashghaei et al., 2007).

However, few studies have examined the dynamic interac-

tions between regions within the amygdala–frontal circuit

during the active control of affect. In prior neuroimaging

studies of emotion regulation, it has been posited that

conscious down-regulation of emotion appears to have a

top–down inhibitory effect of prefrontal brain regions on the

amygdala (Beauregard et al., 2001; Ochsner et al., 2002,

2004a; Levesque et al., 2003b, 2004; Phan et al., 2005; Ohira

et al., 2006; Urry et al., 2006). To date, only two studies have

assessed inter-regional relationships during emotion regula-

tion. First, Ochsner et al. (2002) demonstrated a negative

correlation of brain activity between ventrolateral PFC and

amygdala during active reappraisal. Second, Urry et al.

(2006) recently demonstrated that attenuation of amygdala

activation was associated with enhanced activation in

ventromedial PFC bilaterally during conscious regulation

of emotion. However, these findings show a between-subject

effect (i.e., correlations of brain activity across subjects), and

it remains unknown whether amygdala–frontal interactions

can be demonstrated within-subjects as they engage in active

regulation of emotion through reappraisal strategies.

The present study aimed to extend existing literature on

the neurocircuitry of emotion regulation by examining

within-subject functional connectivity (i.e., temporal corre-

lations of activity across spatially distributed brain regions)

between the amygdala and frontal regions during regulation

of negative affect. We conducted psychophysiological

interactions (PPI) analyses (Friston et al., 1997) which

identify task-related changes in functional brain connectivity

on previously published data (Phan et al., 2005) obtained

from a functional magnetic resonance imaging (fMRI) study

of emotion regulation via cognitive reappraisal. In that

paper, we demonstrated that voluntary regulation by

reappraisal relative to passive maintenance was associated

with activation of the DMPFC, DLPFC, OFC, VLPFC and

ACC and attenuation of the left amygdala, consistent with

prior reports using similar paradigms (Ochsner et al., 2002,

2004b). Moreover, activation of the DLPFC, ACC and

VLPFC was inversely correlated with intensity of negative

affect, suggesting that recruitment of these frontal regions

resulted in increasing effectiveness of reappraisal. The PPI

analysis allows inference as to whether region-to-region

coactivation changes significantly as a function of task.

Here, we identified inter-regional interactions using the left

amygdala as the seed region, and compared these interac-

tions between emotion regulation and non-regulation tasks.

We hypothesized that the amygdala would engage distinct

frontal networks reflective of emotion regulation inherent to

cognitive reappraisal. Moreover, we hypothesized that the

strength of functional coupling between amygdala and

frontal regions would predict intensity of negative affect.

METHODS
Participants
Fourteen healthy, right-handed volunteers (six men, aged

22–38 years, mean 27.6� 4.4 years) participated in the study.

Participants had normal or corrected normal vision and

were without a history of psychiatric, medical or neurologic

illness, as verified by a semistructured clinical interview.

All participants provided written informed consent as

approved by the local Human Investigation Committee.

Task procedure
Study protocol and task procedure has been described in

detail elsewhere (Phan et al., 2005). In brief, the experi-

mental paradigm employed a task involving active, voluntary

regulation of negative emotion by cognitive reappraisal

(Ochsner et al., 2002, 2004a, b; Ochsner and Gross, 2005;

Phan et al., 2005). The stimulus set consisted of 40 highly

aversive and arousing pictures based on normative ratings

from the International Affective Picture System (IAPS;

Lang et al., 1997) and five blank (BL) gray-scale images

with a centered fixation cross. The mean (�s.d.) valence

and arousal values on a 9-point scale for the pictures

were 2.03� 0.44 and 6.03� 0.72, respectively (1¼most

unpleasant/least arousing, 9¼most pleasant/most arousing)

based on normative ratings (Lang et al., 1993). The pictures

were transformed to gray-scale using Adobe Photoshop 7

(Adobe Systems, San Jose, California, USA). The pictures

elicit both evaluation and experience of negative affect (Lang

et al., 1993) and generally depict complex scenes of burn

victims, funeral scenes, people crying and dead animals. Of

note, the pictures selected for the two experimental/task

conditions were matched for general content, including faces

and figures and were balanced on subjective valence and

arousal (t-test, P> 0.5).

The protocol involved two task conditions of interest,

‘Maintain’ and ‘Reappraise,’ which alternated across blocks

in a counterbalanced order. During the Maintain task,

participants were instructed to attend to, be aware of and
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experience naturally (without trying to change or alter)

the emotional state elicited by the pictures; they were told to

maintain the evoked affect for the entire task block.

During the Reappraise task, participants were instructed to

voluntarily decrease the intensity of their negative affect by

using the cognitive strategy of reappraisal (Lazarus, 1991;

Gross, 1999a), adapted for fMRI (Ochsner et al., 2002,

2004a, b; Ochsner and Gross, 2005; Phan et al., 2005; Urry

et al., 2006); they were told to reinterpret the content of the

picture so that it no longer elicited a negative response.

Extensive instruction on the cognitive strategy of reappraisal

was provided to participants prior to the initiation of the

experiment, and understanding of the task was confirmed

prior to scanning by reviewing examples of subject-generated

strategies (Phan et al., 2005).

The task involved a block-related design in which subjects

viewed 20 s blocks of aversive pictures; each picture was

presented for 4 s consecutively without an interstimulus

interval. Prior to each block of pictures, the instruction to

‘Maintain’ or ‘Suppress’/Reappraise appeared at the center of

a gray screen below a fixation cross for a duration of 4 s

(Instruction). Immediately following each Maintain and

Reappraise block, a blank screen with a rating scale appeared

for 4 s asking participants to rate the intensity of their

negative affect on a 5-point scale (1¼ least negative/neutral,

5¼ extremely negative) via button response by pressing the

button 1–5 times (Rating). The Maintain/Reappraise blocks

were interspersed with 20 s baseline blocks consisting of

blank fixation images (4 s each) to minimize carryover effects

(‘Baseline’), and to allow the blood oxygen-level dependent

(BOLD) signal to return to baseline. During this period,

participants were asked to stop maintaining or reappraising

their emotional experience and to ‘relax and clear your

mind’. The total task duration was 12 min. The order of task

and picture epochs was counterbalanced across subjects. We

had previously reported that the intensity of negative emotion

was higher following the Maintain block than the Suppress/

Reappraise block (Mean rating� s.d.: 4.27� 0.33 vs

1.95� 0.70, respectively; t (13)¼ 11.30, P< 0.001), suggesting

that the reappraisal task had the intended effect of reducing

negative affect as indexed by self-report (Phan et al., 2005).

fMRI data acquisition
Functional MRI was performed on a 1.5-T Sonata scanner

(Siemens Medical Systems, Erlangen, Germany) to acquire

BOLD contrast using single-shot multi-echo T2�-weighted

EPI (echoplanar imaging) with six evenly spaced echo times

ranging from 18 to 93 ms (repetition time¼ 2000 ms;

192 mm field of vision, 32� 32 matrix, 16 slices, 6 mm

slice thickness, 0.6 mm slice gap [voxel size¼ 6mm isotropic

with a 0.6 mm skip]; flip angle¼ 908). This novel single-shot

multi-slice MR imaging technique (TurboPEPSI), which

acquires up to six consecutive echoplanar images with

multiple echo times and allows acquisition of multiple

images that are matched for a wide range of T2� values such

that the data are sampled and summed at multiple echo

times (i.e., at different relaxation signals), confers enhanced

BOLD-contrast sensitivity compared to conventional echo-

planar imaging (EPI), as previously described (Posse et al.,

1999). Slices were oriented axially or near axially along the

AC–PC (anterior commissure–posterior commissure) line.

The first four volumes from each run were discarded

to allow for T1 equilibration effects. Additionally, a

T1-weighted high-resolution structural scan was acquired

in each subject for subsequent anatomic localization. Head

movement was minimized using a custom-fitted head

holder, consisting of two-component polyurethane foam

tightly molded around the head and neck.

fMRI data processing
Data processing and analyses for data reported here

employed Statistical Parametric Mapping software

(SPM2; Wellcome Department of Imaging Neuroscience,

London, UK). The functional volumes were spatially

realigned to correct for motion and corrected for slice-

timing, normalized to a standard template based upon the

Montreal Neurologic Institute (MNI) reference brain and

smoothed with an 8 mm FWHM Gaussian kernel. For each

participant, task-related activity was identified by convolving

a vector of the onset times of the experimental blocks

(box-car design) with a canonical hemodynamic response.

A 100 s high-pass filter was applied to reduce low frequency

noise. The statistical analyses relied upon the general linear

model to model effects of interest (activation during

Maintain and Reappraise) (Friston et al., 1995).

The current analysis carried out an examination of PPI

(Friston et al., 1997) which is intended to capture

interactions between brain regions in relation to the

experimental design. A PPI analysis is used to compare the

functional ‘coupling’ of different brain regions (physical

component) during different tasks (psychological compo-

nent); it can capture the modulation of activity in one brain

region by activity in another brain region dependent on

specific active tasks. In a PPI analysis, a design matrix

contains three columns of variables: (i) a ‘psychological’

variable that represents the experimental paradigm; (ii) a

time-series ‘physiological’ variable that represents the time

course of the source (seed) region; (iii) an interaction

variable that represents the interaction of psychological and

physiological variables, (i) and (ii) respectively. The regres-

sion coefficient for the interaction term provides a measure

of PPI; a correlation (or covariance) in activity between

the source/seed region and the identified ‘coupled’ region

that is significantly different between tasks (Reappraise vs

Maintain) yields a significant PPI effect. As such, PPI

analysis examines differences in task-dependent (i.e., context-

specific) functional connectivity between regions of interest.

The PPI analysis examines differences in functional

connectivity between regions (i.e., influence of one

region on another) as a function of task manipulation.
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As such, a significant PPI effect would demonstrate that

inter-regional coactivation was significantly greater during

Reappraise than during Maintain tasks. Of note, a significant

PPI does not inform us about the directional nature of

the regression slope under each condition individually, it

only shows the direction of the change in covariation

(increase or decrease) between the tasks (Friston et al., 1997;

Friston, 1998).

In the current analysis, we were specifically interested in

amygdala–cortical interactions during active emotion reg-

ulation. Hence, we chose the amygdala as a potential source

region of interest. Based on our experimental design

(i.e., involving negatively valenced images) and to perform

unbiased contrast analysis, we first performed a conjunction

analysis with SPM2 (Price and Friston, 1997; Friston et al.,

1999; Nichols et al., 2005) to identify amygdala activation

that was present across both Maintain and Reappraise task

blocks. The conjunction (i.e., [Maintain > Baseline] AND

[Reappraise > Baseline]) analysis identified that the left

amygdala cluster (MNI coordinates of peak activation:

[�22, 0, �22], 70 voxels, Z¼ 2.37, P< 0.05, small-volume

corrected) was active during both Maintain and Reappraise

blocks, consistent with prior reports (Phan et al., 2002, 2005;

Wager et al., 2003). We had several reasons for choosing this

foci (and the 10 mm spherical ROI that surrounds it) as our

seed/source region. First, we wanted to identify active voxels

that exhibited enhanced BOLD signal to the aversive/

negatively valenced pictures, rather than examine voxels

that were de-activated (negative BOLD values) relative to the

passive baseline. Second, this time-series best reflected

emotion-related amygdala reactivity to negatively valenced

pictures, and this analysis was intended to identify brain

regions selectively influenced by general, affect-driven

amygdala responses as a function of the Reappraise task.

In other words, we chose not to restrict the ‘seed’ region to

only those amygdala voxels that were less active in

Reappraise than Maintain; choosing only those appraisal-

modulated voxels may have biased our results towards

finding a task-related (Reappraise > Maintain) connectivity

pattern. Third, the current analysis was directed at examin-

ing differences in connectivity between the Reappraise and

Maintain tasks in relation to amygdala responses to negative

pictures, and not necessarily specific to amygdala responses

modulated by Reappraisal.

The presence of a significant task-specific (Reappraise vs

Maintain) change in coupling between the amygdala and

other brain regions can be interpreted either as the influence

of the amygdala on the other region during a particular task,

or as a change in responsiveness of the amygdala to activity

from the other brain region (Friston et al., 1997).

To perform the PPI analyses, the deconvolved time series

from a 5 mm radius sphere around the group peak activation

voxel [left amygdala, (�22, 0, �22)] identified in the

conjunction analysis (above) was extracted for each subject.

The effect of the interaction term was examined using

the contrast [1 0 0] in which the first column represents the

interaction term, as calculated between the left amygdala

time series and a block vector representing the tasks of

interest (Reappraise vs Maintain) (Gitelman et al., 2003;

Egner and Hirsch, 2005; Etkin et al., 2006); as such the

activity within this left amygdala mask was regressed on a

voxel-wise basis against the product of this time course

and the vector of the psychological variable of interest,

with the ‘physiological’ and ‘psychological’ variables serving

as regressors of interest. The individual contrast images

were then entered into a 2nd-level random effects

analysis (df¼ 13) in which task-dependent effects

(Reappraise > Maintain; Maintain > Reappraise) were inves-

tigated using one-sample t-tests, in order to identify which, if

any, areas of the brain exhibited activity that covaried with

that of the left amygdala significantly more during the

Reappraise than Maintain task, and vice versa. As such the

PPI effect, or task-dependent coupling between regions, is

calculated as the difference between regression slopes; a

significant effect for PPI (connectivity estimate) indicates

that covariance between the seed region (amygdala) and a

coupled region during Reappraise is significantly higher than

that during Maintain. Significant clusters exhibiting PPI-

related amygdala coupling were identified with a threshold

of P< 0.001 uncorrected (t> 3.85) with at least 10 contig-

uous voxels in the cluster (120 mm3); the combination

of the height-extent threshold effectively yields equivalent

correction for multiple comparisons (Forman et al., 1995).

In addition, based on similar approaches (Ochsner et al.,

2002; Phan et al., 2005; Etkin et al., 2006), we were

specifically interested in the relationship between within-

subject amygdala–cortical coupling with subject-specific

behavioral measures. Thus, we examined the relationship

between the magnitude of amygdala–cortical coupling and

negative affect, a subjective index of successful emotion

regulation via reappraisal. Using Spearman’s rank correla-

tion analysis on these non-parametric behavioral data, we

correlated the extent of amygdala–cortical coupling (repre-

sented by the PPI beta estimate) with self-report intensity

scores of negative affect (range, 1–5) collected on-line

following each Reappraise block.

RESULTS
PPI analyses (results shown in Table 1 and Figure 1) showed

that activity in the left amygdala was accompanied by

task-dependent (Reappraise > Maintain) functional interac-

tion with specific areas: bilateral DLPFC, bilateral OFC, right

subgenual/subcallosal ACC (SGACC), right DMPFC, bilat-

eral inferior parietal cortex (IPC). In other words, the

covariance in activity between the seed region (amygdala)

and the DLPFC, OFC, SGACC, DMPFC and IPC during

Reappraise was significantly higher than that during

Maintain. The pattern of coupling was observed only

in the Reappraise > Maintain contrast (i.e., seed and

coupled regions exhibited greater coactivation specifically
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during Reappraise). The reverse contrast (Maintain >

Reappraise) did not reveal a significant PPI effect. An

absence of a significant PPI during the reverse contrast

broadly suggests that the amygdala activity did not

significantly covary with activity in other brain regions

during the Maintain task, relative to the Reappraise task,

such that the amygdala-related PPI estimate was not greater

during the Maintain than during Reappraise. Hence, the null

result in this reverse contrast could also reflect an absence of

amygdala–frontal coupling in the Reappraise task.

As noted above, the PPI beta estimate (a measure of task-

dependent functional connectivity) of the extent of

coupling between the left amygdala seed region and each

‘coupled’ region (identified in Table 1) was extracted and

correlated with intensity of negative affect following the

Reappraise task. Of the amygdala-coupled brain regions

(shown in Table 1) that exhibited task-dependent

(Reappraise > Maintain) coactivation with the amygdala

during voluntary emotion regulation, only two regions

exhibited a significant correlation with the self-report

intensity scores of negative affect: (i) bilateral OFC;

(ii) right DMPFC. Those individuals whose amygdala

predicted greater activation (in the psychophysiological

interaction) of the OFC and DMPFC during Reappraise

showed less negative affect: the pattern was significant in the

left OFC (Spearman r¼�0.536, P¼ 0.048), and the pattern

showed trend-level significance in the right OFC (Spearman

r¼�0.498, P¼ 0.070) and DMPFC (Spearman r¼�0.498,

P¼ 0.070) (Figure 2).

DISCUSSION
Using PPI analyses (Friston et al., 1997), we demonstrate

amygdala–frontal coupling specifically during emotion

regulation. In particular, we observed that left amygdala

activity covaries with activity in the DLPFC, DMPFC, OFC,

Table 1 Task-related PPI analysis of left amygdala seed

Brain region of co-activation
Reappraise > Maintain Laterality (x, y, z) Z-score Size

Dorsolateral prefrontal cortex L �12 22 60 4.07 50
R 20 24 60 3.78 57
R 48 28 36 3.51 11

Orbitofrontal cortex L �24 28 �14 4.02 257
R 26 24 �22 3.69 38

Subgenual anterior cingulate cortex R 6 24 �2 3.74 36
Dorsomedial prefrontal cortex R 8 44 32 3.62 45
Inferior parietal cortex L �44 �54 38 3.27 15

R 44 �62 44 3.37 48
Maintain > Reappraise

No significant clusters

Regions showing amygdala coupling with clusters of 10 or more contiguous voxels whose global maxima exceeds a t-statistic of 3.85 (P< 0.001 uncorrected). For each maximal
activation foci per cluster, laterality (L, left; R, right), coordinates, Z score and size (number of contiguous voxels within cluster) are provided. Coordinates are defined in Montreal
Neurologic Institute stereotactic space in millimeters: x> 0 is right of the midsagittal plane, y> 0 is anterior to the anterior commissure and z> 0 is superior to anterior
commissure–posterior commissure plane.

Fig. 1 SPM t-map showing areas that exhibit significant task-dependent (Reappraise > Maintatin) coupling with the left amygdala: (A) DLPFC; (B) OFC; (C) DMPFC and SGACC.
Maps are overlaid on coronal slice of a canonical brain rendering constructed using MRIcro software (http://www.sph.sc.edu/comd/rorden/mricro.html), shown on cororonal (A),
axial (B) and sagital (C) canonical brain slices, with location of slices in coordinates as defined in Montreal Neurologic Institute stereotactic space. Activations are thresholded at
P< 0.001 (uncorrected) showing only significant clusters with more than 10 contiguous voxels. L, Left.
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SGACC and IPC to a greater extent during reappraisal-based

control of negative affect compared to maintenance of that

affect. Moreover, we show that the strength of coupling

between the amygdala and the OFC/DMPFC predicted

successful emotion regulation, as indexed by reduction in

self-reported negative affect. These findings specifically point

to amygdala–frontal interactions as being an important

neural mechanism that underlies the control of emotion.

The reappraisal-modulated coactivation of specific frontal

regions (DLPFC, DMPFC, OFC, ACC) with amygdala

reactivity to negative affect is well supported by prior

neuroimaging studies that implicate these same areas as

being engaged during active, voluntary emotion regulation

(Ochsner et al., 2002, 2004b; Levesque et al., 2003b; Phan

et al., 2005; Ohira et al., 2006; Urry et al., 2006). Two recent

critical meta-analyses of neuroimaging data show that these

frontal regions exert greater activity when subjects engage

cognitive strategies (i.e., reappraisal, detachment) to mod-

ulate negative affect and less activity when subjects

passively maintain affect (i.e., negative emotion unaltered)

(Ochsner and Gross, 2005; Quirk and Beer, 2006). This is

broadly consistent with the role of these regions in cognitive

inhibition/control and executive function (Cabeza and

Nyberg, 2000; Miller and Cohen, 2001), processes that are

relevant to reappraisal-based affect regulation.

These findings of amygdala–frontal interactions are

further supported by known reciprocal anatomical connec-

tions between the amygdala and the frontal circuit (ACC,

OFC, DMPFC) (Amaral and Price, 1984; Ghashghaei and

Barbas, 2002; Ghashghaei et al., 2007), specifically identified

as an emotion generation–regulation circuit (Ghashghaei

et al., 2007). In both animal and human studies, lesions to

these areas result in emotion dysregulation (Williams and

Mateer, 1992; Damasio, 1994; Izquierdo and Murray, 2005;

Fig. 2 Spearman rank correlation graphs showing the relationship of negative affect (self-report intensity scores) and PPI beta estimate of amygdala coupling with right
orbitofrontal cortex (A), left orbitofrontal cortex (B) and dorsal medial prefrontal cortex (C). OFC, DMPFC; L, Left, R, Right. Greater amygdala-predicted activation of OFC and
DMPFC is associated with lower intensity of negative affect.
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Sanchez-Navarro et al., 2005). It has been posited that the

prefrontal cortex has a top–down inhibitory effect on the

amygdala (Pears et al., 2003; Rosenkranz et al., 2003;

Izquierdo and Murray, 2005; Quirk and Beer, 2006). The

prefrontal projections to the amygdala originate mostly in

those layers of the cortex involved in feed-forward mechan-

isms, and terminate on inhibitory interneurons in the

amygdala (Carmichael and Price, 1995; McDonald et al.,

1996) providing some evidence for a top–down role for the

prefrontal cortex on limbic regions (Carmichael and Price,

1995; McDonald et al., 1996). In support, based on between-

subjects correlational analyses, two studies have observed

increased activation of prefrontal brain regions, including

OFC and rostral ACC, as associated with attenuated

amygdala reactivity during emotion regulation (Ochsner

et al., 2002; Urry et al., 2006), consistent with the notion that

frontal cortex exerts a top–down inhibitory influence on the

amygdala.

However, a number of recent studies on emotion and self-

relevance processing using within-subjects functional con-

nectivity analyses have shown positive temporal correlations

in activation signal between or coactivation of amygdala and

frontal cortex, specifically the OFC/ventral MPFC (Kim

et al., 2004; Heinz et al., 2005; Schmitz and Johnson, 2006),

dorsal MPFC (Williams et al., 2006) and ACC (Das et al.,

2005; Pezawas et al., 2005; Williams et al., 2006). This is

further supported by the recent observation that metabolic

rates in the amygdala are positively correlated with those in

the OFC, DLPFC and ACC (New et al., 2007). Moreover,

recent studies using similar PPI-based analyses have shown

increased coactivation between amygdala and MPFC (Erk

et al., 2006; Schmitz and Johnson, 2006; Williams et al.,

2006) and between amygdala and DLPFC (Siegle et al., 2007)

during cognitive-emotional tasks. These findings support

our own data that stronger coupling exists between

amygdala and these areas of the frontal cortex during

emotion regulation. However, it remains unclear the

directional nature (i.e., reciprocity) of these observed

interactions within task (Reappraise or Maintain) given

that the PPI analysis only tests if differences in inter-regional

coupling exist as function of task (higher or lower

covariation between Reappraise and Maintain). Therefore,

it is possible that enhanced amygdala–frontal coupling

during Reappraise could reflect cognitive consequences or

enhanced cognitive effort due to failing to down-regulate

amygdala activity. We note that the behavioral results, which

show that subjective negative affect did decrease following

Reappraise compared to Maintain blocks, would suggest that

the intent to suppress was successful. However, the temporal

correlation of these amygdala–frontal associations between

extended time-series data and the bidirectional nature of

connections between these regions do not imply causal

inference. Future studies are needed to disambiguate when

and how the amygdala and frontal cortex exert their effects

on one another during emotion regulation.

We observed that the extent of coupling between

amygdala and specifically OFC and DMPFC was related

to effective emotion regulation, such that greater functional

connectivity between amygdala and OFC/DMPFC during

Reappraise was associated with less intensity of negative

affect. Urry et al. (2006) have recently observed that

individual variation in OFC/ventral MPFC is related to

successful regulation of negative affect, such that individuals

with higher activity in this region during the reappraisal task

also exhibited lower amygdala signal and more normative

diurnal decline of the stress-related hormone cortisol.

Moreover, Beauregard et al. (2006) showed that activation

of the OFC and MPFC was related to the emotional demands

or subjectively perceived difficulty while suppressing sadness.

It has been posited that OFC serves as an important relay or

coordination region for amygdala and MPFC interactions

(Kim et al., 2004; Quirk and Beer, 2006; Urry et al., 2006).

The MPFC is consistently implicated in studies of emotional

processing, including emotional arousal and personal

salience (Phan et al., 2003, 2004) and has been linked to

the integration of emotion–cognition interactions (Phan

et al., 2002) and to processes that underlie cognitive

reappraisal (Ochsner and Gross, 2005). Consistent with its

role in emotional appraisal and response, the MPFC has

been shown to be positively correlated with activity in the

amygdala during anticipation of negative emotion (Erk et al.,

2006), and associated with monitoring and/or appraising

one’s own emotional state (Taylor et al., 2003; Ochsner et al.,

2004a) and making self-referential judgments regarding

emotionally salient stimuli (Gusnard et al., 2001). Some

have posited a functional distinction between ventral and

dorsal MPFC, such that ventral MPFC is involved in

appraisal for emotional salience of stimuli and dorsal

MPFC is involved in regulation of appropriate behaviors

following appraisal (Phillips et al., 2003a). Schmitz and

Johnson (2006) recently demonstrated task-dependent (self-

appraisal vs non-referential affective appraisal) connectivity

between ventral MPFC and amygdala. Future studies are

needed to parse out the direct and indirect relationships

among prefrontal (dorsal vs ventral) brain regions during

emotion regulation.

In addition to frontal regions, we observed amygdala

coactivation of IPC during emotion regulation. This region

was not observed to be activated in the Reappraise task in

our initial analyses (Phan et al., 2005). Ochsner et al. (2002,

2004b) did show this region (‘supramarginal gyrus’, ‘inferior

parietal lobule’) to be activated during cognitive reappraisal,

relative to attend. The parietal cortex is strongly anatomi-

cally interconnected with the prefrontal cortex (Petrides and

Pandya, 1984), and functional connectivity has also been

indicated between these regions (Chafee and Goldman-

Rakic, 2000). However, the exact nature of non-frontal

involvement in affect regulation remains unclear.

Modulation by inferior parietal cortices during reappraisal

could reflect attentional selection, working memory and/or
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resolving cognitive interference (Cabeza and Nyberg, 2000).

Future studies are needed to clarify the role of brain regions

outside of the amygdala–frontal circuit in emotion

regulation.

Certain limitations of this study are noteworthy. First, we

did not include positive emotional stimuli (i.e., pleasant

pictures), thus these findings are not generalizable to other

forms of emotional experience. Second, our task specifically

involved cognitive appraisal, and thus the findings do

not extend to other strategies of emotion regulation

(i.e., suppression, detachment). Third, the study employed

a small sample of subjects, and replication in a larger sample

is needed. Fourth, this study relied on self-report measures

to infer effective emotion regulation, and did not employ

corroborative objective measures (i.e., skin conductance,

performance) to index regulatory success. Fifth, the present

investigation contributes further evidence for functional

connectivity between amygdala and frontal regions during

emotion regulation; future studies driven by these findings

and anatomical studies would develop an a priori mechan-

istic neural network model of how prefrontal cortex

influences amygdala, and vice versa and pursue effective

connectivity analyses in order to infer causal relationships

(Friston et al., 2003).

In conclusion, this study provides further evidence for the

importance of specific frontal brain regions, namely the

DLPFC, OFC, ACC, in the regulation of negative affect.

These regions covaried to a greater extent with activation of

amygdala reactivity specifically during active attempts at

emotion suppression via reappraisal, and the greater the

task-dependent amygdala–OFC/DMPFC coupling, the more

effective the reappraisal strategy, as noted by attenuated

intensity of negative affect. Though directionality of these

influences is unknown, these findings highlight the role of

amygdala–frontal interactions during emotion regulation.

Given that a number of psychiatric disorders are associated

with affective instability and emotion dysregulation

(Koenigsberg et al., 2002; Phillips et al., 2003b), paradigms

and analyses such as the one presented here should be

extended to studies of patients with anxiety, mood and

personality disorders.
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