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Background: Emotion regulation strategies are thought to differ in when and how they influence the emotion-generative process.
However, no study to date has directly probed the neural bases of two contrasting (e.g., cognitive versus behavioral) emotion regulation
strategies. This study used functional magnetic resonance imaging (fMRI) to examine cognitive reappraisal (a cognitive strategy thought to
have its impact early in the emotion-generative process) and expressive suppression (a behavioral strategy thought to have its impact later
in the emotion-generative process).

Methods: Seventeen women viewed 15 sec neutral and negative emotion-eliciting films under four conditions—watch-neutral, watch-
negative, reappraise-negative, and suppress-negative—while providing emotion experience ratings and having their facial expressions
videotaped.

Results: Reappraisal resultedin early (0-4.5 sec) prefrontal cortex (PFC) responses, decreased negative emotion experience, and decreased
amygdala and insular responses. Suppression produced late (10.5-15 sec) PFC responses, decreased negative emotion behavior and
experience, but increased amygdala and insular responses.

Conclusions: These findings demonstrate the differential efficacy of reappraisal and suppression on emotional experience, facial behavior,

and neural response and highlight intriguing differences in the temporal dynamics of these two emotion regulation strategies.

Key Words: Amygdala, cognitive control, emotion, emotion regu-
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decision making (2), memory (3), physiological responses

(4,5), and social interactions (6). However, even as they
shape a wide range of intrapersonal and interpersonal processes,
emotions are themselves subject to modification. The ability to
successfully regulate emotion is related to a number of important
psychological, social, and physical health outcomes (7-9). Con-
versely, difficulties with emotion regulation have been postu-
lated as a core mechanism underlying mood and anxiety disor-
ders (10). Understanding the differential impact of distinct types
of emotion regulation on experience, behavior, and neural
dynamics may inform clinical practice and research.

To study emotion regulation (ER), we employed a theoreti-
cally derived process model of emotion regulation that delineates
when in the emotion-generative process different strategies have
their primary impact (11). This model distinguishes between
antecedent-focused strategies, which modulate emotional re-
sponse tendencies early on, before they give rise to full-fledged
responses, and response-focused strategies, which modulate the
emotional responses themselves later on, once they have arisen.
Here, we focus on one antecedent-focused (cognitive reap-
praisal) strategy and one response-focused (expressive suppres-
sion) strategy that differentially influence negative emotion ex-
perience, behavior, and physiological responses (12).

Reappraisal is a cognitive-linguistic strategy that alters the
trajectory of emotional responses by reformulating the meaning
of a situation. Reappraisal can intervene relatively early in the
emotion-generative process, recruiting executive cognitive con-
trol processes instantiated in a distributed brain network, includ-

F rom moment to moment, emotions influence attention (1),
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ing areas in medial, dorsolateral, and ventrolateral prefrontal
cortex (PFC) and dorsal anterior cingulate cortex (ACC) (13-20).
Reappraisal effectively down-regulates emotional experience
and behavior, startle eye blink response (21), and emotion-
related neural responses that together modulate ongoing emo-
tion experience in emotion-appraisal brain systems, including
the amygdala, subgenual ACC, ventromedial PFC, and insula
(22). Over the long term, frequent use of reappraisal leads to
enhanced control of emotion, interpersonal functioning, and
psychological and physical well-being (23).

Expressive suppression is a strategy directed toward inhibit-
ing behaviors associated with emotional responding (e.g., facial
expressions, verbal utterances, gestures). Suppression is, by
definition, implemented following emotion generation and pro-
duces decreased expressive behavior, typically with little or no
change in ongoing emotion experience, and increased sympa-
thetic activation of the cardiovascular system (7). No neuroim-
aging study has examined expressive suppression in response to
emotional stimuli. Investigations of inhibitory control in human
and nonhuman primates, however, suggest that the right ventro-
lateral PFC is associated with volitional response inhibition
(24-31) and overriding prepotent imitative facial responses by
producing an opposing expression (32). Because suppression
has different effects on emotional expression, behavior, and
physiology, it is unknown whether suppression produces in-
creased, decreased, or unaltered amygdala and insula activity.
Over the long term, frequent use of expressive suppression
results in diminished control of emotion, interpersonal function-
ing, memory, and well-being and greater depressive symptom-
atology (23).

We have interpreted the differential consequences of reap-
praisal and suppression as arising from their differential temporal
characteristics. In our model (Figure 1), reappraisal involves
early selection and implementation of a cognitive strategy that
diminishes emotion without the need for sustained effort over
time. Suppression, in contrast, involves increasing efforts to
actively inhibit prepotent facial emotion behaviors as they arise
in response to emotion-inducing stimuli.
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Figure 1. Hypothesized temporal dynamics of prefrontal cortex emotion
regulatory neural activity related to cognitive reappraisal and expressive
suppression.

The aim of the present study was to test the temporal
dynamics and consequences of reappraisal and suppression. We
used films to generate a transient but powerful negative affective
state. Disgust, an evolutionarily derived “aversive affective state
evoked by repulsive stimuli” (33, p. 3) was chosen as the target
emotion because it reliably induces robust emotional experience,
emotion-expressive behavior (34), and increased insula, PFC,
and amygdala activation (35,360). We employed a within-subjects
design to compare the effects of reappraisal and suppression on
emotion experience, expressive behavior, and neural response
in the context of disgust-eliciting films.

Methods and Materials

Participants

Seventeen right-handed female participants (mean age =
22.7 % 3.5 years), who reported no history of psychiatric or
medical disorders or medication use, provided informed consent
and were paid $20 per hour. Women were selected because they
show stronger emotional responses than men in the context of
disgust-inducing stimuli (37).

Film Stimuli

Forty 15-sec film clips, consisting of 10 nonaffective neutral
nature scenes and 30 disgust-inducing surgical procedures, vom-
iting, and animal slaughter were rated by a different group of 19
young female participants on a scale from 1 = not negative to
5 = extremely negative. This group reported significantly greater
negative emotion experience for negative versus neutral films
[negative mean = 2.83 vs. neutral mean = 1.09; #(18) = 9.18,
» < .001].
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Procedure

Prior to magnetic resonance imaging (MRI), participants were
trained in specific reappraisal and suppression strategies while
viewing eight practice films. Reappraisal instructions encouraged
thinking objectively to decrease emotional reactivity to films, for
example, by assuming the perspective of a medical professional
watching an instructional video or focusing on technical aspects
of the film. Suppression instructions focused on training partici-
pants to keep their face still while viewing films so that someone
watching their face would not be able to detect what was being
experienced subjectively. During MRI, films were visually pro-
jected to a screen 6 inches from the participant’s eyes inside the
head coil. Button responses were recorded using Eprime soft-
ware (Psychological Software Tools, Inc., Pittsburgh, Pennsylva-
nia). The film-viewing task consisted of three 9-minute runs.

Experimental Task

There were two counterbalanced pseudo-randomized orders
of the 40 film stimuli that matched negative films with the
different instructions to reappraise, suppress, or watch. The task
consisted of four conditions: 10 watch-neutral, 10 watch-nega-
tive, 10 reappraise-negative, and 10 suppress-negative trials.
Each trial consisted of: 1) 3 sec instruction (“Watch,” “Think
objectively,” “Keep face still”); 2) 15 sec film; 3) 3 sec “How
negative do you feel?” rating (1 = not at all to 3 = moderately to
5 = extremely); 4) 3 sec watch instruction; and 5) 6 sec static
landscape image (Figure 2). There were no order effects on
negative emotion ratings, disgust-expressive behavior, and blood
oxygenation level-dependent (BOLD) responses for watch-neg-
ative versus watch-neutral films (all p’'s > .22).

Face Behavior Recording and Coding

A black and white pinhole video camera (SmartLabs, Inc.,
Irvine, California) was shielded and positioned on the magnetic
resonance (MR) head coil to record continuous facial behavior
from the forehead to the mouth. Participants’ facial expressions
during film viewing were independently rated by two female coders
who were blind to the films and experimental conditions using a
face behavior coding system developed in our laboratory (38) to
measure disgust-expressive behavior on a scale of 0 = none, 1 =
slight, 2 = moderate, and 3 = strong. Due to technical problems,
face behavior coding was unavailable for two participants.

Image Acquisition
Imaging was performed on a GE 3 Tesla Signa magnet
(General Electric Medical System, Milwaukee, Wisconsin) with a

Watch How
Think Objectively negative do Watch . u * ok
Keep Face Still 8 Y feel?
Instruction Neutral or Negative Instruction ~ Static Neutral  Transition
Disgust Film Affect Rating Image Task
3 15 3 3 | 6 9
I I

Time (seconds)

Figure 2. Experimental design for a single trial. The experiment consisted of 40 trials with 40 unique film clips. There were 10 trials each of watch-neutral,
watch-negative, reappraise-negative, and suppress-negative. A single trial consisted of a 3 sec instruction to either “Watch,” “Think objectively,” or “Keep face
still”; 15 sec film clip; 3 sec “How negative do you feel?” rating (1 = not at all to 3 = moderately to 5 = extremely); 3 sec watch instruction; 6 sec static pleasant
landscape image; and 9 sec counting the number of asterisks on the screen. A single trial lasted 29 sec.
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T2*weighted gradient echo spiral-in/out pulse sequence (39)
and a custom-built quadrature “dome” elliptical bird cage head
coil. Head movement was minimized using a bite-bar. Nine
hundred eight functional volumes were obtained across three
functional runs from 22 sequential axial slices (repetition time
[TR] = 1500 msec, echo time [TE] = 30 msec, flip angle = 60
degrees, field of view [FOV] = 22 c¢m, matrix = 64 X 04,
single-shot, in-plane resolution = 3.438 mm?, and slice thickness =
5 mm]. Three-dimensional (3-D) high-resolution anatomical
scans were acquired using fast spin-echo spoiled gradient-
recalled (SPGR) (.8594% X 1.5 mm; FOV = 22 cm, frequency
encoding = 250).

Functional MRI Data Preprocessing

Each functional run was subjected to preprocessing steps
using Analysis of Functional Neurolmages (AFND) (40) software
(Medical College of Wisconsin, Milwaukee, Wisconsin): co-
registration, motion correction, 4 mm? isotropic Gaussian spatial
smoothing, high-pass filtering (.011 Hz), and linear detrending.
No volumes demonstrated motion in the x, y, or z directions in
excess of £1.0 mm. There was no evidence of stimulus-corre-
lated motion when conducting correlations of condition-specific
reference functions and X, y, or z motion correction parameters
(all p's > .05).

Functional MRI Statistical Analysis

A multiple regression model implemented with AFNI 3dDe-
convolve (Medical College of Wisconsin) included baseline
parameters to remove mean, linear, and quadratic trends and
motion-related variance. For the purposes of the present analy-
sis, we focused on neural response while actively implementing
reappraisal and suppression during the 15 sec films. Separate
reference functions for the 15 sec film in each condition and for
the early (0—4.5 sec), middle (4.5-10.5 sec), and late (10.5-15
sec) components of each 15 sec film were convolved with a
gamma variate model (41) of the hemodynamic response func-
tion. Statistical maps were resampled to 3.438 mm® and con-
verted to Talairach atlas space (42), and second-level statistical
parametric maps were produced according to a random-effects
analysis to enhance the generalizability of the results.

To correct for multiple comparisons, AlphaSim, a Monte Carlo
simulation bootstrapping program in the AFNI library (Medical
College of Wisconsin), was employed to identify a joint proba-
bility consisting of a voxel-wise threshold and a minimum cluster
volume threshold to establish a cluster-wise p-value that protects
against false-positive detection of activation clusters (43). For 15
sec film analyses (e.g., watch-negative versus watch-neutral
contrast) a voxel-wise threshold of p < .0025 (# > 3.572) resulted
in 2 minimum cluster volume threshold of 203 mm? (5 voxels X
3.438 mm?) to protect against false-positive detection at p < .001.
For the early, middle, and late component analyses, a voxel-wise
threshold of p < .005 (# > 3.248) resulted in a minimum cluster
volume threshold of 163 mm? (4 voxels X 3.438 mm?>) to protect
against false-positive detection at p < .005. Because there were
10 time points per 15 sec block in the contrast of watch-negative
versus watch-neutral conditions compared with the three or four
time points included in early (three time points), middle (four
time points), and late (three time points) component analyses,
there was less power in the component compared with the block
analyses. For this reason, we used a slightly less stringent
joint-probability cluster threshold for the component analyses
(p < .005) than for the block contrast analyses (p < .00D).

Blood oxygenation level-dependent signal intensity was rep-
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resented as percent signal change of watch-negative, reappraise-
negative, and suppress-negative conditions from the mean of the
watch-neutral condition. To control for cluster size differences,
time series was extracted using a spherical mask (radius = 5 mm,
volume = 524 mm?®) centered at the peak BOLD signal voxel
within a cluster. For presentation purposes only, the time series
was temporally smoothed such that each time point represented
the average of time points x — 1, x, x + 1.

Results

Negative Emotion Induction Manipulation Check

To assess whether the negative films elicited negative emo-
tion, we contrasted watch-negative versus watch-neutral condi-
tions on three indices of negative emotion: experience, expres-
sive behavior, and neural response.

Experience. The watch-negative versus watch-neutral con-
trast was significant (£ = 7.46, p < .000005, n* = .78), confirming
the induction of negative emotion experience (Figure 3).

Expressive Behavior. Two raters coded participants’ facial
expressions during MR scanning for disgust expressions. Inter-
rater reliability during the watch-negative condition was ade-
quate (kappa = .76). The watch-negative versus watch-neutral
contrast was significant [t(14) = 2.96, p < .05, n? = .40],
confirming that watching negative films induced emotion-ex-
pressive behavior (Figure 3).

Neural Responses. The watch-negative versus watch-neutral
contrast resulted in enhanced responses in bilateral dorsal amyg-
dala and anterior insula (Figure 4), frontal cortex (medial,
dorsomedial, dorsolateral, ventrolateral), temporal cortex (infe-
rior, superior), occipital (lingual gyrus), parietal cortex (superior
parietal lobule), and subcortical regions (caudate, thalamus,
hypothalamus) (Table 1). There were no significant brain re-
sponses for watch-neutral versus watch-negative.

Emotion Regulation Analyses

We examined the effects of reappraisal and suppression on 1)
emotion experience and behavior, 2) emotion-related brain
regions (amygdala and insula regions of interest identified in the
contrast of watch-negative versus watch-neutral films), and 3)
regulation-related brain regions (identified in the reappraise
versus watch-negative and suppress versus watch-negative film
contrasts). Based on our model of emotion regulation, we
expected differential temporal effects of (antecedent-focused)
reappraisal and (response-focused) suppression on emotion-
generative and emotion-regulatory brain regions. To test for
hypothesized differential ER effects on neural temporal dynam-
ics, analyses focused on neural responses during the early (0—4.5
sec), middle (4.5-10.5 sec), and late (10.5-15 sec) periods of
each 15 sec film. We first examined each ER strategy separately
and then directly compared reappraisal versus suppression.

Cognitive Reappraisal

Reappraisal (versus watch-negative) reduced negative emo-
tion experience (¢t = 4.70, p < .0005, m* = .58), approached
significant reduction of disgust facial behavior (¢ = 1.82, p = .09,
m? = .20), and reduced emotion-related neural signal during the
late (but not early and middle) components in right amygdala
(reappraisal vs. watch-negative, ¢ = 2.20, p < .05, n* = .21), left
insula (r = 222, p < .05, m* = .24), and marginally in left
amygdala (1 = 1.89, p < .08, n* = .18). These results show that
reappraisal effectively down-regulated negative emotion experi-
ence with a concomitant reduction of emotion-related neural
signal by the end of the 15 sec films.
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Figure 3. Effect of reappraisal and suppression on negative emotion ratings
and disgust facial expression intensity during the four film viewing condi-
tions. Error bars = SEM.

During the early (but not middle and late) period, reappraisal
produced enhanced responses in PFC-related cognitive control
of emotion (medial, dorsolateral, ventrolateral PFC, and lateral
orbitofrontal cortex [OFCD), linguistic processing (left inferior
frontal gyrus [IFG], left posterior superior temporal gyrus), visual
attention (precuneus, lingual and angular gyri), and feature
detection (middle and superior temporal gyri) (Table 2). Three
representative early reappraisal-related neural responses, includ-
ing medial PFC (mPFC), left inferior PFC, and left OFC, are
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shown in Figure 5. There were no areas of greater response for
watch-negative versus reappraise-negative.

Correlation analyses demonstrated that increased early (0—4.5
sec) reappraisal-related medial PFC and left OFC responses were
associated with significantly decreased late (10.5-15 sec) left
amygdala and left insula responses (Figure 6). These findings
indicate that implementation of reappraisal strategies may initiate
interactions of regulatory and regulated brain systems that evolve
over time and influence subsequent neural, experiential, and
behavioral indices of emotion.

Expressive Suppression

Suppression (versus watch-negative) reduced negative emo-
tion experience (¢ = 3.30, p < .005, n* = .41) and facial behavior
(t = 249, p < .05, n* = .32). In limbic regions previously
identified in the watch-negative versus watch-neutral contrast,
responses in the late component were greater for suppression in
right insula (+ = 2.42, p < .05, 7> = .27) and marginally greater
in right amygdala (¢ = 1.86, p = .08, n* = .18) but similar in left
amygdala (p > .57) and left insula (p > .90). These findings
demonstrate no reduction in emotion-related neural activity in
amygdala and indeed suggest enhanced responding for suppres-
sion in right insula.

Suppression (versus watch-negative) produced greater re-
sponses only during the late (not early and middle) period in
regions implicated in inhibitory control (right ventrolateral PFC;
Figure 7), cognitive regulation (dorsomedial, dorsolateral PFC),
visual-sensory multimodal association (posterior occipito-tempo-
ral lobes), and visual-spatial processing (precuneus and occipital
areas) (Table 2). Greater responses for watch-negative (versus
suppression) occurred only during the late period in visual
processing areas (cuneus and lingual gyrus).

Comparison of Reappraisal and Suppression

Direct contrast of ER strategies revealed that reappraisal
produced greater down-regulation of negative emotion experi-
ence (1= 3.29, p < .005, * = .40), while suppression produced
greater reduction in disgust facial behavior (¢t = 2.94, p < .05,

= .40). These findings highlight the differential impact of
reappraisal and suppression on negative emotion experience
and behavior.

Neurally, in the previously identified watch-negative emo-
tion-related regions, a 2 (ER: reappraisal, suppression) X 2 (time:
early, late) repeated-measures analysis of variance (ANOVA) of

Figure 4. fMRIBOLD signal time se-
ries in percent signal change rela-
tive to the watch-neutral condition
across 15 sec (10 time points X 1.5
sec each) for reappraisal, suppres-
sion, and watch-negative condi-
tions in bilateral amygdala and
insula. BOLD, blood oxygenation
level-dependent; fMRI, functional
magnetic resonance imaging.
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Table 1. Watch-Negative Versus Watch-Neutral Film BOLD Response

BIOL PSYCHIATRY 2008;63:577-586 581

Brain Regions BA Xyz % Signal Change Vol (mm?3) t-Value
Watch-Negative > Watch-Neutral
Frontal Lobes
L Inferior frontal gyrus/L insula 47 —4124 -19 27 3,820 3.61
13 —35231 17 3.93
Medial PFC 9 05525 21 3,129 4.47
R Middle frontal gyrus/DLPFC 6/8 521143 .27 2,113 4.05
Dorsomedial PFC 6 32167 32 2,072 3.91
L Inferior frontal gyrus/DLPFC 9 —52732 .18 772 4.29
R Middle frontal gyrus/DLPFC 46 4928 22 13 569 3.99
L Inferior Frontal Gyrus 45 —48185 13 406 3.73
R Inferior Frontal Gyrus 45 52185 14 366 4.01
L Precentral Gyrus 6 —41 —-360 18 325 3.85
L Superior frontal gyrus/medial PFC 9 —1459 36 .25 284 4.62
L Middle frontal gyrus/DLPFC 46 —522822 14 203 5.18
R Dorsomedial PFC 6 7 38 60 .19 203 3.99
Temporal Lobes
L Inferior temporal gyrus 18/19 —48 =75 =2 .62 15,151 5.71
R Superior temporal gyrus/R insula 38 4124 —23 .23 3,170 3.75
13 3520 —1 14 3.89
Parietal Lobes
R Superior parietal lobule 7 34 —44 63 .38 8,859 4.01
L Postcentral gyrus 2 —45 —24 39 12 203 435
Occipital Lobes
L Lingual gyrus 18 —7 —86 —16 37 366 4.18
Subcortical Regions
R Amygdala 17 —6 —9 21 2,682 4.68
L Amygdala —17 -3 -9 .28 731 4.52
L Caudate body —10412 14 1,829 3.81
R Caudate body 10115 13 528 3.70
Pulvinar thalamus 0-305 .27 3,901 4.19
L Hypothalamus —4-6-9 14 610 3.99
R Pulvinar thalamus 17 =248 .10 284 4.25

Note: A voxel-wise t test on the full block contrast of watch-negative versus watch-neutral films was used to generate these results. Talairach coordinates,
% signal change, and t-statistic are reported for the voxel within each cluster with the maximum BOLD response. Statistical thresholding was based on the
following parameters: voxel threshold t-value = 3.572, p < .0025, cluster volume threshold = 203 mm? (5 voxels X 3.438 mm?3), and joint-probability cluster

threshold p < .001.

BA, Brodmann area; BOLD, blood oxygenation level-dependent; DLPFC, dorsolateral prefrontal cortex; L, left; PFC, prefrontal cortex; R, right.

BOLD signal revealed an ER X time interaction in bilateral
amygdala [left, F(2,15) = 4.31, p = .054, m* = .21; right, F(2,15) =
4.74, p < .05, = .23] and insula (left, F(2,15) = 5.03, p < .05,
M = .24; right, F(2,15) = 4.04, p = .06, n°> = .20). Follow-up
t tests showed that reappraisal compared with suppression
resulted in reduction at the late period in amygdala (left: = 2.72,
p<.05,m% = 32 right: 1 = 2.82, p < .05, n* = .33) and insula
(left: £ = 2.04, p = .059, m* = .21; right: t = 2.27, p < .05, 1> =
.24). These results show that reappraisal was more effective than
suppression in down-regulation of BOLD responses in emotion-
related limbic regions.

In the three reappraisal- and two suppression-related activa-
tion clusters displayed in Figures 5 and 7, respectively, a 2 (ER:
reappraisal, suppression) X 2 (time: early, late) repeated-mea-
sures ANOVA of BOLD signal resulted in a significant interaction
of ER X time in left IFG Brodmann area (BA) 46, F(2,15) = 8.38,
p>.05, 7%= 34; mPFC BA 10, F(2,15) = 7.89, p> .05, 1> = .33;
right IFG BA 46, F(2,15) = 5.38, p > .05, m* = .25; and right IFG
BA 45, F(2,15) = 13.31, p > .005, 1* = .45 but only a trend
toward significance in left OFC BA 11, F(2,15) = 3.69, p = .07,
n? = .19.

Direct reappraisal versus suppression contrasts during the
early, middle, and late film components produced neural activity

very similar to the results reported above. Reappraisal generated
significant responses only during the early period in PFC regions
(medial, dorsomedial, left inferior frontal gyrus), insula, superior
and middle temporal lobes, and cuneus. Suppression produced
significant responses only during the late period in PFC regions
(ventromedial, ventrolateral, dorsolateral, rostral and dorsal
ACQO), left fusiform gyrus, inferior parietal lobule, middle and
superior occipital gyrus, and thalamus (Table 3). There were no
differential BOLD responses during the middle period. These
direct contrasts reaffirmed the pattern of results described above,
namely, differentially greater PFC BOLD responses for reap-
praisal during the early period only and for suppression during
the late period only.

Discussion

The goal of this study was to test a process model of emotion
regulation that predicted differential effects of two distinct regu-
lation strategies— cognitive reappraisal (an antecedent-focused
strategy) and emotion-expression suppression (a response-fo-
cused strategy). These two ER strategies were evaluated in the
context of 15 sec films that elicited negative emotion experience,
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Table 2. Reappraise Versus Watch-Negative and Suppress versus Watch-Negative Film BOLD Response for Early (0-4.5s), Middle (4.5-10.5s), and Late
(10.5-15s) Components

Brain Regions BA Xyz % Signal Change Vol (mm?3) t-Value

Reappraise > Watch-Negative

Early

Frontal Lobes
Medial PFC 10 —-116718 .30 163 3.20
R Inferior frontal gyrus/DLPFC 10,46 48 421 .18 163 3.28
L Inferior frontal gyrus 46 —=51412 15 163 4.65
L Middle frontal gyrus 6 —37741 .09 244 3.47
L Lateral orbitofrontal cortex 11 —2842 -6 14 163 3.68
L Lateral orbitofrontal cortex 1 —3845-10 .30 203 4.08
L Ventrolateral PFC 47 —3538 —6 12 163 3.42

Temporal Lobes
L Anterior superior temporal gyrus 38 —3811-33 11 528 4.26
L Anterior superior temporal gyrus 38 —587 —6 .14 447 3.39
L Anterior superior temporal gyrus 38 —5221-19 16 325 3.67
L Inferior temporal gyrus 21 —62 -3 —16 14 284 7.24
L Posterior middle temporal gyrus 22 —58 =345 14 894 3.29
L Posterior middle temporal gyrus 21 —58 =37 -2 .16 244 3.42
L Inferior temporal gyrus 21 —451 —-30 13 203 453
L Posterior middle temporal gyrus 39 —30 —6222 .06 203 3.39
L Posterior superior temporal gyrus 39 —41 —54 22 11 163 3.54

Parietal Lobes
L Angular gyrus 39 —48 —68 36 15 894 3.78

Occipital Lobes
R Lingual gyrus 19 7 —65—4 14 325 5.52

Middle and Late None

Watch-Negative > Reappraise None

Suppress > Watch-Negative

Early and Middle None

Late

Frontal Lobes
Dorsomedial PFC 8,6 01854 12 203 4.46
R Dorsolateral PFC 9 391132 14 406 5.12
R Dorsolateral PFC 46 48 21 22 .16 244 4.86
R Dorsolateral PFC 46 503815 21 1,463 5.25
R Inferior frontal gyrus 45 532011 .16 163 4.85
R Ventrolateral PFC 10 3048 —2 .22 203 4.41
L Ventrolateral PFC 10 —34561 24 447 4.05
L Ventrolateral PFC 10,46 —45455 17 366 419
L Anterior insula 13 —34187 .10 284 453

Temporal Lobes
R Posterior middle temporal gyrus 39,19 52 —6515 17 528 4.70
R Posterior middle temporal gyrus 21 62 —545 21 731 4.97
R Posterior inferior temporal gyrus 37,19 52 —721 18 244 4.04
L Posterior middle temporal gyrus 37,19 —58 —688 21 203 5.71
L Fuisform gyrus 37 —45 —58 —15 .19 163 4.66

Parietal Lobes
L Inferior parietal lobule 39 —38 —65 39 .10 163 4.7

Occipital Lobes
L Lateral precuneus 19 —31—-7842 .16 244 4.28
R Superior occipital gyrus/angular gyrus 39,19 35-7229 12 203 5.20

Watch-Negative > Suppress

Early and Middle None

Late

Occipital Lobes
Medial cuneus 19 —3-9224 .29 1,463 4.56
Lingual gyrus 18 —1-74-2 27 2,845 4.94
Lingual gyrus 18 —7 —82 -2 .20 244 461

Note: These results are derived from separate voxel-wise t tests for the early, middle, and late components of each block for the contrasts of reappraise
versus watch-negative and suppress versus watch-negative. Talairach coordinates, % signal change, and t-statistic are reported for the voxel within each
cluster with the maximum BOLD response. Statistical thresholding was based on the following parameters: voxel threshold t-value = 3.248, p < .005, cluster
volume threshold = 163 mm? (4 voxels X 3.438 mm?), and joint-probability cluster threshold p < .005.

BA, Brodmann area; BOLD, blood oxygenation level-dependent; DL, dorsolateral; L, left; PFC, prefrontal cortex; R, right.
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Figure 5. fMRI BOLD signal time series in percent signal change relative to
the watch-neutral condition for reappraisal, suppression, and watch-nega-
tive conditions in medial prefrontal cortex BA 10 (—11 67 18), left inferior
prefrontal cortex BA 46 (—51 41 2), and left lateral orbitofrontal cortex BA 11
(—38 45 —10). BA, Brodmann area; BOLD, blood oxygenation level-depen-
dent; fMRI, functional magnetic resonance imaging.

disgust facial behavior, and emotion-related neural responses in
dorsal amygdala and anterior insular cortex.

Reappraisal

The implementation of cognitive reappraisal reduced nega-
tive emotion experience in accordance with previous studies of
cognitive reappraisal of negative emotion (7). Consistent with
these findings, reappraisal increased activity in cognitive control
PFC regions and decreased amygdala and insula responses that
were functionally identified during the watch-negative condition.
These findings align well with results of prior studies that
reported cognitive reappraisal down-regulated amygdala and
insula responses to negative emotional stimuli (13-16). In our
study, reappraisal also enhanced signal in medial, dorsolateral,
and ventrolateral PFC regions, regions previously identified in
cognitive regulation of negative emotion (14,15,17,18).

In prior studies, these PFC regions have been implicated in
cognitive control, strategy selection, implementation, and moni-
toring (20,22) and appear to function in conjunction with left
ventrolateral PFC, superior temporal, and posterior parietal lobe
regions involved in linguistic processing (44). The coordination
of this distributed cortical network and its associated cognitive
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Figure 7. fMRI BOLD signal time series in percent signal change relative to
the watch-neutral condition for reappraisal, suppression, and watch-nega-
tive conditions in right inferior prefrontal cortex BA 46 (50 42 3) and right
inferior prefrontal cortex BA 45 (52 20 11). BA, Brodmann area; BOLD,
blood oxygenation level-dependent; fMRI, functional magnetic reso-
nance imaging.

functions appears to modulate neural processing of emotional
intensity and salience in limbic brain regions.

The current study advances our understanding of the interac-
tion of regulatory PFC regions and regulated limbic areas by
showing that early (0—4.5 sec) PFC responses, specifically in the
medial and left ventrolateral PFC, are associated with subsequent
late (10.5-15 sec) reduction in amygdala and insula activity.
These findings suggest that initial implementation of reappraisal
strategies may influence neural, experiential, and behavioral
indices of emotion over time. The demonstration of reappraisal-
related PFC influence on subsequent measures of emotion
highlights the importance of incorporating dynamic temporal
features of neural signal, emotion experience, and behavior as
components of models of emotion reactivity and regulation. The
effectiveness and timing of PFC modulation of limbic-mediated
emotional reactivity may have important health consequences,
including the ability to regulate neuroendocrine stress hormones
through cognitive reappraisal (8,19).

Suppression

Suppression of emotion-expressive behavior involved voli-
tional control of facial motor muscles in the presence of emo-
tionally evocative film clips. Suppression reduced negative emo-
tion experience and behavior but sustained elevated responses
in amygdala and insula. A pattern of reduced emotion facial
behavior with elevated physiological activation during suppres-
sion has been noted in previous studies (12). For example,
previous studies examining the acute effects of volitional inhibi-
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Table 3. Reappraise Versus Suppress BOLD Response for Early (0-4.5 sec), Middle (4.5-10.5 sec), and Late (10.5-15 sec) Components

Brain Regions BA Xyz % Signal Change Vol (mm?3) t-Value
Reappraise > Suppress
Early
Frontal Lobes
L Medial PFC 10 —147215 24 203 3.60
Dorsomedial PFC 9 —75943 .28 203 3.60
L Inferior frontal gyrus 45 —48258 1 203 3.38
L Insula 13 —38—-1719 .10 203 3.99
Temporal Lobes
L Anterior superior temporal gyrus 38 —3828 —23 .31 1,178 4.21
L Posterior superior temporal gyrus 22 —55—418 .09 406 341
L Middle temporal gyrus 20 —41 -6 —19 .09 244 4.60
L Anterior middle temporal gyrus 21 —557 —-30 13 163 3.74
R Anterior superior temporal gyrus 38 3818 —19 13 163 3.49
Occipital Lobes
Cuneus Posterior cingulate 18,23,29 3-7215 .30 26,495 4.12
L Cuneus 18 —17 —958 13 447 4.00
R Cuneus 19 17 =99 15 .19 284 4.04
Middle and Late None
Suppress > Reappraise
Early and Middle None
Late
Frontal Lobes
Dorsal anterior cingulate 24 0—-1043 18 1,422 4.06
Dorsal anterior cingulate 24 0039 .19 813 4.35
Dorsal anterior cingulate 32 01443 .16 244 4.88
Rostral anterior cingulate 32 —3451 23 203 4.86
R Inferior frontal gyrus 46 483115 14 528 4.04
R Inferior frontal gyrus 9,44 481122 13 203 4.31
Ventromedial PFC 10 —759 -9 24 244 4.02
L Ventrolateral PFC 10 —34498 13 244 4.79
R Dorsolateral PFC 46 452122 15 244 5.55
R Ventrolateral PFC 44 52712 12 203 4.05
Temporal Lobes
L Fusiform gyrus 37 —45 —58 —12 26 284 435
Parietal Lobes
L Inferior parietal lobule 40 —62 —24 26 14 203 4.16
Occipital Lobes
R Middle occipital gyrus 19,37 45 —721 23 894 438
L Superior occipital gyrus 19 —38 —7932 .16 203 4.52
Subcortical
Thalamus 0-201 14 203 4.66

Note: Voxel-wise t tests for the early, middle, and late components of each block for the contrast of reappraise versus suppress provided these results.
Talairach coordinates, % signal change, and t-statistic are reported for the voxel within each cluster with the maximum BOLD response. Statistical thresholding
was based on the following parameters: voxel threshold t-value = 3.248, p < .005, cluster volume threshold = 163 mm? (4 voxels X 3.438 mm?), and

joint-probability cluster threshold p <.005.

BA, Brodmann area; BOLD, blood oxygenation level-dependent; L, left; PFC, prefrontal cortex; R, right.

tion of expressive behavior have reported suppression of emo-
tional facial expressions along with increased sympathetic acti-
vation of the cardiovascular system while watching emotionally
evocative films (45) and reacting to acoustic startle (46). This
suggests that successful expressive suppression may be achieved
in emotionally challenging situations but at a cost, namely,
sustained activation that may be physiologically taxing and lead
to disturbances in psychological and physical functioning
(7,8,47). The unexpected decrease in negative emotion may be
due to the redirection of attention to control of facial behavior
and away from the emotional experience of the negative films.

Suppression produced significant responses only at the late
(10.5-15 sec) period in an extensive network of brain regions
implicated in cognitive control (PFC), visual-sensory multimodal
association (posterior occipito-temporal lobes), and visual-spa-
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tial (precuneus and occipital areas) processing. In particular,
suppression produced significant responses in areas of right
ventrolateral PFC previously related to inhibitory motor control
(24-31). The enhanced PFC inhibitory control signal only at the
late component may reflect increasing efforts to sustain inhibi-
tion of disgust facial expression and/or efforts to exert more
cognitive control to counter neural input from amygdala and
insula conveying ongoing emotional salience of the negative
films.

Reappraisal Versus Suppression

The direct contrast of reappraisal versus suppression demon-
strated greater reduction of negative emotion experience for
reappraisal and of disgust facial behavior for suppression in
concordance with results from previous studies (5,7). In the
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neural domain, specifically in the late period of the negative
films, reappraisal reduced while suppression enhanced or main-
tained elevated signal in bilateral dorsal amygdala and anterior
insula. While reappraisal has been shown to reduce both behav-
ioral and neural indices of emotional reactivity (22), there are no
functional neuroimaging studies of control of disgust facial
behavior.

The divergent effects of reappraisal and suppression on
limbic response converge with previous findings of differential
effects on autonomic physiological responses, specifically, in-
creased cardiovascular activation during suppression, and re-
duced or unchanged sympathetic physiological responses during
reappraisal (7). These results demonstrate that reappraisal and
suppression produce differential effects on emotion experience
and behavior and opposite effects on neural response in two
important components of the limbic emotion processing system.

Reappraisal and suppression produced both common and
unique areas of BOLD response in PFC regulatory areas. Brain
regions common to both ER strategies included medial and
bilateral dorsolateral PFC and lateral OFC areas previously
implicated in cognitive control of negative emotion (14,15,17,18),
suggesting that there might be some shared cognitive processes.
While reappraisal was primarily associated with left PFC re-
sponses, suppression was associated with a more bilateral pat-
tern of PFC responses. Extensive neuroanatomical connections
between medial and lateral PFC and limbic regions, including
amygdala and insula, have been identified (48,49). In particular,
lesion studies have found that the medial PFC plays an essential
role in inhibitory control of amygdala output (50). However, it is
likely that the specific function of the medial PFC during emotion
regulation will strongly depend on the neural context (i.e., the
profile of neural activity in co-active connected areas) (51).

An important implication of these results is that ER strategies
require time for their impact on brain behavioral-experiential
indices of emotion to emerge. In this study, early BOLD response
in medial and left ventrolateral PFC during cognitive reappraisal
was associated with later reduction of left amygdala and insula
responses and subsequent reduction in negative emotion expe-
rience ratings. This finding supports the process model of ER, in
that the effects of reappraisal and suppression have varying
temporal trajectories that impact that strategy’s effect on emotion
experience, behavior, and neural systems.

Implications for Psychopathology and Treatment

There is increasing recognition that most psychiatric condi-
tions involve emotion dysregulation and that clinical interven-
tions benefit when they are informed by empirical understanding
of emotion processes (10). More recent formulations of cogni-
tive-behavioral interventions have explicitly incorporated mod-
ules that address emotion reactivity, affect tolerance, and skills
training in emotion regulation (52). Despite empirical evidence
of the emotional consequences of cognitive reappraisal and
suppression, far less is understood about the brain-behavioral
mechanisms underlying psychopathology and modulated by
clinical interventions.

The current study elucidates the differential impact of two
distinct emotion regulation strategies on brain-behavioral pro-
cesses. While hyperreactivity of limbic systems that detect and
experience emotion has been reliably observed in many psychi-
atric conditions (e.g., anxiety disorders), our findings are a first
step in characterizing the temporal features of bottom-up (emo-
tional reactivity) and top-down (regulatory) brain-behavioral
mechanisms that are common targets of pharmacological, psy-
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chotherapeutic, and direct brain stimulation interventions. Spe-
cifically, it may be informative to characterize brain-behavior
relationships during emotion reactivity and regulation (i.e., reap-
praisal and inhibitory cognitive control functioning) in clients
with histories of mood and anxiety disorders. This may enhance
our ability to match clients to specific treatment modalities that
more directly address their emotion dysregulation profile and to
determine empirically how much and for how long different
interventions modulate brain-behavioral systems.

Limitations

To maximize disgust reactivity, the study sample included
only women and thus the results cannot be generalized to male
participants. Additionally, we used disgust-eliciting films to ex-
amine the temporal dynamics of ER, and it is not known whether
results will generalize to the regulation of other types of emo-
tional states or stimuli. Although we observed significant differ-
ences in facial expression behavior between conditions, the head
coil structure and bite-bar (as well as the knowledge that
responses were being videotaped) may have dampened facial
emotion-expressive behaviors during MR scanning. Unfortu-
nately, emotion experience ratings were collected during func-
tional magnetic resonance imaging (fMRD only after each 15 sec
film clip. Continuous measurement of emotion experience, ex-
pressive behavior, and autonomic responding may help to fully
understand emotion reactivity and regulation. Finally, our rela-
tively small sample size precluded the examination of individual
differences. One important direction for future research clearly is
to consider the role of personality and psychopathology in
emotional reactivity and emotion regulation.
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