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Abstract

Several studies have investigated the neural basis of effortful emotion regulation (ER) but
the neural basis of automatic ER has been less comprehensively explored. The present
study investigated the neural basis of automatic ER supported by ‘implementation inten-
tions’. 40 healthy participants underwent fMRI while viewing emotion-eliciting images and
used either a previously-taught effortful ER strategy, in the form of a goal intention (e.g., try
to take a detached perspective), or a more automatic ER strategy, in the form of an imple-
mentation intention (e.g., “If | see something disgusting, then | will think these are just pixels
on the screen!”), to regulate their emotional response. Whereas goal intention ER strategies
were associated with activation of brain areas previously reported to be involved in effortful
ER (including dorsolateral prefrontal cortex), ER strategies based on an implementation in-
tention strategy were associated with activation of right inferior frontal gyrus and ventro-pari-
etal cortex, which may reflect the attentional control processes automatically captured by
the cue for action contained within the implementation intention. Goal intentions were also
associated with less effective modulation of left amygdala, supporting the increased efficacy
of ER under implementation intention instructions, which showed coupling of orbitofrontal
cortex and amygdala. The findings support previous behavioural studies in suggesting that
forming an implementation intention enables people to enact goal-directed responses with
less effort and more efficiency.
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Introduction

Emotion regulation (ER) refers to the processes involved in the initiation, maintenance, and
modification of the occurrence, intensity, and duration of feeling states [1-3]. ER is, for exam-
ple, the process by which people overcome feelings of disgust in order to change a baby’s
nappy, or overcome sadness to successfully deliver a eulogy. Regulating emotions in this delib-
erative, effortful manner can be effective in modulating emotional responses, but the effect of
regulation on emotional outcomes is relatively modest [4] and may be associated with cognitive
costs [5-6] and physiological resource depletion [7]. Thus, merely deciding to regulate emo-
tions (i.e., forming a ‘goal intention’) is not necessarily sufficient to ensure effective and sus-
tainable regulation [8].

One way to increase the likelihood that ER goals influence emotional outcomes is to form
an implementation intention [9-10]. An implementation intention is an ‘if-then’ plan that
links a specified cue (e.g., “If I see blood. . .”) with a specific goal-directed response (e.g.,
“...then I will look at the situation as if I was a doctor!”). Forming an implementation inten-
tion is effective because if-then plans (i) increase the accessibility of the cue specified in the if-
part of the plan [11-14] and (ii) forge a strong link between the mental representation of the
specified opportunity and the intended response [13-14]. Consequently, there is evidence that
merely encountering the cue triggers the intended response in an immediate and efficient man-
ner [13-15] without the need for conscious deliberation in situ. In short, an implementation in-
tention recruits automatic processes in the service of a controlled strategy—a process known as
'strategic automaticity’ [16].

Schweiger Gallo and colleagues [17] (Study 1), showed that ER instructions in the form of
an implementation intention (e.g., “If I see blood, then I will remain calm and relaxed!”) were
more effective at modulating emotional outcomes than were ER instructions framed as a goal
intention (“e.g., “I will not get disgusted!”). An EEG study [17] (Study 3) showed that the im-
plementation intention influenced emotional responses early in the perceptual process
(~100ms), which is consistent with the idea that implementation intentions reflect a relatively
automatic process drawing on associations between a specified cue (e.g., “If I see blood. . .”)
and a specific goal-directed response. There have now been approximately 30 studies investi-
gating the effects of forming implementation intentions on emotional outcomes. A recent
meta-analysis [8] indicated that forming implementation intentions is effective at modifying
emotional outcomes, with a large effect relative to no-regulation instructions (d, = 0.91) and a
medium-sized effect relative to goal intention instructions (d, = 0.53).

Despite evidence of the impact of forming implementation intentions on emotional out-
comes, no studies to date have used fMRI to investigate the neural underpinnings of ER by im-
plementation intentions. Understanding the neural basis of ER by implementation intentions
is important both to understand the similarities and differences between ER by implementation
intentions versus goal intentions, and to clarify whether if-then plans engender strategic au-
tomatization of ER. Previous research has reported that effortful ER strategies are associated
with activation in prefrontal and temporal areas related to cognitive control including the dor-
solateral prefrontal cortex (DLPFC), pre-supplementary motor area (pSMA), dorsal anterior
cingulate cortex (ACC) and lateral temporal cortex [18-22]. Such effortful strategies decrease
activity in subcortical limbic areas such as the amygdala (for meta-analyses, see [22-23]).
Based on evidence that implementation intentions endow ER with features of automaticity
(i.e., immediacy, efficiency, and redundancy of conscious intent; see [10] for a review), and the-
oretical proposals that automatic regulation of emotion might be supported by medial frontal
areas such as orbitofrontal cortex (OFC) [24-26], ER by implementation intentions should
show a different pattern of prefrontal recruitment. In particular, increased modulation of the
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amygdala and limbic system by ventromedial prefrontal cortex regions (such as the medial
orbitofrontal cortex [mOFC]) should be observed.

The mOFC is well-suited to playing a role in automatic emotion regulation via implementa-
tion intentions, being a heteromodal association area that unites information from the sensory
modalities, interoceptive information from the body, and representations of prior experiences
[27] [28]. It is involved in associative processes such as classical conditioning and reversal
learning [29], and processing contextually-relevant information [30]. The mOFC is also part of
the brain’s “association system” [31-32] that is thought to use representations of prior experi-
ences to make meaning of current sensations from the body and world [28] [33]. As such, it
may contribute to the automatic regulation of emotion by helping a person to interpret visual
sensations (an image) in light of learned associations (e.g., when I see the picture on screen, I
will not react!), thereby reducing the intensity of emotional responding.

In the only previous study investigating the neural basis of implementation intentions using
fMRI (but not involving emotion regulation), Gilbert and colleagues [34] compared prospec-
tive memory instructions that cued the intended response (e.g., “IF the same letter is on both
sides, THEN I will press the middle button!”) with self-initiated instructions (goal intentions)
that did not link the cue with a particular response (e.g., “IF the same letter is on both sides,
THEN I can score 5 points!”). Although both sets of instructions were expressed in a contin-
gent ‘if-then’ structure, Gilbert and colleagues proposed that only the cued instructions forged
a direct link between the specified cue and the intended response in the manner associated
with implementation intentions. As hypothesised by Gilbert and colleagues, performance on
the prospective memory task was better under cued than under self-initiated instructions. Fur-
thermore, performance under cued instructions was associated with increased activation with-
in areas of the rostral prefrontal cortex including mPFC (BA10). Performance under self-
initiated instructions, by comparison, was associated with greater activation of lateral BA10.
Given that previous studies have associated medial BA 10 with environmentally-driven behav-
iour, and lateral BA 10 with tasks requiring attention to be diverted toward self-generated in-
formation [35-39] Gilbert and colleagues’ findings support the differing demands of cued
performance versus self-initiated performance. Moreover, they suggest that the neural basis of
ER under implementation intention versus goal intention may be distinct from one another.

The Present Research

We used fMRI to investigate the neural basis of ER under implementation intentions versus
goal intention instructions. Participants regulated their emotional responses to a series of dis-
gust- or sadness-eliciting images. Prior to the fMRI scan, one-half of the participants were
given a goal intention strategy to use, while the other half were given an ER strategy based on
implementation intentions. We hypothesized that ER under implementation intentions would
be more effective than under goal intentions as indexed by self reported affect. Neurally, we hy-
pothesized that ER under goal intention instructions would recruit areas of the lateral prefron-
tal cortex, particularly DLPFC. In contrast, we hypothesized that ER under implementation
intentions instructions would show a different pattern of prefrontal recruitment, relying more
on medial frontal areas such as orbitofrontal cortex (OFC). We also hypothesized that the
amygdala would show differential activation according to task instructions, given its role in the
representation of emotional experiences and perceptions in general (for meta-analyses see [28]
[40], but especially its decreased activity during successful emotion regulation (for meta-
analyses see; [22-23]). Specifically we hypothesized that ER under implementation intentions
would be associated with lower activity within the amygdala than ER under goal intentions. Fi-
nally, we hypothesized that connectivity between the amygdala and prefrontal cortex would
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vary as a function of implementation intentions versus goal intention instructions. Specifically,
we hypothesized that the amygdala would show enhanced connectivity with regions such as
DLPFC during ER under goal intentions, whereas ER supported by implementation intentions
would show enhanced connectivity of the amygdala with more medial prefrontal regions, such
as the OFC.

Given that emotionally laden images have previously been demonstrated to also impact pe-
ripheral physiological responses [41-42] and that voluntary ER to such stimuli has been shown
to affect peripheral physiological responses such as the skin conductance response [43], we also
collected skin conductance responses in order to investigate whether the nature of the instruc-
tion influenced autonomic responses. It was hypothesized that if ER under implementation in-
tentions was associated with lower affect ratings, that this would also be reflected in concurrent
reduced skin conductance responses.

Methods
Participants

Forty right-handed healthy participants (20 males; mean age = 20; range 18-23 yrs) were re-
cruited from the local student population. Exclusion criteria were any current psychiatric or

neurological disorder or contraindication to MR imaging. All participants spoke English as a
first language and had normal or corrected-to-normal vision.

Ethics Statement

Written informed consent was obtained from all participants and the study was approved by
the University of Sheffield Research Ethics Committee.

Pre-scan training

In the 48-hours prior to the scan, participants completed the Edinburgh Handedness Inventory
[44] the Emotion Regulation Questionnaire (ERQ) [45] and the revised version of the Disgust
Sensitivity questionnaire [46] (Table 1). These measures were included in order to ensure that
participants in the goal intention and implementation intention groups were matched for
handedness, trait emotional sensitivity and habitual emotion regulation style. Participants were
randomised to either the goal intention or implementation intention group. A practice phase
involved viewing three example stimuli to confirm that they understood the task.

Table 1. Baseline characteristics of participants (mean * SD).

Mean (S.D) Goal Intentions (N = 20) Implementation Intentions (N = 20)

Age in years 20 +1 20 1 t=-28,p=.95
Handedness 71 12 71 £13 t=.19,p=.85
Disgust sensitivity’ 36 +16 36 +15 t=.01,p=.99
ERQ reappraisal® 30 6 29 7 t=.41,p=.69
ERQ suppression? 19 45 20+3 t=.78,p=.45

Participants in the goal intention and implementation intention groups were matched for age, handedness, baseline emotional sensitivity and habitual

ER use
Disgust Sensitivity questionnaire [46].
2Emotion Regulation questionnaire [45].

doi:10.1371/journal.pone.0119500.t001
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Goal intention and implementation intention instructions

Both goal intention and implementation intention groups received two sets of instructions;
each to be used in one functional run of the experiment. The first set of instructions told partic-
ipants in the goal intention group that “When viewing pictures preceded by REAPPRAISE you
should adopt a detached and unemotional attitude”. These instructions were based on reap-
praisal or distancing strategies widely used in previous studies of effortful ER [47-49]. Partici-
pants in the implementation intentions group received the further instruction: "If I see
REAPPRALISE, then I will tell myself that ‘these are just pixels on a screen and the picture can't
get to me!”. The second instruction told participants in the goal intention group that “Some
pictures will be preceded by the word SUPPRESS. When viewing these pictures you should try
to stop yourself from getting emotional. In other words, try to suppress any feelings you have
when looking at the picture” (similar to the strategy used in [50]). Participants in the imple-
mentation intentions group received the further instruction: “If I see SUPPRESS, then ‘T will
block out all bad feelings and just stay cool!". Although the two sets of instructions for each
condition were labelled as ‘reappraise’ or ‘suppress’, it should be noted that both might be in-
terpreted as strategies traditionally defined as ‘distancing’ oneself from the stimulus in order to
achieve emotional control. In this respect the ‘suppress’ instruction does not strictly corre-
spond with the strategy of expressive suppression which involves avoiding any behavioural dis-
play of emotion [47]; suppression here is rather a form of cognitive suppression and relates to
the experience rather than the expression of emotion [50]. Hence, the key difference between
the ER instructions received by the two groups was that the implementation intentions instruc-
tion specified a cue (which could be quickly and accurately identified), the intended response
(hence reducing the need for deliberation about how to respond) and tied the cue and response
together in an ‘if-then’ format (thus promoting automatic response initiation).

Stimuli

Images were chosen from the International Affective Picture System (IAPS) [51] on the basis
of the normative arousal and valence ratings provided by [51], with the specificity of disgust or
sadness selected on the basis of category-specific ratings from [52]. Disgust and sadness-
eliciting images were included in order to not limit the instructions to a single emotion type.
Nine neutral stimuli were also selected. Neutral stimuli were included primarily as a means of
providing a buffer against the compound effects of repeated presentations of emotional stimuli.
Details of the specific stimuli used are in S1 Dataset. The experiment was programmed in Pre-
sentation v14.4 (Neurobehavioural Systems, Inc) and stimuli were projected onto a screen that
was viewable through a forward-mounted mirror above the MR scanner head coil.

Paradigm details

Each 19.5 second trial began with the presentation of the instruction to ‘attend, ‘reappraise’ or
‘suppress’ onscreen for 3 seconds. Participants were told that images preceded by the word ‘at-
tend’ should be viewed naturally, allowing any feelings elicited by the image to occur (based on
instructions used by [47-48]). For images preceded by the word ‘reappraise’ or ‘suppress’, par-
ticipants were instructed to carry out the ER instructions that they had been taught. An image
was then presented for 10 seconds, during the first 6-seconds of which the image appeared to
advance towards the participant increasing from 80% of screen size to filling the screen. This
manipulation was designed to increase the impact of the image and therefore the regulatory re-
quirements [53]. Following each image, the question “How sad/disgusted did you feel while
looking at the image?” appeared on screen for 5 seconds. Participants used the first two fingers
of the right hand to press two buttons on a button box to move the cursor on the screen to the
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Reappraise

How sad did you feel?

B SR

Not at all

Os 3s

Fig 1. Events comprising each trial.

doi:10.1371/journal.pone.0119500.9001

9s 13s 18s 19.5s

desired location on a Likert scale anchored by ‘not at all’ and ‘very much’. Finally, a fixation
cross appeared for 1.5 seconds (Fig. 1).

Participants viewed a total of 45 stimuli in each run; 18 stimuli were designed to elicit dis-
gust (9 viewed under instructions to regulate and 9 to attend), 18 stimuli were designed to elicit
sadness (9 viewed under the instruction to regulate, and 9 to attend), and there were 9 neutral
stimuli (attend only). Within each run, ‘pseudo-blocks’ of regulation type were created where-
by participants followed the instruction to regulate or attend on between 2-4 successive trials,
in order to increase the ease of using each strategy (i.e., reduce the demands of task switching).
The order of stimuli was also pseudo-randomized such that no instruction type (reappraise,
suppress or attend) appeared more than four times in succession, and no stimulus category
(sad, disgust or neutral) appeared more than three times in succession.

Each image was only viewed once during each run. Different images were used for the two
runs, such that participants viewed 90 images in total over the two runs; images in the two runs
were matched for arousal and valence. The images used in each block, and whether an image
was viewed under the instruction to regulate or attend, were counterbalanced across partici-
pants. The order of runs (reappraise and suppress) was also counter balanced within both
groups (implementation intention and goal intention).

fMRI data acquisition

During each functional run (lasting 14 minutes and 39 seconds), 293 volumes were obtained at
3T (Achieva, Philips Medical Systems, Best, NL) comprising 32 x 4mm thick contiguous slices
(in-plane resolution 1.797x1.797mm) covering the entire cerebrum and cerebellum. A single-
shot, gradient-recalled echo planar imaging (EPI) sequence was used: TR = 3 seconds; TE = 35
msecs; FOV = 240mm; in-plane matrix = 128x128mm). A high resolution T1-weighted struc-
tural scan was also collected for spatial normalisation (3D gradient echo, MP-RAGE, TR =
10.5ms; TE = 4.8ms; spatial resolution = 0.8mm?>).

fMRI data preprocessing

fMRI data were analyzed in SPM 8 (www.filion.ac.uk/spm) implemented in MATLAB 7.1
(Mathworks Inc., Sherborn, MA). Images were motion-corrected, co-registered to each individu-
al’s high-resolution T1-weighted scan, spatially normalised to the Montreal Neurological Institute
(MNT) [54] single subject template using the unified segmentation approach [55], and smoothed
with a Gaussian kernel (full-width half-maximum of 8mm). Of the 80 runs collected (40 subjects
x 2 runs), 5 were excluded due to excessive head motion (>2mm). Blood-oxygen-level-dependant
(BOLD) response was modelled to an event-related wave-form, convolved with a canonical hae-
modynamic response function and its temporal derivative. Individuals’ movement parameters
were included as regressors in the contrast model to control for movement-related artefacts. Our
contrast of interest focused on the 13-second period from when participants were first given the
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instruction to ‘regulate’ or ‘attend’ up to when the image was removed (Fig. 1). This 13-second
window captured the entire regulation period, based on evidence that implementation intentions
have rapid effects following identification of the relevant cue [17] and that these effects may last
as long as the emotion-eliciting stimulus is present. At the level of the individual subject, epochs
of ‘regulate’ were contrasted with epochs of ‘attend’. These first-level, fixed effects analyses were
then taken forward to a second, group-level, flexible factorial design. Resulting contrasts from this
flexible factorial design were examined at a both more conservative (p<0.05, FWE corrected) and
more liberal (p<0.001 uncorrected) statistical thresholds. Finding objective and effective thresh-
olds for voxelwise statistics derived from neuroimaging data has been a long-standing and ongo-
ing issue of debate [56], though it has been suggested that optimal thresholds are lower than
corrected for multiple comparison thresholds [57]. Specifically, we sought to fully investigate the
accuracy of our a priori hypotheses while mitigating against over-reporting of Type 1 (false posi-
tive) results. While it has been reported [58] that brain-wide correction for multiple comparisons
is unduly conservative for novel complex cognitive and affective social neuroscience processes
such as were examined in the present study, we do not believe that use of such correction meth-
ods is an ‘all or nothing’ issue (i.e. that intermediate height and extent voxel-thresholds may be
valuable in exploratory data analyses and suggesting future hypotheses). Hence, we have reported
and interpreted activations at an uncorrected statistical threshold only if they were a priori
hypothesised. We have additionally reported contrast values for relevant contrasts and utilised
ROI analyses where appropriate. Co-ordinates for foci of activation were converted from MNI to
Talairach by using the ‘mni2tal’ function within MATLAB.

Region of interest analysis. To examine the relationship between the activity within the
amygdala and the efficacy of ER, a region of interest analysis was performed using the MarsBaR
toolbox within SPM [59]. A mask of the left amygdala was created using the WFU PickAtlas
toolbox [60], from which mean signal change during ER trials was extracted for each partici-
pant. This mean signal change was then correlated with participants’ self-reported reduction in
affect during ER trials.

Connectivity analyses. For connectivity analyses, the time course of activation of amygda-
la from each individual was extracted when viewing all emotional images, (disgust and sad elic-
iting, but not neutral) regardless of regulation instruction. The search was constrained by a
mask of the left amygdala (WFU Pickatlas toolbox within SPM8; [60]). The maximally activat-
ed voxel from this analysis was used as the centre of a 5mm radius sphere from which the first
eigenvariate was extracted.

A psychophysiological interaction (PPI) term was produced by multiplying these amygdala
time course vectors with the paradigm vector (regulate +1, attend-1, neutral 0). This PPI term
was then re-entered as a regressor at the first level for each individual as an effect of interest,
along with the time course and paradigm vectors as effects of no interest. This PPI term al-
lowed examination of how the amygdala connectivity varied as a result of the instruction to
regulate via goal intention or implementation intention strategies or attend. These first-level
images were taken forward to a second-level, flexible factorial model with factors of subject and
condition. From this second level contrast we investigated areas showing enhanced connectivi-
ty with the amygdala under the instruction of ‘regulation’ in comparison with ‘attend’. We also
examined connectivity differences between goal intention and implementation intention ER-
strategy processes. Results for the connectivity analyses are presented at p<.001 (uncorrected),
with an extent threshold of 5 voxels.

Skin Conductance Response (SCR)

MR-compatible SCR equipment was based on a battery-powered, electrically-isolated, same
electrode configuration implementation of a previously published method [61]. SCRs were
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sampled at 20 Hz from the medial phalange of the left index and middle fingers, using 8mm
diameter Ag / AgCl electrodes. SCR traces were analysed in Ledalab v.3.2.9 [62] using the
Continuous Decomposition Analysis method to distinguish the phasic (driver) information
from the underlying tonic sudomotor nerve activity. Raw SCR data were smoothed via convo-
lution with a Hann window to reduce error noise and fitted to a bi-exponential Bateman func-
tion. Data were optimised by a conjugated gradient descent algorithm to reduce the error
between them and the inbuilt SCR model. These processing steps allowed computation of a
stimulus-locked ‘integrated skin conductance response’ (ISCR), a time-integration of the con-
tinuous phasic activity for each stimulus. This ISCR therefore represents an unbiased and
time-sensitive measure of sympathetic activity in response to each stimulus [63]. For investi-
gating whether implementation intention and goal intention ER strategies may be associated
with different skin conductance response, ISCRs from participants in both groups were aver-
aged across epochs, within-subject, using SPSS v19 (IBM Corp, Armonk, NY). Technical
problems meant we were unable to obtain SCR recording from all participants; recording was
obtained from a total of 26 participants (13 in each group).

Results
Self-reported affect

A 2 x 2 repeated measures ANOVA (within-subject factor of regulation condition [regulate or
attend]; between-subject factor of instruction type [goal intention or implementation intention])
showed a main effect of regulation condition (‘regulate’ lower than ‘attend’; F(1,36) = 118.1,
p<.0001). Implementation intention instructions were associated with larger changes in affect
(attend-regulate) than goal intention instructions (mean change = 1.85 and 1.31 respectively; ¢
(34) = 1.85, p < .05; Fig. 2), indicating that implementation intentions were more effective in re-
ducing the intensity of emotional experience than were goal intentions. Both of the strategies
were associated with lower affect ratings for the regulate condition compared to the attend con-
dition (implementation intentions; #(19) = 7.28, p<.01; goal intentions; #(19) = 8.33, p<.01).

2.0 1

Mean change in 1.5 |
affect rating '

-

(attend - regulate)
1.0 |
0.5 ]
0 . .
Implementation Goal intention
intention

Fig 2. Mean change in affect ratings (and standard error) as a function of emotion regulation for the
two groups. A greater mean change in affect rating is indicative of more successful emotion regulation (i.e. a
larger reduction in affect ratings for the emotion regulation compared to not regulating emotion).

doi:10.1371/journal.pone.0119500.9002
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Table 2. Areas activated in the contrast implementation intention > attend.
Area Tal coordinates Voxels z value Peak-level p (uncorr)

X Y z

Rt. Middle frontal gyrus (BA10) 32 42 16 127 4.46 0.0001
Rt. Ventro-parietal cortex (BA39) 46 -57 30 327 4.40 0.0001
Rt. Ventro-parietal cortex 40 -48 21 4.37 0.0001
Rt. Ventro-parietal cortex 48 -53 21 4.00 0.0001
Lt. Pre-central gyrus (BA6) -51 -6 37 54 4.15 0.0001
Lt. Post-central gyrus (BA2) -36 -18 32 42 3.77 0.0001
Rt. Inferior parietal lobule (BA40) 53 -36 28 56 3.73 0.0001
Rt. Inferior frontal gyrus (BA47) 40 33 0 39 3.65 0.0001

Data presented at p<.001 (uncorrected) with an extent threshold of 20 voxels.

Co-ordinates are shown in standardized neuroanatomical space (Talairach and Tournoux, 1988 [64]). BA =
Brodmann’s area. Lt. = left. Rt. = right. Post. = posterior. Co-ordinates in italics without a corresponding
extent threshold refer to sub-clusters of the preceding activation

doi:10.1371/journal.pone.0119500.t002

There was no difference between the reappraise and suppress strategy in reducing self-re-
ported affect (#(37) = 1.36, p = .18). There was a significantly greater reduction in affect for the
disgust images compared to the sad images (#(37) = 5.12, p<.05).

Neuroimaging data

Conventional analyses. ER under implementation intention instructions (ERii > at-
tend). ER under implementation intention instructions contrasted with the attend condition
was associated with activations including right middle frontal gyrus (BA10; signal change = 0.43),
right inferior frontal gyrus (BA47; signal change = 0.19), right superior temporal gyrus/temporo-
parietal junction (BA39; signal change = 0.12), right inferior parietal lobule (BA40; signal change =
0.23), left precentral gyrus (BA6; signal change = 0.15) and left posterior cingulate gyrus (signal
change = 0.12)(Table 2 and Fig. 3; p<0.001 uncorrected; extent threshold = 20 voxels).

ER under goal intention instructions (ERgi > attend). ER under goal intention instruc-
tions compared with the attend condition was associated with activation of areas including bi-
lateral middle frontal gyrus (MFG; BA8/9; right MFG; signal change = 0.21, left MFG signal
change = 0.30) and left superior temporal gyrus/temporo-parietal junction (BA39; signal
change = 0.05) (Table 3, p<0.001 uncorrected; extent threshold = 20 voxels).

Direct comparison of ER under implementation intention with ER under goal inten-
tion. ER under implementation intention instructions (ERii > attend) compared with ER
under goal intention instructions (ERgi > attend) was associated with activations including left
precentral gyrus (BA6; signal change = 0.08), precuneus (signal change = 0.12), right superior
temporal gyrus (BA39/22; signal change = 0.02), and right inferior parietal lobule (BA40; signal
change = 0.13) (Table 4).

ER under goal intention instructions compared with ER under implementation intention
instructions was associated with greater activation of left sub-genual ACC (BA 25; signal
change = 0.09), left superior frontal gyrus (BAS; signal change = 0.11), and the left amygdala
(signal change = 0.11) (Fig. 4).

In order to further investigate the role of the left amygdala response we also conducted a re-
gion of interest analysis for the contrasts of attend > implementation intentions, and attend >
goal intentions. This analysis revealed a greater left amygdala response to attending to the
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Fig 3. Brain areas more involved in emotion regulation by implementation intentions in comparison to
attending to images. Data presented at p<.001 uncorrected, extent threshold 20 voxels.

doi:10.1371/journal.pone.0119500.9003

emotional images in comparison to emotion regulation for the implementation intentions
group (t = 2.82, p<.01 corrected) but not for the goal intentions group (t =-0.52, p>.05 cor-
rected), supporting the notion that ER by implementation intention was associated with greater
down-regulation of left amygdala in comparison to ER under goal intention.

Correlation with behavioural data. Lower self-reported affect during ER corresponded
with relatively reduced left amygdala activity (ER > attend) (R =. -344; p = 0.04; Fig. 5). That is,
more successful ER was associated with a greater reduction in left amygdala activity. When look-
ing the two groups (implementation intentions and goal intention) it was found that this correla-
tion was significant for the implementation intention group (R = -.512, p<.05) but not for the
goal intentions group (R =-.316, p =.19), although a Fisher’s Z-transformation showed that the
correlation coefficients for the two groups did not differ significantly (z = -0.56, two-tailed
p = 0.58). There was no significant correlation found with the right amygdala for both groups to-
gether, or the implementation intentions and goal intentions group individually.

Table 3. Areas activated in the contrast goal intention > attend.

Area Tal coordinates Voxels zvalue Peak-level p (uncorr)
X Y Y4

Rt. Middle frontal gyrus (BA8) 44 16 40 85 3.85 0.0001

Lt. Middle frontal gyrus (BA9) -44 15 34 22 3.57 0.0001

Lt. Temporo-parietal junction (BA39) -48 57 25 37 3.44 0.0001

Lt. Temporo-parietal junction (BA39)  -53  -51 23 3.35 0.0001

Data presented at p<.001 (uncorrected) with an extent threshold of 20 voxels.

Co-ordinates are shown in standardized neuroanatomical space (Talairach and Tournoux, 1988 [64]). BA =
Brodmann's area. Lt. = left. Rt. = right. post. = posterior. Co-ordinates in italics without a corresponding
extent threshold refer to sub-clusters of the preceding activation

doi:10.1371/journal.pone.0119500.t003
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Table 4. Direct comparison of implementation intentions and goal intentions.

Area Tal coordinates Voxels z value Peak-level p (uncorr)
X Y z
Implementation intention > goal intention
Lt. Precentral gyrus (BA6) -53 -8 35 105 3.66 0.0001
Lt. Precuneus (BA7) -10 -52 52 44 3.58 0.0001
Rt. Superior temporal gyrus (BA39/22) 38 -48 21 35 3.22 0.001
Lt. Precentral gyrus (BA3) -38 -20 34 41 3.09 0.001
Rt. Inferior parietal lobule (BA40) 56 -34 22 55 3.01 0.001
Rt. Inferior parietal lobule (BA40) 50 -35 29 2.97 0.001
Rt. Inferior parietal lobule (BA40) 48 -37 42 2.65 0.004
Goal intention > Implementation intention
Lt. sgACC (BA25) -10 19 -13 28 3.42 0.0001
Lt. Amygdala -8 -5 -15 56 3.20 0.001
Lt. Superior frontal gyrus (BA8) -10 30 48 34 3.01 0.001

Data presented at p<.001 (uncorrected) with an extent threshold of 20 voxels.
Co-ordinates are shown in standardized neuroanatomical space (Talairach and Tournoux, 1988 [64]). BA = Brodmann's area. Lt. = left. Rt. = right. sgACC.
= subgenual anterior cingulate cortex. Co-ordinates in italics without a corresponding extent threshold refer to sub-clusters of the preceding activation

doi:10.1371/journal.pone.0119500.t004

Functional connectivity analyses

During ER under implementation intention instructions (ERii > attend), the left amygdala
showed connectivity with right parahippocampal gyrus (BA38) and orbitofrontal cortex
(BA11) (Table 5). During ER under goal intention instructions (ERgi > attend), the bilateral
middle/superior frontal gyrus (BA8), right ACC (BA24), and left putamen showed functional
connectivity with the left amygdala (Table 6).

Skin conductance response

A 2 x 3 repeated measures ANOVA revealed a main effect of regulation (regulate, attend, or
neutral)(F(2,23) = 3.5, p<.05) but no interaction with instruction type (goal intention or im-
plementation intention) (F(2,23) = 1.51, p = .24). A paired samples t-test showed that ISCR
was significantly higher when attending to emotional images (mean ISCR = 1.318) compared
to when attending to neutral images (mean = 1.06; t(25) = 2.33, p<.05).

Discussion

We used fMRI to investigate the neural basis of two emotion regulation (ER) strategies that
varied in their inherent automaticity. One half of the participants were instructed to use a gen-
eral ‘goal intention’ strategy to regulate their emotions, while the other half of the participants
used a more specific ‘implementation intention’ strategy. Behavioural and fMRI activation re-
sults supported our overarching hypothesis that implementation intentions are an effective
means of achieving emotion regulation, which may in part be due to modulation of the amyg-
dala by a relatively automatic process mediated by the orbitofrontal cortex.

Lower self-report affect among participants who formed an implementation intention com-
pared to those who formed a goal intention supports previous studies suggesting that forming
an implementation intention is an effective way to regulate affect [8][17]. The increased effica-
cy of the implementation intention was also supported by the neuroimaging data, which
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Implementation intention > goal intention Goal intention > implementation intention

Fig 4. Brain areas showing greater activation under emotion regulation by goal intentions than implementation intentions (both strategies
compared with attending to images). Data presented at p<.001 uncorrected, extent threshold 20 voxels.

doi:10.1371/journal.pone.0119500.9004

showed that activity in the amygdala was higher during ER under goal intention instructions
than under implementation intention instructions (and that amygdala activity was higher in
the contrast attend > implementation intention, but not for attend > goal intention). The gen-
eral role of the amygdala in ER was further supported by a significant correlation between the
reduction in amygdala signal during emotion regulation and the reduction in affect for the im-
plementation intention group as well as the goal intention group [18] [65] [66] though we note
that this analysis reveals that some participants showed an increase in amygdala activation
whereas other participants showed a decrease. One possible explanation for this variability
could be the fact that previous studies have shown that the amygdala tends to show an increase
in response to the presentation of affective pictures [66-67] and that the signal may only begin
to reduce after a delayed period during which the image is not presented. The current study
maintained the image on screen throughout the entire regulation period, which may imply that
the reduction in amygdala signal was not as great as for when the image is removed from view.
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Fig 5. Correlation between the left amygdala signal during emotion regulation and the reduction in
self report affect rating as a result of emotion regulation. The greater the reduction in affect rating rating
is indicative of more successful emotion regulation (i.e. a larger reduction in affect ratings for the emotion
regulation compared to not regulating emotion).

doi:10.1371/journal.pone.0119500.9005

It is also interesting within this study that only the left amygdala showed the differential reduc-
tion in activation as a function of emotion regulation instruction. Some other studies [18] [68]
and one meta-analysis [23] have found similar modulation specifically within left amygdala
during regulation of negative material. It is possible that this laterality effect may relate to the
notion that the response of left amygdala to emotional stimuli is perhaps greater [69] or more
sustained than that of the right [70-71]. It is also possible that the left amygdala may be more
preferentially involved when the nature of the required processing for the emotional stimulus
is more linguistic in nature [72]. However given that many other studies of goal intentions ER,
including another recent meta-analysis [22], have also found an effect within the right as well
as left amygdala, it is difficult to precisely account for this laterality effect. Future studies inves-
tigating emotion regulation by implementation intentions may be able to more systematically
examine any role of the right amygdala by manipulating factors such as the length of presenta-
tion of the stimulus, or the linguistic complexity of the implementation intention instruction.

Table 5. Areas demonstrating enhanced connectivity with the left amygdala under the condition of emotion regulation by implementation

intention than under attend.

Area

Rt. Parahippocampal gyrus (BA36)

Rt. Orbitofrontal cortex (BA11)

Tal coordinates Voxels z value Peak-level p (uncorr)
X Y z
32 -26 -24 30 3.4 0.001
4 11 -21 9 3.12 0.001

Data presented at p<.001 (uncorrected) with an extent threshold of 5 voxels.
Co-ordinates are shown in standardized neuroanatomical space (Talairach and Tournoux, 1988 [64]). BA = Brodmann's area. Lt. = left. Rt. = right. post.

= posterior.

doi:10.1371/journal.pone.0119500.t005
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Table 6. Areas demonstrating enhanced connectivity with the left amygdala under the condition of
emotion regulation by goal intention than under attend.

Area Tal coordinates Voxels z value Peak-level p (uncorr)

X Y z

Lt. Medial frontal gyrus (BA8) -10 39 37 72 3.82 0.0001
Rt. Cingulate gyrus (BA32) 24 13 32 95 3.56 0.0001
Rt. Cingulate gyrus (BA32) 25 19 40 2.90 0.002
Lt. Anterior Cingulate (BA10) -8 45 3 45 3.42 0.0001
Lt. Middle frontal gyrus (BAB) -26 4 37 71 3.40 0.0001
Rt. Superior frontal gyrus (BA8) 17 32 50 9 3.04 0.001
Lt. Superior frontal gyrus (BA8) -24 22 50 21 2.99 0.001
Lt. Putamen -30 -15 10 25 2.94 0.002

Data presented at p<.001 (uncorrected) with an extent threshold of 5 voxels.

Co-ordinates are shown in standardized neuroanatomical space (Talairach and Tournoux, 1988 [64]). BA =
Brodmann's area. Lt. = left. Rt. = right. post. = posterior. Co-ordinates in italics without a corresponding
extent threshold refer to sub-clusters of the preceding activation

doi:10.1371/journal.pone.0119500.t006

In line with previous studies of more effortful ER (e.g. [19] [20] [65]; for a meta-analysis, see
[22]) we observed that goal intention instructions activated bilateral DLPFC and left temporo-
parietal junction (TPJ). These data are consistent with models of voluntary ER which suggest
that it involves ‘executive control’ systems related to effortful processes. Indeed, recent findings
support the idea that regions such as left DLPFC are involved in effortful executive processing
generally, rather than being specific to ER [73-74]. In contrast, ER under implementation in-
tention instructions showed a different pattern of prefrontal recruitment and was associated
with activation in a network of right lateralised fronto-parietal regions. ER guided by an imple-
mentation intention is therefore dissociable from ER guided by goal intention to the extent
that different neural systems are recruited.

Our hypothesis that amygdala-frontal connectivity would be evident during ER under goal
intention instructions was confirmed and is consistent with a number of previous investigations
of ER under goal intention instructions [18] [75]. Our data therefore provide further support
for a model in which the efficacy of voluntary ER is driven by top-down modulation of the
amygdala by frontal regions, particularly those involved in cognitive control. No such effect was
found for ER under implementation intention instructions. Instead, we found connectivity dur-
ing ER under implementation intention instructions between amygdala and perirhinal cortex/
parahippocampal gyrus, and the orbitofrontal cortex (OFC). Connectivity between the left
amygdala and the orbitofrontal cortex during ER under implementation intention instructions
is noteworthy given the orbitofrontal cortex’s suggested role in automatic ER [24-26] [76]. Our
data, therefore, suggest that some of the effects of ER supported by an implementation intention
may be achieved through down-regulation of amygdala activity by the OFC. Other research has
also suggested that connectivity between OFC and amygdala is associated with individual differ-
ences in ER [77] and that changes in this OFC-amygdala coupling may be a marker for risk of
psychiatric diseases such as bipolar disorder [78], anxiety and depression [79].

It is noteworthy that activation of sub-genual anterior cingulate (sgACC; BA25) was found
for the contrast of goal intention > implementation intention, given that this region has previ-
ously been associated with voluntary emotion regulation [18]. Activation in this region may
therefore reflect the increased cognitive effort required for regulation under a goal intention,
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given that the appropriate action is not pre-planned in the same way as regulation under an im-
plementation intention. This would support the proposed role of sgACC as a general mediator
of ER in the absence of specific instructions towards a particular strategy [80].

Activation of the rIFG during ER under implementation intentions could reflect the in-
volvement of the rIFG in the relevant inhibitory processes involved in emotion regulation such
as inhibition of motor [81] and prepotent responses [82], emotional distraction [83], and the
sustaining of attention [84]. However the concurrent increased activity within right ventro-
parietal cortex (rvPC) results in a network that is strikingly similar to that observed during par-
adigms investigating attentional control [85]. Hampshire and colleagues report that the rIFG
and right vPC are part of a network engaged by cues that trigger task-relevant behaviour. An
interpretation of this finding, consistent with Hampshire and colleagues’ data, might therefore
be that activation within such areas reflects a rapid orienting of attention that is captured by
the relevant cue word appearing onscreen. This pattern of rIFG and rvPC activation was not
seen during ER under a goal intention, supporting the idea that forming an implementation in-
tention may heighten the accessibility of the cue word [12-14].

Taken together, our findings suggest that the automatic nature of ER under implementation
intention instructions seems to be driven by the increased salience of the cue word (supported
by rIFG), which allows efficient retrieval of the goal-directed response (supported by rvPC)
that, in turn, facilitates more automatic regulation of the emotional response (in the amygdala)
by systems known to be involved in more automatic ER (e.g., the OFC).

Activation within the left precentral gyrus during ER under implementation intention instruc-
tions was not one of our specific hypotheses. However it is possible that this activation reflects
the involvement of the left precentral gyrus in the activation of verbal working memory [86-87].
Given that the right vPC (also activated during ER under implementation intention instructions)
has also been implicated in retrieving previously learnt information for use in working memory
[88], the neural substrates of ER under implementation intention instructions might therefore be
interpreted in these terms to the extent that participants learn a particular piece of information
(the if-then plan) which is then brought ‘online’ once the participant encounters the cue for ac-
tion. Previous behavioural work has attempted to distinguish implementation intention from
prospective memory instructions, and has suggested that implementation intention (but not pro-
spective memory) instructions lead to automatic response initiation [89-91].

Although skin conductance response was higher for the emotional stimuli than neutral sti-
muli, further supporting the self-report data that the emotional stimuli did indeed induce emo-
tional responses in participants, our data suggest that the nature of the ER strategy (goal- or
implementation intention) did not modulate the autonomic response. It is possible that the rel-
atively small difference in self-reported affect between the groups would not be reflected in sig-
nificant SCR differences. Indeed, while we have previously shown a significant difference in
ISCR between different categories of stimuli (threat vs. harm, [41]), we have not yet found dif-
ferences between ER strategies applied to the same category of stimuli. It is also possible that
the skin conductance response may have been influenced, particularly in the implementation
intention group, by the salient cue. Indeed, the neural data indicates that the cue for action pro-
moted attentional capture, which may also be reflected in the skin conductance response,
which is known to exhibit an ‘orienting response’ to salient stimuli [92-93].

Limitations

One limitation of the current study is that it used only young adult participants. Further studies
using older populations are warranted given increasing evidence that the mechanisms of emo-
tion regulation change in older populations [94] and that the nature of self-regulation more
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generally may be different in older populations [95]. Such studies could therefore examine
whether the benefits of forming an implementation intention for regulating emotion are main-
tained throughout the lifespan.

We also acknowledge that we have utilised a relatively liberal height and extent threshold
for our fMRI results, which may have led to reporting of some Type I (false positive) errors.
The use of a mapwide false discovery rate (FDR) and family-wise error (FWE) of p<0.05 can
be unduly conservative for novel complex cognitive and affective social neuroscience processes
as were examined in this study [58]. We have therefore reported corrected results where possi-
ble and incorporated percent signal change values into our results. In light of reporting results
from various analyses, we have exerted considerable caution to avoid over-interpretation of re-
sults, but hope that we have found a balance, such that the more tentative findings from this
initial fMRI study of implementation intentions are reported so that they might feed into future
hypotheses. Specifically, to address issues of power, a future study might consider using our
specific imaging parameters (e.g. image matrix size, mask, voxel dimensions, and smoothing
kernel) to conduct a (post-hoc) power analysis [96]. Finally, in the present study we have mod-
elled the complex, and possibly temporally-variant process of ER as a single 13-second epoch,
but acknowledge that in some regions of the brain, more transient responses may also be pres-
ent. A future study might therefore consider whether an analysis modelling shorter duration
events would reveal additional activations of interest. It is also worth noting that although the
use of 19.5s trial length and TR = 3s constituted an ‘offset TR’ method of jittering, additional
jittering of the length of the inter-trial interval (ITT) may have also led to a better characterisa-
tion of the shape of the hemodynamic response function [97-99].

Conclusion

The present research demonstrates that ER supported by an implementation intention is asso-
ciated with dissociable neural activations compared with ER under goal intention instructions.
The effect of forming an implementation intention seems to be driven by processes involved in
attentional control and may support more efficient regulation of areas such as the amygdala,
by areas involved in automatic ER, such as OFC.
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