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Abstract Autism spectrum disorder (ASD) is character-

ized by high rates of comorbid internalizing and external-

izing disorders. One mechanistic account of these

comorbidities is that ASD is characterized by impaired

emotion regulation (ER) that results in deficits modulating

emotional responses. We assessed neural activation during

cognitive reappraisal of faces in high functioning adults

with ASD. Groups did not differ in looking time, pupil-

ometry, or subjective ratings of faces during reappraisal.

However, instructions to increase positive and negative

emotional responses resulted in less increase in nucleus

accumbens and amygdala activations (respectively) in the

ASD group, and both regulation instructions resulted in

less change in dorsolateral prefrontal cortex activation in

the ASD group. Results suggest a potential mechanistic

account of impaired ER in ASD.

Keywords Autism spectrum disorder � Dorsolateral

prefrontal cortex � Amygdala � Nucleus accumbens �
Emotion regulation � Eyetracking

Introduction

Although the core features of autism spectrum disorder

(ASD) are in the domains of social-communication and

restricted and repetitive behaviors (American Psychiatric

Association 2013), ASD is a pervasive neurodevelopmental
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disorder characterized by impairments in a number of areas.

Accumulating evidence suggests that ASD is characterized

by broad impairments in affective expression and regulation,

including tantrums, aggression, self-injury, anxiety, and

irritability (Lecavalier 2006). Irritability in particular is the

primary reason that caregivers seek treatment for ASD

(Arnold et al. 2003) and is the strongest predictor of stress in

parents of children with ASD (Davis and Carter 2008).

Emotion regulation (ER), the capacity to willfully modulate

the intensity of affective reactions is a critical adaptive

response to changing environmental demands (Parkinson

and Totterdell 1999; Schore 2003), and as such, deficits in

the capacity to effortfully modulate affective experience

may represent an explanatory framework for impaired ER in

ASD.

Impaired ER in ASD may also explain the increased rates

of comorbid internalizing disorders in ASD given that such

disorders are themselves characterized by impaired ER

(Bauminger et al. 2010; Jazaieri et al. 2013; White et al.

2009). As many as four out of five children with ASD are

diagnosed with comorbid psychiatric disorders (Simonoff

et al. 2008). In particular, prevalence estimates for anxiety

disorders in ASD are as high as 84 % (Muris et al. 1998),

and prevalence estimates of major depressive disorder are as

high as 70 % in ASD (Lugnegard et al. 2011). Although

there is evidence that diagnostic practices that are tailored to

isolate ASD-specific impairments reveal somewhat lower

rates of comorbid disorders in ASD (Mazefsky et al. 2012),

individuals with ASD are nevertheless at increased risk of

experiencing a range of behavioral and emotional problems

related to impaired ER, and are prone to use emotional

suppression rather than cognitive reappraisal in the context

of potentially threatening negative stimuli (Samson et al.

2014a). Given the high prevalence of internalizing comorbid

psychiatric disorders in ASD, constructs implicated in such

disorders are prime targets to investigate as potential con-

tributing factors to ASD etiology. Moreover, the severity of

depression symptoms in children with ASD have been found

to be unrelated to positive mental coping strategies, sug-

gesting that impaired ER in ASD is not only a reflection of

internalizing symptoms but may be characteristic as ASD

itself (Rieffe et al. 2011).

Additionally, ER is important not only for understanding

associated features of ASD, but is relevant to core symptoms

of social communication that define ASD as well (Mazefsky

et al. 2013; Weiss et al. 2014). For example, emotional

awareness, recognition of emotional experience in others,

and impaired identification and expression of social gestures

may all reflect impaired modulation of social-emotional

information processing (Bachevalier and Loveland 2006;

Lecavalier 2006; Zwaigenbaum et al. 2005) because they

require the adjustment of internal affective experiences to

changing environmental conditions (Gross 2013; Ochsner

et al. 2002; Ray et al. 2008). Moreover, ER impairments in

ASD have been found to be associated with the overall

severity of all core features of ASD (Samson et al. 2014b),

and ER impairments in ASD may compromise the quality

and quantity of early social interactions, and thus may have

an adverse impact across development on neural systems

critical to social-communicative abilities (White et al. 2014).

The capacity to effectively modulate emotional responses,

both automatically and volitionally, is critical for emotional

well-being and mental health (Eisenberg and Spinrad 2004;

Fitzsimmons and Bargh 2004). Emotion regulation is a

complex and dynamic process that broadly refers the modi-

fication of biological, subjective, and expressive components

of emotional experience (Thompson 1994) and requires

flexibility in adapting to changing circumstances (Diamond

and Aspinwall 2003; Gray et al. 2002; Keltner and Gross

1999). Optimal regulation of emotion responses protects

against psychopathology, and improving ER is an effective

cognitively-based intervention strategy for a range of psy-

chiatric disorders (Keshavan et al. 2014). Skills in the domain

of cognitive reappraisal are a core developmental acquisition

in early and middle childhood (Dennis 2010) and cognitive

reappraisal deficits have been identified in a number of forms

of psychopathology (Chambers et al. 2009; Koenigsberg

et al. 2002; Rottenberg and Gross 2007).

The purpose of the present study was to examine neural

activation during cognitive reappraisal in ASD. Cognitive

reappraisal is a form of consciously deployed ER that, in

nonclinical samples, effectively modulates subjective respon-

ses via a reinterpretation of the meaning of emotional chal-

lenges (Butler et al. 2006; Ochsner et al. 2002; Ray et al. 2008).

Reappraisal encompasses both the down-regulation (i.e.,

attenuation) of negative emotional responses and the up-regu-

lation (i.e., enhancement) of positive emotional responses

(Gross 2013). Effective cognitive reappraisal constrains

affective experience to be within a ‘‘window of tolerance’’

between hypo- and hyper-reactivity, maximizing the potential

for optimal social-affective functioning (Schore 2003) and for

generating adaptive perspectives (Parkinson and Totterdell

1999).

Consciously-deployed changes in emotional responses are

mediated via modulating effects of dorsolateral, ventrolateral,

and medial regions of prefrontal cortex (PFC) involved in

cognitive control on brain regions involved in arousal and

motivation, including limbic and brainstem regions and

medial and orbitofrontal prefrontal cortices (Davidson 2002;

Dolan 2002; Luu and Tucker 2004; Urry et al. 2006). Spe-

cifically, cognitive strategies to down-regulate emotional

responses to aversive stimuli recruit dorsal and lateral PFC,

medial PFC, and anterior cingulate cortex, while simulta-

neously reducing activation in areas associated with emotion

processing, including the amygdala, medial orbitofrontal

cortex, lateral orbitofrontal cortex and the nucleus accumbens
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(NAc; Kalisch 2009; Kim and Hamann 2007; Lévesque et al.

2003; Ochsner et al. 2004; Schaefer et al. 2002). Similarly,

largely overlapping PFC regions mediate changes in positive

emotional responses (Kim and Hamann 2007), however the

corresponding changes in activation of limbic regions,

including the NAc, are increased (Heller et al. 2009; Ochsner

et al. 2004), suggesting that cognitive control impacts both the

up- and down-regulation of emotion.

In the present study, we used functional magnetic res-

onance imaging (fMRI) combined with eyetracking and

pupilometry to examine neural responses during cognitive

reappraisal of images of faces in ASD. We selected faces

as the target stimulus in this initial study given that ASD is

characterized by deficits in social cognition as thus group

differences in neural mechanisms of cognitive reappraisal

may be most pronounced in the context of social stimuli.

Though there are no published studies to date addressing

cognitive reappraisal of social information in ASD, Pitskel

et al. (2014) reported that typically developing children and

adolescents showed significant down-regulation of activa-

tion in the amygdala and insula when consciously

decreasing affective responses to pictures eliciting disgust,

whereas children with ASD did not exhibit similar neural

patterns during down-regulation. The present study extends

this line of research to address cognitive reappraisal of

faces specifically as well as to include both positive and

negative cognitive reappraisal conditions.

Our hypotheses were shaped by the nonclinical literature

highlighting the modulatory influence of cognitive control

regions in the lateral prefrontal cortex (see Buhle et al.

2013; Frank et al. 2014 for recent meta-analyses), as well

as the ASD fMRI literature that indicates that ASD is

characterized by impaired recruitment of brain regions that

respond to socio-affective information (including the

medial and lateral PFC, orbitofrontal cortex, as well as the

amygdala and the NAc) and by impaired recruitment of

brain regions involved in cognitive control, including

ventral and lateral PFC (see Dichter 2012 for a review).

Thus, we specifically hypothesized that during a task

requiring cognitive control of socio-affective information,

the ASD group would be characterized by reduced PFC

recruitment during cognitive reappraisal and that positive

and negative cognitive reappraisal would result in

decreased modulation of NAc and amygdala activation,

respectively.

Methods

Participants

Participants consented to protocols approved by the local

Human Investigations Committees at both UNC-Chapel Hill

and Duke University Medical Centers and were paid $40 for

the imaging portion of the study. Participants completed a

mock scan prior to imaging. Fifteen neurotypical control

participants [14 right-handed; 13 male; mean (SD) age: 27.4

(8.3)] were recruited from lists of control subjects main-

tained by the Duke-UNC Brain Imaging and Analysis

Center (BIAC). Control participants were not taking any

psychotropic medications at the time of scanning. The ASD

group was comprised of fifteen right-handed participants [13

male; mean (SD) age: 26.1 (8.1); five diagnosed with As-

perger’s Disorder] and were recruited via the Autism Sub-

ject Registry maintained through the UNC Carolina Institute

for Developmental Disabilities. All participants had normal

or corrected-to-normal vision, and exclusion criteria for the

ASD group included a history of medical conditions asso-

ciated with ASD, including Fragile X syndrome, tuberous

sclerosis, neurofibromatosis, phenylketonuria, epilepsy and

gross brain injury, full-scale intelligence \80, or MRI con-

traindications. Six ASD participants were not taking any

psychotropic medications; one was taking abilify, one was

taking risperidone, and the remaining seven were taking

multiple medications (i.e., combinations of aripiprazole,

citalopram, lithium, fluvoxamine, buproprion, adderall, and

fluoxetine). Diagnoses of ASDs were based on a history of

clinical diagnosis confirmed by proband assessment by a

research reliable assessor with the Autism Diagnostic

Observation Schedule (ADOS-G; Lord et al. 2000) with

standard algorithm cutoffs.

Both groups completed the Weschler Abbreviated Scale of

Intelligence (WASI, Weschler 1999), the Social Respon-

siveness Scale, a continuous measure of ASD symptom

severity (Constantino et al. 2003), and the Repetitive Behavior

Scale-Revised (RBS-R; Bodfish et al. 1999) to assess the

severity of repetitive behaviors. Control participants com-

pleted the Autism Quotient (Baron-Cohen et al. 2001) to

verify that they were below the recommended ASD cutoff of

32. Table 1 illustrates demographic data and symptom pro-

files of study participants.

Pre-Scan Cognitive Reappraisal Training Sessions

Care was taken to ensure that participants with ASD who

completed the imaging portion of the study implemented

cognitive reappraisal appropriately. Prior to scanning, par-

ticipants completed a cognitive reappraisal training session

conducted in a one-on-one format with a clinical psychol-

ogist (J.A.R.) using a PowerPoint presentation as a visual aid

(a copy of the training materials are available upon request

from the corresponding author). Participants were told that

they would see pictures of faces and that part-way through

the presentation of each image, they would hear a verbal

prompt instructing them to either ‘‘Think Positive’’ or

‘‘Think Negative’’ about the image. These terms were
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chosen in consultation with clinicians at Chapel Hill Divi-

sion TEACCH to be maximally clear to participants with

ASD (for example, terms such as ‘‘enhance’’ or ‘‘regulate’’

were deemed to be too abstract for individuals with ASD).

The cognitive reappraisal training proceeded in three

stages. First, the experimenter explained the cognitive

reappraisal strategies by displaying several sample images

not used in the fMRI task while providing descriptions of

cognitive reappraisal strategies. Participants were instruc-

ted to reinterpret the meaning of the image in a way that

changed their emotional reactions to the picture. Specifi-

cally, participants were instructed that to ‘‘think positive’’

about a face, they should imagine the picture is of someone

they are interested in, whom they really like, who really

likes them, or who is a kind and friendly person. To ‘‘think

negative’’ about a face, they were instructed to imagine that

the picture is of someone hostile or whom they don’t like.

Participants were reminded that they may be asked to

‘‘think negative’’ about pictures that they liked and to

‘‘think positive’’ about pictures that they didn’t like. Both

self-focused and situation-focused reappraisal strategies

were permitted (c.f. Ochsner et al. 2004). Participants were

also told not to look away from images, not to distract

themselves, and not to close their eyes as ways to modify

the emotional responses.

Second, participants worked collaboratively with the

experimenter to practice generating appropriate cognitive

reappraisal strategies in the context of several additional

images (also not drawn from the fMRI paradigm). During this

phase, participants were asked to generate and verbalize a

cognitive reappraisal strategy and feedback was provided

regarding the appropriateness of each attempt. Examples of

correct responses (e.g., describing or interpreting the stimulus

in the instructed emotional direction) from individuals with

ASD included the following: For ‘‘think positive’’: ‘‘I’ll

associate it with someone I like and find good things about

their appearance.’’ For ‘‘think negative’’: ‘‘I’ll think about

someone I don’t like who could hurt my feelings.’’ Con-

versely, examples of incorrect responses (e.g., using emo-

tional terms inconsistent with the instructed direction) from

individuals with ASD included the following: For ‘‘think

positive’’: ‘‘He reminds me of someone I know who is an

actor.’’ For ‘‘think negative’’: ‘‘I don’t like the way he looks.’’

Finally, to verify cognitive reappraisal comprehension, twelve

additional practice images were shown and participants were

asked to generate and verbalize examples of cognitive reap-

praisal strategies independently. Two participants with ASD

who otherwise met inclusion criteria for the study did not

demonstrate adequate comprehension on at least 10/12 prac-

tice trials and thus did were not scanned, resulting in a final

sample of 15 participants with ASD who participated in the

fMRI portion of the study.

fMRI Task

A modified version of a standard cognitive reappraisal task

was used, wherein participants viewed a stimulus before

and after implementing cognitive reappraisal (e.g., Heller

et al. 2009; van Reekum et al. 2007), as depicted in Fig. 1.

Faces were neutral closed-mouth images from the NimStim

set (Tottenham et al. 2009). Stimuli were presented using

E-Prime software v. 2.0 (Psychology Software Tools Inc.,

Pittsburgh, PA, USA). Trials began with a 1-s fixation

coupled with an orienting tone, after which a face was

presented for 10 s. 4 s after image onset, audio prompts to

either ‘‘Think Positive’’ or ‘‘Think Negative’’ signaled the

Table 1 Means (SDs) of demographic data and symptom profiles

Autism

(n = 15)

Control

(n = 15)

t (p)

Age 26.1 (8.1) 27.4 (8.3) 0.43 (0.67)

ADOS

Comm 6.0 (4.9) – –

SI 8.7 (2.2) – –

SBRI 2.3 (1.9) – –

WASI

Verbal 108.8 (16.3) 111.4 (11.2) 0.51 (0.61)

Performance 115.7 (11.7) 117.4 (12.5) 0.39 (0.70)

Full 113.6 (13.8) 116.3 (11.6) 0.57 (0.57)

SRS

Aware 8.5 (4.4) 4.9 (1.7) 3.0 (0.006)

Cog 11.1 (6.3) 4.2 (3.7) 3.6 (\0.001)

Comm 22.9 (12.5) 8.7 (7.1) 3.8 (\0.001)

Mot 13.9 (7.6) 6.9 (3.5) 3.2 (0.003)

AutMann 14.1 (7.0) 4.9 (3.2) 4.6 (\0.001)

Total 61.7 (35.2) 29.6 (16.5) 4.1 (\0.001)

RBS-R

Stereo 5.4 (3.5) 2.0 (3.3) 2.7 (0.01)

SIB 2.7 (2.3) 0.4 (1.3) 3.3 (0.002)

Comp 8.1 (5.4) 2.7 (4.6) 2.9 (0.006)

Rit 6.1 (5.3) 1.5 (2.7) 3.0 (0.005)

Same 10.9 (7.8) 1.9 (3.0) 4.2 (\0.001)

CI 4.9 (3.0) 0.9 (1.4) 4.7 (\0.001)

Total 38.1 (22.8) 9.3 (14.4) 4.1 (\0.001)

WASI: Wechsler Abbreviated Scale of Intelligence (Weschler 1999)

ADOS: Autism Diagnostic Observation Scale (Lord et al. 2000);

Comm: communication; SI: reciprocal social interaction; SBRI: ste-

reotyped behaviors and restricted interests

SRS: Social Responsiveness Scale (Constantino et al. 2003). Aware:

awareness; Cog: cognition; Comm: communition; Mot: motivation;

AutMann: autistic mannerisms

RBS-R: Repetitive Behavior Scale-Revised (Bodfish et al. 1999);

Stereo: stereotyped Behavior; SIB: self-injurious behavior; Comp:

compulsive behavior; Rit: ritualistic behavior; Same: sameness

behavior; CI: circumscribed interests
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participant to engage a specific cognitive reappraisal

strategy. Across four runs that were each 480 s in length,

40 faces were presented: 16 were presented with instruc-

tions to ‘‘Think Positive’’; 16 were presented with

instructions to ‘‘Think Negative’’; and eight additional

trials were presented with instructions to ‘‘Look’’ at the

image to reduce predictability. Not presented here are

findings from other trials that presented images of objects

instead of faces.

Eyetracking and Pupilometry Acquisition

Eyetracking was collected concurrently with fMRI via an

MR-compatible miniature analog video camera (Resonance

Technology, Inc.) mounted on the scanner head coil.

Although the camera was originally designed to be used with

video goggles, a custom-made bracket was made so that the

camera was compatible with a video projector system within

the scanner. The setup ensured that individuals of various

head sizes were suitable for eyetracking and streamlined the

set-up and adjustment procedures. Data were collected at

60 Hz with Viewpoint software (Arrington Research�).

Prior to the start of each scan run, gaze fixations were

calibrated by monitoring pupil movements to 16 dynamic

fixation points presented at known locations in the visual

display. The monitoring of gaze fixations was to ensure that

the observed neural effects of cognitive reappraisal were

not due to differential patterns of fixations on or off the task

images. Thus, areas of interest (AOI) were traced around

the external edges of images, and the percentage of time

each participant fixated on or off each images was averaged

for each participant and each task condition.

Pupilometry represents an index of arousal and of expen-

ded cognitive effort (Cabestrero et al. 2009) and covaries with

cognitive reappraisal, such that expanded pupil diameter

corresponds to greater expended effort (Johnstone et al. 2007;

Urry 2010; van Reekum et al. 2007). Pupilometry reduction

and analysis followed methods outline by van Reekum et al.

(2007) and Urry et al. (2006). First, blinks were identified and

eliminated and missing data points were estimated using lin-

ear interpolation. The pupilometry signal was smoothed by a

5-sample rolling average, and slow drifts were removed via

linear detrending within each run. Pupilometry values[4 SDs

from the within-subjects mean were discarded. Pupil diameter

was aggregated into half-second bins that were range-cor-

rected within subjects. The mean diameters for the half-sec-

ond picture periods immediately prior to regulation

instructions were then subtracted from the mean pupil diam-

eter during each half-second picture periods following cog-

nitive reappraisal instructions, and the proportional change in

pupil diameter was then computed for each of the time points

following the instruction [i.e., (post–pre)/pre].

fMRI Acquisition

Scanning was performed on a General Electric Health Tech-

nologies, 3 Tesla Signa Excite HD scanner system with

50-mT/m gradients (General Electric, Waukesha, Wisconsin,

USA). Head movement was restricted using foam cushions.

An eight-channel head coil was used for parallel imaging.

Two hundred and six high-resolution images were acquired

using a 3D fast SPGR pulse sequence (TR = 7.58 ms;

TE = 2.936 ms; FOV = 22 cm; image matrix = 2562;

voxel size = 1 9 191 mm) and used for coregistration with

the functional data. These structural images were aligned in

the near axial plane defined by the anterior and posterior

commissures. Whole brain functional images consisted of 32

slices parallel to the AC-PC plane using a BOLD-sensitive

spiral sequence with sense reconstruction with higher-order

shimming, at TR of 1,500 ms (TE: 30 ms; FOV: 22 cm; voxel

size: 4.00 9 4.00 9 3.80; flip angle 60�). Runs began with 4

discarded RF excitations to allow for steady state equilibrium.

fMRI Data Analysis

Preprocessing

Separation of brain tissue from the skull was accomplished

using the brain extraction tool (Smith et al. 2004) in FSL

version 4.1.4 (Oxford Centre for Functional Magnetic Res-

onance Imaging of the Brain (FMRIB), Oxford University,

UK]. Preprocessing of functional data was accomplished in

Statistical Parametric Mapping software (SPM8; Wellcome

Department of Cognitive Neurology; http://www.fil.ion.ucl.

ac.uk/spm) as implemented in Nipype (Gorgolewski et al.

2011), a python-based framework designed for highly

pipelined processing of fMRI data from several neuroim-

aging packages (http://nipy.org/nipype). Our Nipype code is

available for download at http://github.com/scanlab-admin/

nipype/blob/master/autreg. Preprocessing of fMRI data was

Fig. 1 Cognitive reappraisal fMRI task. On each trial, participants

viewed a neutral face for 10 s. 4 s after image onset an audio prompt

signaled the participant to engage a specific reappraisal strategy
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conducted in the following steps: (1) slice timing correc-

tion temporally aligned the interleaved functional images;

(2) correction to the middle functional image was then

performed using a six-parameter rigid-body transforma-

tion; and (3) functional images were co-registered to

structural images in native space. For this co-registration

step, functional-to-structural 6 DOF (rigid body) transfor-

mations were carried out using brain-boundary based reg-

istration (bbregister; Greve and Fischl 2009) which uses the

geometry information of the grey-white matter boundary

derived from the automated cortical/subcortical parcellation

stream in Freesurfer v5.1 (http://surfer.nmr.mgh.harvard.

edu/; Fischl et al. 2004) to conduct cross-modal registration

within-subjects. Next, structural images were normalized

into a standard stereotaxic space (Montreal Neurological

Institute) for intersubject comparison using a diffeomorphic

warp as implemented in the Advanced Normalization Tools

(ANTS; Avants et al. 2011). The same transformation

matrices used for structural-to-standard transformations

were then used for functional-to-standard space transfor-

mations of co-registered functional images. For GLM anal-

yses, images were smoothed with a 5 mm isotropic Gaussian

kernel and then high-pass filtered (128 s width) in the tem-

poral domain.

General Linear Model

fMRI data were convolved with the SPM canonical double-

gamma hemodynamic response function (HRF). We con-

volved each condition separately under the assumption that

BOLD responses for each condition may be modeled inde-

pendently despite the lack of a temporal interval between

conditions. We initially estimated the following general linear

model (GLM) for BOLD responses with an AR(1) structure.

The autoregressive (AR) model corrects for temporal auto-

correlation of the residuals in fMRI data, thus reducing the

potential for false positives in the Restricted Maximum

Likelihood (ReML) parameter estimation approach. Onset

times and durations of events were used to model a signal

response containing a regressor for each response type, which

was convolved with a double-c function to model the hemo-

dynamic response of the entire duration of the pre- and post-

instruction phases of the task. Model fitting generated whole

brain images of parameter estimates and variances, repre-

senting average signal change from baseline. Group-wise

activation and deactivation images were calculated by a mixed

effects higher level analysis using a whole-brain univariate

GLM in which we regressed the preprocessed and spatially

smoothed BOLD signal on the pre- and post-instruction period

We also included the time series of six head motion parame-

ters as regressors of no interest. The following models were

evaluated: (1) group differences for the contrast of Enhance

Positive [ Pre-Regulation; (2) group differences for the

contrast of Enhance Negative[ Pre-Regulation; and (3)

group differences for the contrast of both regulation condi-

tions (Enhance Negative and Enhance Positive) [ Pre-Reg-

ulation. Contrasts with the Look condition were evaluated in

an exploratory manner even though this condition contained

fewer trials than either regulation condition. All results were

thresholded at Z [ 3.3 and were false discovery rate (FDR)

corrected at p \ .01, with the exception of Enhance Positi-

ve[ Pre-Regulation, Control [ ASD, which was FDR cor-

rected at p \ .001 to aid interpretability.

Picture Ratings

After scanning, participants completed a picture rating task

outside of the scanner that was identical to the in-scanner

task except that after each trial participants provided

valence and arousal ratings using the self-assessment

mannequin (Bradley and Lang 1994).

Results

Valence Ratings

A 2 (Group: Control, ASD) 9 3 (Condition: ‘‘Pre-Regula-

tion’’, ‘‘Think Negative’’, and ‘‘Think Positive’’) repeated

measures MANOVA revealed a main effect of Condition,

multivariate F(1,24) = 77.48, p \ .0001, reflecting that

across groups, valence ratings of faces were conditional on

ER condition. There was no significant main effect of Group

or Group 9 Condition interaction, p’s [ .16. Between group

t tests detected no significant group differences for any

condition, p’s [ .20. Within-groups t tests conducted sepa-

rately in the ASD and control groups testing for differences

between Conditions revealed significant differences between

all condition pairs for the ASD group, p’s \ .0002, and the

Control group, p’s \ .0004. Figure 2 (upper panel) illustrates

group-averaged valence ratings.

Arousal Ratings

A 2 (Group: Control, ASD) 9 3 (Condition: ‘‘Pre-Regu-

lation’’, ‘‘Think Negative’’, and ‘‘Think Positive’’) repeated

measures MANOVA revealed no main effects of Condi-

tion, Group, or Group 9 Condition interaction, p’s \ .24.

Between group t tests detected no significant group dif-

ferences for any condition, p’s [ .11. Within-groups t tests

conducted separately in the ASD and control groups testing

for differences between Conditions revealed no significant

differences across all condition pairs for the ASD group,

p’s [ .70, and the Control group (p’s [ .12). Figure 2

(lower panel) illustrates group-averaged arousal ratings.
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Pupilometry

A 2 (Group: control, ASD) 9 3 (Condition: ‘‘Pre-Regula-

tion’’, ‘‘Think Positive’’, and ‘‘Think Negative’’) repeated

measure MANOVA revealed a main effect of Condition,

Multivariate F(2,24) = 4.20, p = .027, reflecting that

across groups and stimulus types pupil diameter was con-

tingent on condition, but no main effect of Group or

Group 9 Condition interaction, p’s [ .10. Paired t tests

examining Condition effects for both groups combined

revealed that the main effect of Condition was attributable

to all participants having larger pupil diameters for the

Positive condition, t(26) = 2.80 p = .0094, and Negative

condition, t(26) = 2.95, p = .0066, relative to the Pre-

Regulation Condition. Between-group t tests detected no

group differences for any condition, p’s [ .10. Within-

groups t tests conducted separately in the ASD and control

groups testing for differences between Conditions revealed

that the ASD group demonstrated larger pupil diameters for

the Negative face Condition relative to the Pre-Regulation

condition, t(14) = 3.30, p \ .005, but no other effects were

significant, p’s [ .15. The left side of Fig. 3 illustrates

group-averaged changes in pupil diameter for both regu-

lation conditions.

Eyetracking

A 2 (Group: control, ASD) x 3 (Condition: ‘‘Pre-Regula-

tion’’, ‘‘Think Positive’’, and ‘‘Think Negative’’) repeated

measure MANOVA revealed no significant effects of

Group, Condition, or Group 9 Condition interaction,

p’s [ .10, on amount of time spent looking at the face

stimuli. When this analysis was repeated for the eyes and

mouth regions separately, there were once again no main or

interactive effects, p’s [ .10. Between groups t tests

detected no significant group differences for any condition,

p’s [ .10. Within-groups t tests conducted separately in the

ASD and control groups testing for differences between

Conditions revealed no significant differences across all

condition pairs for both groups for the whole face or for the

eyes or mouth regions, p’s [ .10. The right side of Fig. 3

illustrates group-averaged eyetracking data for time spent

looking at faces.

fMRI Results

Group Differences for the Contrast of Enhance

Positive [ Pre-Regulation

The left of Fig. 4 and the top of Table 2 indicates that for

the contrast of Enhance Positive [ Pre-Regulation, the

ASD group was characterized by relatively less increase in

activation in the right NAc as well as a left-lateralized

cluster that included both the putamen and the NAc than

the control group. As can be seen from the bar graphs on

the left of Fig. 4, this effect was mainly due to an increase

in activity during the positive regulation condition in the

control group, whereas the ASD group showed minimal

change in bilateral NAc activity during the positive regu-

lation condition. There were no clusters with relatively

greater increases in activation in the ASD group relative to

the control group for this contrast.

Group Differences for the Contrast of Enhance

Negative [ Pre-Regulation

The right of Fig. 4 and the middle of Table 2 illustrates

that for the contrast of Enhance Negative [ Pre-Instruc-

tion, the ASD group was characterized by relatively less

increase in left and right bilateral amygdala activation than

the control group. As can be seen from the bar graphs on

the right of Fig. 4, this effect was mainly due to an increase

in bilateral amygdala activity during the negative regula-

tion condition in the control group, whereas the ASD group

showed minimal change in bilateral amygdala activity

during the negative regulation condition. There were no

clusters with relatively greater increases in activation in the

ASD group relative to the control group for this contrast.

Fig. 2 Subjective ratings. After scanning, participants rated images

on the dimensions of valence (top) and arousal (bottom) with and

without cognitive reappraisal strategies. Error bars are standard

errors of the mean. The range and direction of the ratings are -4

(extremely unpleasant) to ?4 (extremely pleasant) and 0 (not at all

aroused) to ?8 (extremely aroused)
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Note that, as indicated in Table 2, the effects observed

the contrast of Enhance Positive [ Pre-Regulation and for

the contrast of Enhance Negative [ Pre-Regulation were

specific to those contrasts. In other words there was no

significant Group effect in the NAc for the Enhance Neg-

ative [ Pre-Regulation contrast, and no significant Group

Fig. 3 Left in-scanner change in pupilometry from pre-regulation to

negative and positive regulation revealed that both groups were

characterized by relatively equivalent increases in pupil diameter

during both regulation strategies. Right in-scanner point-of-regard

revealed that both group looked at the face images for relatively

equivalent amounts of time before regulation and during both

regulation strategies. Not shown is gaze time to eyes and faces

separately, which likewise did not differ between groups (p’s [ 20)

Fig. 4 Left for the contrast of Enhance Positive [ Pre-Regulation,

the ASD group was characterized by relatively less increase

activation in right nucleus accumbens (NAc) and a left-lateralized

cluster that included the putamen and NAc than the control group.

Right for the contrast of Enhance Negative [ Pre-Regulation, the

ASD group was characterized by relatively less increase in left and

right amygdala activation than the control group (***p \ 0.001;

**p \ 0.01)
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effect in the amygdala for the Enhance Positive [ Pre-

Regulation contrast.

Group Differences for the Contrast of Both Regulation

Conditions (Enhance Negative and Enhance

Positive) [ Pre-Regulation

The left of Fig. 5 and the bottom of Table 2 illustrate that

for the contrast of Either Regulation [ Pre-Instruction, the

ASD group was characterized by relatively less increase in

left and right dorsolateral prefrontal cortex activation

(indicated as Middle Frontal Gyrus in Table 2) and left

superior frontal gyrus than the control group. As can be

seen from the bar graphs on the right of Fig. 5, this effect

was driven by moderately increased activation in both

regulation conditions relative to the pre-instruction condi-

tion in the control group, whereas the ASD group showed

decreased dorsolateral prefrontal cortex activation in three

of four conditions. There were no clusters with relatively

greater increases in activation in the ASD group relative to

the control group for this contrast.

Exploratory analyses contrasting both regulation con-

ditions with the Look condition did not yield any signifi-

cant interactions with Group.

Although there were no group differences in the per-

centage of time both groups looked at faces during the

fMRI task, fMRI models were analyzed including average

looking time at faces during the regulations conditions as

an additional regressor. These results were highly similar,

and are presented as Supplementary Material.

Associations Between fMRI, Symptom, and Gaze Time

Relations between regional brain activation magnitudes

and symptom severity within the ASD group as well as

Gaze Time were evaluated via correlational analyses

between average condition-specific signal intensities in

clusters listed in Table 2 that differentiated groups, total

scores on the SRS and RBS-R, and the percent of time

participants spent looking at the face during each condition

during scanning. Because of the exploratory nature of these

analyses, results were not corrected for multiple compari-

sons. As can be seen in Fig. 6, within the ASD group, there

was a negative association between right NAc activation

and SRS scores, reflecting that participants with more

severe symptoms showed less modulation of this region

during positive ER. Within the ASD group, there was also

a negative association between right amygdala activation

and SRS scores, reflecting that participants with more

severe symptoms showed less modulation of this region

during positive ER. Finally, within the ASD group there

was a positive association between right NAc activation

and the percentage of time participants spent looking at the

face during positive ER, reflecting that participants who

looked at faces more showed greater modulation of this

region during positive ER. Within the control group, there

Table 2 Clusters reflecting

significant group differences

(Z [ 3.3)

* No clusters significant with

FDR correction at p \ 0.05

Region Hemi Size (Nvoxel) Mean

t-value

Peak

t-value

MNI coordinates

X Y Z

(A) Enhance Positive [ Pre-Instruction (FDR correction at p \ 0.001)

CON [ ASD

Nucleus accumbens Right 4,022 4.49 5.04 12 7 -9

Nucleus accumbens/putamen Left 3,642 4.01 5.49 -23 5 -7

ASD [ CON

No clusters significant* – – – – – – –

(B) Enhance Negative [ Pre-Instruction (FDR correction at p \ 0.01)

CON [ ASD

Amygdala Left 3,116 4.06 5.62 -19 1 -17

Amygdala Right 3,054 3.91 5.34 25 2 -25

ASD [ CON

No clusters significant* – – – – – – –

(C) Any Regulation [ Pre-Instruction (FDR correction at p \ 0.01)

CON [ ASD

Middle frontal gyrus Left 7,572 2.88 4.48 -43 22 30

Middle frontal gyrus Right 5,193 2.78 3.94 41 17 33

Superior frontal gyrus Left 1,299 2.83 3.59 -23 29 53

ASD [ CON

No clusters significant* – – – – – – –
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was a trend towards an inverse relation between right

amygdala activation and the percent of time looking at the

face during negative ER (p \ .10). No other correlations

were significant.

Discussion

Although there is a wide range of initial concerns reported

by parents of children with ASD, a high proportion report

extremes of temperament and marked irritability during the

first year of life, worries that may precede concerns related

to core ASD symptoms (Gillberg et al. 1990; Hoshino et al.

1987). Additionally, prospective studies of high-risk

infants indicate that behavioral reactivity, intense distress

reactions, higher negative affect, lower positive affect, and

difficulty controlling behavior differentiate high-risk from

low-risk siblings and uniquely predict future ASD diag-

noses (Brian et al. 2008; Garon et al. 2009; Zwaigenbaum

et al. 2005). Moreover, tantrums and aggression are among

the behaviors that most commonly lead parents to seek

treatment (Arnold et al. 2003), and irritability and negative

emotionality uniquely predict parental stress above other

ASD symptoms (Davis and Carter 2008; Owen et al. 2009).

Finally, up to 60 % of individuals with pervasive devel-

opmental disorder are characterized by moderate to severe

irritability (Lecavalier 2006). These temperamental profiles

suggest that an ER framework may be useful for under-

standing the emergence of ASD early in life.

The purpose of this study was to evaluate the neural

mechanisms of impaired ER in ASD using a task that eval-

uated cognitive reappraisal, a form of consciously deployed

ER that, in nonclinical samples, effectively modulates sub-

jective responses via a reinterpretation of the meaning of

emotional challenges (Davidson 2002; Gross 2013; Ochsner

et al. 2002; Ray et al. 2008). Cognitive reappraisal is medi-

ated by modulating effects of dorsolateral, ventrolateral, and

medial regions of prefrontal cortex (PFC) involved in cog-

nitive control on ventral regions involved in arousal and

motivation, including limbic and brainstem regions and

medial and orbitofrontal prefrontal cortices (Critchley 2005;

Eippert et al. 2007; Urry et al. 2006). This functional neur-

anatomy suggests the relevance of investigating cognitive

reappraisal in ASD, given that ASD is characterized both by

Fig. 5 For the contrast of Either Regulation [ Pre-Regulation, the

ASD group was characterized by relatively less increase in left and

right dorsolateral prefrontal cortex (DLPFC) activation than the

control group. Solid lines in the bar graph indicate significant between

groups effects (*p \ .05)
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impaired recruitment of brain regions that respond to socio-

affective information (including the amygdala and the NAc)

as well as by impaired recruitment of brain regions involved

in cognitive control, including ventral and lateral PFC (see

Dichter 2012 for a review).

We used a training procedure to ensure that participants

with ASD who were scanned understood how to implement

the cognitive reappraisal strategies. We found that two out

of seventeen participants with ASD who otherwise met

inclusion criteria for the study were not able to implement

the cognitive reappraisal strategies. Methodologically, this

suggests that the majority of high functioning adults with

ASD can learn cognitive reappraisal, highlighting the

utility of cognitive reappraisal paradigms to study ASD.

Substantively, we found no group differences in corollary

measures meant to confirm the cognitive reappraisal

manipulation in both groups. Specifically, there were no

group differences in changes in pupil dilation during cog-

nitive reappraisal, indicating that both groups were

expending equivalent degrees of cognitive effort during

cognitive reappraisal. Likewise, groups did not differ in

subjective ratings of faces during cognitive reappraisal,

further highlighting the ability of high functioning adults

with ASD to implement cognitive reappraisal strategies.

Finally, groups did not differ in time spent looking at faces

or the eyes or mouth regions of faces, indicated that dif-

ferences in neural activation were not caused by differ-

ences in looking behavior (cf. Dalton et al. 2005),

confirmed by activation maps that included average look-

ing time at the face region of stimuli as an additional

regressor (see Supplementary Materials).

Functional neuroimaging results revealed group differ-

ences in predicted regions of interest. Specifically, consistent

with hypotheses, the ASD group demonstrated decreased

capacity to up-regulate NAc activity during instructions to

think more positively about faces (this effect included por-

tions of the left putamen as well). The NAc increases activity

during cognitive control of goal directed behaviors and

specifically during conscious increases in positive affect

(Grace et al. 2007). The decreased capacity to increase

activity in this region, a central hub of the brain’s dopami-

nergic mesolimbic reward system (Berridge et al. 2009), may

contribute to the decreases motivational salience of social

information for individuals with ASD (Chevallier et al.

2012) and also indicates specific deficits in consciously

changing the activity of a brain region that codes for the

Fig. 6 Top left relations between right nucleus accumbens (NAc)

activation and SRS scores in the ASD group. Top right relations

between right amygdala activation and SRS scores in the ASD group.

Bottom left relations between right nucleus accumbens (NAc)

activation and the percentage of time participants spend looking at

the face during positive ER in the ASD group. Bottom right the scan

paths from a single trial demarking point-of-regard (in green) as well

as face, eyes, and mouth areas of interest (in blue) (Color figure

online)
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positive affective impact of social stimuli. Additionally,

ASD symptom severity, indexed by SRS scores, predicted

the magnitude of right NAc activity during positive cognitive

reappraisal in the ASD group, suggesting that the capacity to

up-regulate neural responses to social stimuli may impact the

expression of ASD symptom severity.

Also consistent with hypotheses, the ASD group demon-

strated decreased capacity to down-regulate amygdala activity

during instructions to think negatively about faces. There is a

rich literature addressing the role of the amygdala in sup-

pression of negative emotional responses (Kim and Hamann

2007; Lévesque et al. 2003; Ochsner et al. 2002), and the

diminished capacity to decrease amygdala responses in social

contexts may play a causal mechanistic role in the expression

of a range of behavioral problems associated with negative

affect that are commonly seen in ASD, including tantrums,

aggression, self-injury, and irritability (Lecavalier 2006). This

finding is consistent with the recent results of Pitskel et al.

(2014) who reported that children and adolescents with ASD

were characterized by relatively decreased modulation of

amygdala activation when consciously decreasing affective

responses to pictures eliciting disgust (Danial and Wood 2013;

Sukhodolsky et al. 2013). That study also found group dif-

ferences in insula activation, perhaps due to the use of more

emotionally evocative disgust pictures rather than neutral

faces. Pitskel et al. (2014) also reported group equivalence on

subjective ratings during cognitive reappraisal despite dif-

ferences in functional brain activity, and noted that this pattern

of findings in consistent with clinical reports of effective

cognitive behavioral therapy for ASD. We also found that

ASD symptom severity, indicated by SRS scores, predicted

the magnitude right amygdala activity during negative cog-

nitive reappraisal in the ASD group. Combined with the sig-

nificant relation between SRS scores and NAc activity during

positive reappraisal, these findings suggest that the capacity to

both up-regulate and down-regulate positive and negative

emotional responses to faces are relevant to the expression of

ASD symptom severity.

Finally, we found that during both cognitive reappraisal

conditions, the ASD group was characterized by blunted

activation, relative to the pre-regulation baseline, in bilateral

dorsolateral prefrontal cortex. Dorsal and lateral aspects of

the prefrontal cortex are critically involved in cognitive

control of goal-directed processes (Duncan and Owen 2000),

and a large literature has investigated atypical recruitment of

dorsolateral prefrontal cortex in ASD during tasks that

require cognitive control, including tasks that require inter-

ference inhibition (Dichter and Belger 2007; Gomot et al.

2008; Solomon et al. 2009) and response monitoring

(Thakkar et al. 2008). The present study extends this line of

research to indicate that ASD is also characterized by

decreased dorsolateral prefrontal cortex activation during the

cognitive control of emotional responses.

Despite evidence of differences in neural activation during

cognitive reappraisal, it is noteworthy that participants with

ASD reported that cognitive reappraisal altered their affective

responses to images, though the demand characteristics of the

ratings procedure may have influenced affective ratings data.

It is thus possible that the observed neural deficits did not

completely interfere with cognitive reappraisal capacity in the

laboratory setting, though correlations between neural

responses and SRS scores suggest that the observed neural

deficits may have impacted ASD symptom severity in this

sample. We also highlight the general disconnect between

subjective affective responses and pupilometry results on the

one hand, which essentially reflected no differences in the

ASD group, and group differences during cognitive reap-

praisal. This pattern suggests that individuals with ASD may

achieve effective ER via alternative functional brain mecha-

nisms. Alternatively, it is possible that more emotionally

evocative social stimuli may have yielded group differences in

self-reports and pupilometry as well.

Interpretive cautions include the fact that this study

involved the presentation of visual stimuli accompanied by

brief auditory instructional prompts. ASD is characterized

by deficits in sensory integration (Iarocci and McDonald

2006), and processing auditory and visual information

simultaneously has potentially complex effects on neural

activation (Anderson et al. 2010). Although we highlight the

ubiquity of variations of the current paradigm in the cog-

nitive reappraisal literature (Bernat et al. 2006; Heller et al.

2009; Johnstone et al. 2007), the potential effects of multi-

sensory processing on our results are unknown. We also note

that collecting emotion ratings outside the scanner may have

resulted in emotion ratings that may not fully reflect emo-

tions experienced in the scanner. Furthermore, we also

acknowledge that given the fact that task stimuli were

neutral, instructions to ‘‘think positive’’ may have included

not only increases in positive emotions but also decreases in

negative emotions (similarly, instructions to ‘‘think nega-

tive’’ may have included not only increases in negative

emotions but also decreases in positive emotions). Future

studies using positive or negative stimuli will be needed to

more conclusively link ‘‘think positive’’ findings to attempts

to increase positive emotions only and ‘‘think negative’’

finding to attempts to decrease negative emotions only.

Additionally, there are individual differences in the

ability to implement cognitive reappraisal strategies even

amongst participants with adequate comprehension of

cognitive reappraisal strategies, and future studies should

assess relations between neural indices of cognitive reap-

praisal in ASD and dimensions known to moderate cog-

nitive reappraisal effectiveness, including irritability,

anxiousness, and depressive symptoms (Aman et al. 1985;

Esbensen et al. 2003). ASD is also frequently comorbid

with other Axis I disorders, including anxiety disorders
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(van Steensel et al. 2011) and depression (Gotham et al.

2014), both of which themselves are characterized by

impaired ER (Jazaieri et al. 2013).

Future studies will be needed to tease apart the contrib-

uting influence of anxiety and depression, measured both as

categorical disorders and as dimensional symptom states, on

ER in ASD. Finally, ER includes both automatic and voli-

tional forms of emotional control, and future research should

address the capacity of individuals with ASD to exhibit

automatic forms of allostatic emotional control. In summary,

the present study is the first report of the neural mechanisms

of positive and negative cognitive reappraisal of social

information in ASD, and highlights the utility of investi-

gating ER as an important construct relevant to the expres-

sion of core and associated features of ASD.
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