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Abstract 26 

Emotionally evocative messages can be an effective way to change behavior, but the 27 

neural pathways that translate messages into effects on individuals and populations are 28 

not fully understood. We used a human functional neuroimaging approach to ask how 29 

affect-, value-, and regulation-related brain systems interact to predict effects of graphic 30 

anti-smoking messages for individual smokers (both males and females) and within a 31 

population-level messaging campaign. Results indicated that increased activity in the 32 

amygdala, a region involved in affective reactivity, predicted both personal quit 33 

intentions and population-level information-seeking, and this was mediated by activity in 34 

ventromedial prefrontal cortex (vmPFC), a region involved in computing an integrative 35 

value signal. Further, the predictive value of these regions was moderated by 36 

expression of a meta-analytically defined brain pattern indexing emotion regulation. 37 

That is, amygdala and vmPFC activity strongly tracked with population behavior only 38 

when participants showed low recruitment of this brain pattern, which consists of 39 

regions involved in goal-driven regulation of affective responses. Overall, these findings 40 

suggest: i) that affective and value-related brain responses can predict the success of 41 

persuasive messages, and ii) that neural mechanisms of emotion regulation can shape 42 

these responses, moderating the extent to which they track with population-level 43 

message impact. 44 

 45 

 46 

 47 
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Significance Statement 49 

People and organizations often appeal to our emotions in order to persuade us, but how 50 

these appeals engage the brain to drive behavior is not fully understood. We present an 51 

fMRI-based model that integrates affect-, control-, and value-related brain responses to 52 

predict the impact of graphic anti-smoking stimuli within a small group of smokers and a 53 

larger-scale public messaging campaign. This model indicated that amygdala activity 54 

predicted the impact of the anti-smoking messages, but that this relationship was 55 

mediated by vmPFC and moderated by expression of a distributed brain pattern 56 

associated with regulating emotion. These results suggest that neural mechanisms of 57 

emotion regulation can shape the extent to which affect and value-related brain 58 

responses track with population behavioral effects.  59 

 60 

 61 

 62 
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Persuasive messages succeed or fail depending not only on their content, but on 67 

the thoughts and feelings they elicit in people exposed to them. However, the neural 68 

pathways that translate messages into effects on individuals and populations are not 69 

fully understood. Here, we propose that during exposure to persuasive appeals, brain 70 

systems for emotional reactivity and stimulus valuation interact with brain systems 71 

involved in emotion regulation, and in concert these systems predict message effects.  72 

Neuroimaging provides a powerful method for measuring mechanisms that 73 

underlie persuasive messaging effects (Berkman and Falk, 2013; Falk and Scholz, 74 

2018; Genevsky and Knutson, 2018). Converging evidence suggests that brain activity 75 

associated with stimulus valuation can predict the population-level effects of stimuli like 76 

music clips, loan appeals, video advertisements, and persuasive health messages 77 

(Berns and Moore, 2012; Falk et al., 2012; Genevsky and Knutson, 2015; Genevsky, 78 

Yoon, and Knutson, 2017; Scholz et al., 2017; Venkatraman et al., 2015). However, 79 

although emotional processes feature centrally in psychological theories of persuasion 80 

(DeSteno et al., 2004; Dillard, 2000; Petty, Fabrigar, and Wegener, 2003; Witte, 1992), 81 

prior neuroimaging studies have not clarified how brain systems involved in generating 82 

and regulating emotions relate to population effects of emotionally arousing stimuli.   83 

Further, behavioral work on emotion and persuasion has revealed variability in 84 

the effects of emotional content in changing behavior, but has not identified biological 85 

mechanisms that give rise to this variability (Peters, Ruiter, and Kok, 2013; 86 

Tannenbaum et al. 2015; Witte and Allen 2000). Together, models of the brain systems 87 

underlying emotional reactivity, emotion regulation, and integrative valuation provide an 88 

organizing framework for understanding how persuasive messages can exert their 89 
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effects. Work in affective neuroscience implicates the amygdala in the generation of 90 

affective arousal (Phelps and Ledoux, 2005; Cunningham and Brosch, 2012). In 91 

tandem, other work has shown that cognitively regulating emotion recruits a network of 92 

prefrontal, parietal, and temporal brain regions that can evoke goal-driven modulation of 93 

subcortical regions like amygdala (Ochsner et al., 2012). Finally, a third line of research 94 

implicates the ventromedial prefrontal cortex (vmPFC) in integrating information from 95 

diverse brain regions into a summary signal of the subjective value of a stimulus (Barta 96 

et al., 2013; Haber and Knutson, 2010; Roy, Shohamy, and Wager, 2012). In order to 97 

understand how persuasive efforts can change attitudes and behaviors of individual 98 

people and populations, it is crucial to examine how these brain systems work together 99 

in the moment that persuasive messages are delivered.  100 

In the present study, we test a neural account of how affective reactivity, 101 

integrative valuation, and emotion regulation interact during exposure to emotionally 102 

evocative health messages, and how this interaction relates to individual- and 103 

population-level message effects. Specifically, we hypothesized that amygdala reactivity 104 

serves as an input to a value signal reflected in vmPFC activity that more directly 105 

predicts behavior. Further, given that emotion regulation processes can modulate neural 106 

responses according to cognitive goals, we asked whether the pathway from amygdala 107 

to behavioral impact via vmPFC is moderated by recruitment of emotion regulation-108 

related brain activity. That is, if recruitment of emotion regulation mechanisms reflects 109 

top-down modulation of neural reactivity in accordance with idiosyncratic goals, it may 110 

decrease the extent to which amygdala and vmPFC responses track with population 111 

behavior.  112 
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 To address these questions, we used functional magnetic resonance imaging 113 

(fMRI) data collected from a group of smokers exposed to graphic anti-smoking 114 

messages, and data from a population-level email campaign that examined information 115 

seeking behavior evoked by the same graphic messages amongst likely smokers (Falk 116 

et al., 2016). Our analyses applied a multilevel mediation framework to ask: i) whether 117 

amygdala activity could predict personal quit intentions (for the smokers who were 118 

scanned) and population-level information seeking (in the email campaign), ii) whether 119 

relationships between amygdala activity and message effects were mediated by 120 

increased activity in vmPFC, and iii) whether this amygdala to vmPFC to message 121 

impact mediation pathway was moderated by emotion regulation pattern expression.  122 

Method 123 

Participants 124 

Fifty smokers were recruited for the fMRI study. However, four participants were 125 

excluded due to excessive head motion (two participants), neurological abnormality 126 

(one participant), or data transfer difficulties (one participant). The remaining 46 127 

subjects included 28 males and 18 females with a mean age of 31.9 (S = 12.5, range of 128 

19–64 years old). To participate in the study, during a screening session subjects had to 129 

report smoking at least five cigarettes per day for the past month, having been a smoker 130 

for at least 12 months, and be between the ages of 18 and 65. Subjects also had to 131 

meet standard fMRI eligibility criteria, including no metal in their body, no history of 132 

psychiatric or neurological disorders, weight under 350 pounds, and currently not taking 133 

any psychiatric or illicit drugs. On the day of the scan, subjects reported smoking an 134 

average of 13 cigarettes per day (M = 13.1, SD = 6.8). Participants had smoked for an 135 
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average of 15 years (M = 14.8, SD = 12.2). This dataset has been reported on in a 136 

previous paper focusing on the predictive value of activity within a region of mPFC 137 

associated with self-relevance (Falk et al., 2016). Here we report only novel analyses 138 

investigating interactions of emotional reactivity, valuation, and emotion regulation 139 

related brain activity in predicting within-individual and population effects of negatively-140 

valenced messages. 141 

For the population-level email campaign, likely smokers aged 18+ years within 142 

the State of New York were identified by a third party email messaging service (National 143 

Data Group; NDG). These participants had opted in to receive emails from NDG. NDG 144 

uses credit card data as one primary source of their direct email marketing lists and 145 

uses information such as purchases of cigarettes and disclosure of cigarette use in 146 

online marketing surveys or promotions as indicators of smoker status; NDG did not link 147 

to data from tobacco companies. This dataset has previously been used to study brain 148 

how self-related brain activity tracks stimulus click-through-rates virality in a stimulus-to-149 

stimulus dependent manner (Falk et al., 2016). Here we report the results of novel 150 

analyses aiming to enhance our mechanistic understanding of how amygdala activity, 151 

vmPFC activity, and neural mechanisms of emotion regulation are related to quitting 152 

intentions and population sharing behavior. 153 

Image acquisition 154 

Neuroimaging data were acquired using a 3T GE Signa MRI scanner. The email 155 

campaign images task consisted of two functional runs (300 volumes total). Functional 156 

images were recorded using a reverse spiral sequence (TR = 2000 ms, TE = 30 ms, flip 157 

angle = 90, 43 axial slices, FOV ¼ 220 mm, slicethickness = 3 mm; voxel size = 3.44 x 158 
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3.44 x 3.0 mm). We also acquired in-plane T1-weighted images (43 slices; slice 159 

thickness = 3 mm; voxel size = 0.86 x 0.86 x 3.0 mm) and high-resolution T1-weighted 160 

images (SPGR; 124 slices; slice thickness = 1.02 x 1.02 x 1.2 mm) for use in 161 

coregistration and normalization. 162 

Design  163 

 Scanner anti-smoking messages task. We examined neural activity as 164 

participants were exposed to each of 40 email-campaign images that were presented 165 

along with a tag-line from the body text of the email campaign: ‘Stop Smoking. Start 166 

Living.’. The timing for each trial (see Figure 1) consisted of 4s of image presentation 167 

followed immediately with a 3s quit intention rating screen with the statement “This 168 

makes me want to quit” and a five-point rating scale (1: definitely does not to 5: 169 

definitely does) a jittered inter-trial interval (3–7.5 s). On other trials of this task, 170 

participants viewed additional images of scenes or faces which are not analyzed here. 171 

 Post-scanner anti-smoking messages rating task. After the scanner task, they 172 

rated each messages on 1 to 5 scales to indicate how negative the message was, how 173 

strong they found its argument to be, the extent to which it made them think about 174 

quitting, and self-relevance.  175 

Population-level email campaign. We partnered with the New York State 176 

Smokers’ Quit Line (NYSSQL) to launch an email campaign (n = 400 000 emails) in 177 

which the 40 images served as the basis for ads promoting internet-based quit-smoking 178 

resources (www.nysmokefree.com). Each target smoker of the email campaign 179 

received one of 40 images paired with text encouraging smokers to quit smoking. The 180 

images consisted of 20 negatively-valenced anti-smoking images that were modeled 181 



BRAIN RESPONSES TO PERSUASIVE MESSAGES 

 

9 

9 

after proposed Food and Drug Administration graphic warning labels, as well as 20 182 

neutral images. Because we aimed to better understand mechanisms underlying 183 

variability in the effectiveness of negatively-valenced messages, our analyses focused 184 

primarily on the 20 negatively valenced anti-smoking images. The emails also contained 185 

links to online quit-smoking resources managed by the NYSSQL. Email click-through 186 

rates in the email campaign (visits to the quit-website generate by clicking on the link in 187 

the email) were treated as the primary outcome of interest in this email campaign. The 188 

click-through rate for each image in the email campaign was calculated as the total 189 

number of clicks of links within the email divided by the number of emails opened for an 190 

image (clicks/opened). Consistent with our prior analyses, email click-through rates 191 

were rank-ordered from lowest to highest (see Falk et al., 2016). 192 

 193 

 194 

Figure 1 A) Scanner anti-smoking messages task trial structure B) Presentation of 195 
anti-smoking messages with population-level email campaign  196 

 197 

Analysis 198 
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 Preprocessing and general linear model. Functional data were preprocessed with 199 

Statistical Parametric Mapping (SPM8, Wellcome Department of Cognitive Neurology, 200 

Institute of Neurology, London, UK). Functional images were despiked using the 201 

3dDespike program as implemented in the AFNI toolbox. Next, data were corrected for 202 

differences in the time of slice acquisition using sinc interpolation; the first slice served 203 

as the reference slice. Data were then spatially realigned to the first functional image. 204 

We then coregistered the functional and structural images using a two-stage procedure. 205 

First, in-plane T1 images were registered to the mean functional image. Next, high-206 

resolution T1 images were registered to the in-plane image. After coregistration, high-207 

resolution structural images were segmented to produce a grey matter mask, and then 208 

normalized to the skull-stripped MNI template provided by FSL. Finally, functional 209 

images were smoothed using a Gaussian kernel (8 mm FWHM). 210 

We conducted first-level modelling in SPM8. Specifically, we constructed a 211 

single-trial GLM to quantify trial-level estimates of brain activity (Koyama et al., 2003; 212 

Rissman, Gazzaley, and D’Esposito, 2004), for use in multilevel modelling. Within this 213 

GLM, each stimulus (message-viewing) period of the task was modeled as a separate 214 

boxcar function convolved with the canonical hemodynamic response, generating 215 

separate estimates of brain activity (relative to implicit baseline) for each ad-viewing 216 

period, for each participant. Data were high-pass filtered with a filter of 128 seconds, 217 

and regressors for the behavioral response period and six rigid-body motion parameters 218 

were included as regressors of no interest. 219 

 Regions and pattern of interest. We defined regions and patterns of interest 220 

(ROIs and POIs) in order to estimate brain activity associated with core psychological 221 
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processes of interest – including, affective reactivity, integrative valuation, and emotion 222 

regulation (coordinates refer to ROI center of mass in MNI space). Our models treated 223 

these a priori brain measures as predictor variables and the trial-by-trial message 224 

measures of message impact (quitting intentions and click-through rates) as outcome 225 

variables, and were designed to estimate the magnitude (with uncertainty) of these 226 

brain-behavior relationships using the data from the current study. We defined a 227 

bilateral amygdala ROI anatomically, using the Harvard-Oxford anatomical atlas 228 

thresholded at 25% probability (L -23, -5, -18; R 23, -4, -18) (5.3 cm3). We defined a 229 

vmPFC ROI (1, 46, -7; 3.6 cm3) via a meta-analysis identifying a monotonic, modality-230 

independent signal for subjective reward value (Bartra, McGuire, and Kable, 2013). A 231 

pattern of interest is a generalization of the concept of an ROI wherein voxels are 232 

assigned continuous weights rather than a binary assignment of being included in an 233 

ROI or not. To index distributed neural processes related to emotion regulation, we 234 

used the unthresholded whole-brain results from a meta-analysis of 47 studies 235 

identifying neural regions activated for the contrast of emotion regulation versus looking 236 

naturally at emotionally evocative images (Buhle et al., 2014), without setting the 237 

predictive coefficient of any voxels (i.e., those that didn’t meet a significance threshold) 238 

to exactly zero. The resulting meta-analytic pattern indicates that greater activity in a 239 

suite of brain regions implicated more generally in top-down control of cognition, as well 240 

as semantic and perceptual processing, is predictive of emotion regulation (Buhle et al., 241 

2014; Doré, Weber, & Ochsner, 2017). 242 

 Pattern expression analysis. We conducted pattern expression analyses to test 243 

whether expression of our whole-brain pattern of interest moderated relationships 244 
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between amygdala and vmPFC activity and population-level click-through rates. In order 245 

to calculate the extent to which trial-level beta images expressed the emotion regulation 246 

pattern, we treated the pattern as a vector of weights and calculated the dot product 247 

between this vector and each vectorized trial-level brain activation image, yielding a 248 

scalar value reflecting the extent to which the pattern of interest was expressed on each 249 

trial, for each participant. 250 

 Multilevel modelling. We used R (cran.r-project.org; ver 3.3.1), Stan (mc-251 

stan.org; rstan ver 2.16.2), and the brms package (Bayesian Regression Models using 252 

Stan ver 2.1.0) to fit hierarchical Bayesian regression models that estimated the extent 253 

to which activity within our amygdala and vmPFC ROIs and expression of our emotion 254 

regulation pattern (the predictor variables) were predictive of smokers’ behavioral 255 

ratings (an outcome variable) and, in separate models, email click-through-rates in the 256 

population-level email campaign (an outcome variable). Predictor and outcome 257 

variables were standardized and predictors that varied within-person were person-mean 258 

centered, yielding standardized beta coefficients indicating the average magnitude of 259 

the within-person relationship between the predictor variable and the outcome variable. 260 

Models incorporated variance and covariance parameters allowing for model intercepts 261 

and slopes to vary by person. We used posterior means and 95% Bayesian credibility 262 

intervals (central posterior intervals) to estimate the plausible range of values that a 263 

given relationship could take in light of the observed data. We did not conduct repeated 264 

tests of a universal null hypothesis (as in the mass univariate testing approach) that 265 

would require adjustment for multiple comparisons. 266 
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Because weakly informative priors centered at zero yield results that closely 267 

correspond with traditional maximum likelihood estimates (with the exception that they 268 

regularize extreme values toward zero), we used weakly informative priors on beta 269 

coefficients, variance parameters, and covariance parameters. Specifically, we used a 270 

zero-centered normal distribution with scale parameter 10 on beta coefficients, a 271 

positive half-normal distribution with scale parameter 10 for standard deviations, and an 272 

LKJ distribution with regularization parameter 1 for correlations between person-level 273 

intercepts and slopes (Stan Development Team, 2016). Models were estimated with 274 

Markov Chain Monte Carlo Sampling, running four parallel chains for 1000 iterations 275 

each (the first 500 warm-up samples for each chain were discarded). This number of 276 

iterations proved sufficient for convergence in that the Gelman-Rubin diagnostic 277 

reached a value between 0.95 and 1.05 for all parameters (Gelman and Rubin, 1992). 278 

In comparison to maximum likelihood based approaches to multilevel modelling, this 279 

approach offers: posterior inference, more accurate estimation of hierarchical variance 280 

and covariance parameters, better rates of convergence, and diagnostics for assessing 281 

the validity of the sampler-based statistical inferences (Stan Development Team, 2016). 282 

Results 283 

Amygdala activity during message exposure predicted personal quit intentions 284 

and population information seeking 285 

Our initial question was whether message-evoked amygdala responses were 286 

predictive of personal quit intentions (rated within the scanner task), and population 287 

information seeking (collected via email click-through behaviors in a New York state 288 

email campaign). We found that higher amygdala activity was predictive of both in-289 
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scanner ratings of quit intentions, β=.078, 95%CI[.001, .157], and population information 290 

seeking, β=.099, 95%CI[.020, .174], across the negatively-valenced anti-smoking 291 

messages. In a next step, we additionally controlled for post-task ratings of message 292 

negativity, argument strength, self-relevance, and quit-related thoughts, finding that the 293 

predictive value of amygdala activity held for both quit intentions, β=.062, 95%CI[.007, 294 

.118], and population information seeking, β=.070, 95%CI[.005, .139]. Considering the 295 

neutral (non-negatively valenced) comparison messages, we did not see that amygdala 296 

activity was predictive of either in-scanner ratings of quit intentions, β=-.001, 95%CI[-297 

.067, .069], or population information seeking, β=-.001, 95%CI[-.079, .072]. Overall, this 298 

pattern suggests that smokers’ amygdala responses to negative anti-smoking 299 

messages predicted both their own message evoked quit intentions and the population-300 

level impact of the same messages. Further, the value of a smoker’s amygdala 301 

response in predicting population impact was partially independent of that smoker’s own 302 

subjective response to the ad.  303 

The predictive value of amygdala activity for personal quit intentions and 304 

population behavior was mediated by vmPFC activity 305 

Next we used a multilevel mediation approach to ask whether the data were 306 

consistent with a model whereby the relationship between amygdala activity in response 307 

to emotionally evocative messages and the behavioral impact of those messages was 308 

mediated by increased vmPFC activity (associated with integrative valuation). To do 309 

this, we fit a mediation model with two outcome variables. In this model, we used 310 

estimates of message-evoked amygdala activity as the predictor variable, estimates of 311 

message-evoked vmPFC activity as the mediator variable, and in-scanner quit 312 
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intentions and population information seeking as two parallel outcome variables. The 313 

results of this model (see Figure 2) indicated that the relationship between amygdala 314 

activity and quit intentions was mediated by vmPFC activity, a*bquit_int=.044, 95%CI[.017, 315 

.074], and, similarly, the relationship between amygdala activity and population 316 

information seeking was also mediated by vmPFC activity, a*bpop_beh=.038, 95%CI[.005, 317 

.073]. Within the neutral comparison messages, we did not see mediation by vmPFC for 318 

either quit intentions, a*b= .020, 95%CI[-.011, .051], or population information seeking, 319 

a*b= -.051, 95%CI[-.013, .025]. Overall, this pattern of results is consistent with a model 320 

whereby amygdala responses reflect bottom-up affective reactivity to an emotionally 321 

evocative anti-smoking message, and this bottom-up reactivity is predictive of 322 

individual- and population-level message effects to the extent that it tracks with 323 

corresponding valuation-related responses in vmPFC. 324 

 325 

 326 

 327 

Figure 2 The relationship between amygdala activity and message impact was mediated 328 
by vmPFC activity, for both smoker’s own ratings of message-evoked quit intentions 329 
within the scanner task and population information seeking behavior (click-through rates) 330 
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in the New York state email campaign that used the same messages. (Path coefficients 331 
reflect standardized betas with 95% credibility intervals, estimated with a multilevel 332 
structural equation model.)   333 

 334 

Emotion regulation pattern expression moderated the predictive value of 335 

amygdala activity and vmPFC for population behavior 336 

Our previous analyses indicated that amygdala responses were predictive of 337 

both smoker’s own intentions to quit smoking and information seeking within a 338 

population messaging campaign, and these effects were mediated by increased vmPFC 339 

activity. However, these analyses did not speak to the relevance of brain regions 340 

implicated in deliberately controlling one’s emotional response to an aversive stimulus. 341 

In order to address this, we asked whether spontaneous (i.e., uninstructed) recruitment 342 

of regions implicated in emotion regulation could moderate the predictive value of 343 

amygdala and vmPFC responses to these anti-smoking messages.  344 

We first quantified trial-by-trial expression of a meta-analytically defined global 345 

brain pattern that is predictive of uninstructed down-regulation of negative emotional 346 

responses to aversive stimuli (Buhle et al., 2014; Doré et al., 2017). Next, we asked 347 

whether expression of this emotion regulation pattern moderated the predictive 348 

relationships linking amygdala and vmPFC activity with personal quit intentions and 349 

population-level information seeking. Considering smoker’s own personal quit 350 

intentions, we saw that emotion regulation pattern expression did not clearly moderate 351 

the predictive value of either amygdala activity, β=.005, 95%CI[-.037, .047], or vmPFC 352 

activity, β=-.022, 95%CI[-0.061, 0.019]. This result suggests that recruitment of neural 353 

mechanisms of emotion regulation did not clearly moderate the extent to which 354 

smokers’ affect- and valuation-related brain responses corresponded with their own 355 
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message-evoked quit intentions. Turning to message-evoked population information 356 

seeking, we saw that emotion regulation pattern expression moderated the predictive 357 

value of both amygdala activity, β=-.039, 95%CI[-.078, -.001], and vmPFC activity, β=-358 

.047, 95%CI[-.084, -.007]. This result suggests that recruitment of neural mechanisms 359 

of emotion regulation moderated the extent to which smoker’s affect- and valuation-360 

related brain activity tracked with population message impact. That is, the more the 361 

emotion regulation pattern was expressed, the less predictive the affect- and value-362 

related responses were of the population-level impact of these negatively valenced anti-363 

smoking messages.   364 

 365 

Figure 3 A) Emotion regulation pattern expression moderated the magnitude of the path 366 
relating vmPFC activity to population click-through rates. (Emotion regulation pattern is 367 
thresholded at FWE p<.05 for visualization, but in analyses all voxel weights were used; 368 
Path coefficients reflect standardized betas with 95% credibility intervals.) B) Coefficient 369 
plot (standardized betas with 68% and 95%CI) displaying parameters estimated in a 370 
moderated mediation model that including covariates for subjective ratings of message 371 
negativity, argument strength, quit-related thoughts, and self-relevance.  372 
 373 

To better understand the nature of this moderation, we next modified our 374 

mediation model in order to incorporate trial-by-trial variation in emotion regulation 375 
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pattern expression as a moderator of both the first stage (i.e., the extent to which 376 

amygdala activity showed a positive relationship with vmPFC activity), and the second 377 

stage (i.e., the extent to which vmPFC activity showed a positive relationship with 378 

population behavior, accounting for amygdala activity) of the amygdala to population 379 

behavior mediation pathway. This moderated mediation model (see Figure 3A) revealed 380 

evidence for second stage moderation – that is, emotion regulation pattern expression 381 

moderated the (b path) relationship between vmPFC activity and population behavior, 382 

β=-.048, 95%CI[-.087, -.008]. The model estimate for first stage moderation of the (a 383 

path) relationship between amygdala activity and vmPFC activity was β=-.013,95%CI[-384 

.047, .020]. An analogous model fit to the data from the neutral comparison messages 385 

indicated that emotion regulation pattern did not moderate either the relationship 386 

between amygdala activity and vmPFC activity, β = -.008, 95%CI[-.042, .025], or the 387 

relationship between vmPFC and population click-through rate β = -.017, 95%CI[-.057, 388 

.022].  389 

Overall, these results indicate that spontaneous (i.e., uninstructed) recruitment of 390 

brain mechanisms associated with emotion regulation disrupted the extent to which 391 

affect and valuation-related brain responses corresponded with population behavioral 392 

responses to the negative health messages. In an exploratory follow-up to the mediation 393 

model, we added subjective ratings of message negativity, argument strength, quit-394 

related thoughts, and self-relevance as additional covariates within the mediation 395 

model, finding that the vmPFC mediation and emotion regulation pattern moderation 396 

effects held (see Figure 3B). In set of final exploratory follow-up analyses, we asked 397 

whether within-person amygdala, vmPFC, or emotion regulation pattern expression 398 
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interaction effects in predicting quit intentions and population information seeking were 399 

moderated by individual differences in average number of cigarettes smoked per day, 400 

number of prior quit attempts, or nicotine dependence. These analyses did not reveal 401 

evidence for moderation by any of these individual difference variables. 402 

Discussion 403 

Persuasive messages often use emotional content in service of promoting 404 

particular attitudes or behaviors (Peters, Ruiter, and Kok, 2013; Tannenbaum et al. 405 

2015; Witte and Allen 2000). In this study, we asked how neural mechanisms of 406 

emotional reactivity, valuation, and emotion regulation interact to determine the 407 

individual-level and population-level impact of emotionally evocative antismoking 408 

messages depicting a range of negative, smoking-related consequences (e.g., lung 409 

disease), a crucial step toward a mechanistic understanding of how emotionally-laden 410 

persuasive appeals can change behavior in individual people and across larger 411 

populations. Specifically, we examined brain activity within the amygdala and vmPFC, 412 

and quantified expression of a meta-analytically defined brain pattern that is predictive 413 

of decisions to implement emotion regulation. Next, we used these brain variables to 414 

predict effects of these messages on smokers’ personal intentions to quit smoking and 415 

on large-scale information seeking behavior (email click-through rates) within an anti-416 

smoking campaign. We obtained three key findings.  417 

First, we found that higher amygdala activity during message exposure was 418 

predictive of greater message impact, both for smokers’ personal quit intentions and for 419 

population email click-through rates to the same messages. Second, we found that the 420 

relationship between amygdala activity and message impact was mediated by 421 
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increased activity in vmPFC. Third, we found that the strength of the mediation pathway 422 

relating amygdala responses to population behavior via vmPFC was moderated (i.e., 423 

dampened) by expression of the meta-analytically defined emotion regulation pattern. 424 

That is, when smokers spontaneously recruited brain regions involved in deliberately 425 

regulating one’s response to an aversive image, their affect- and valuation-related brain 426 

responses tended to more weakly correspond with the population behavioral effects of 427 

the same anti-smoking messages. This overall pattern of results comports with theories 428 

positing that vmPFC reflects an integrative value signal that is sensitive to historical and 429 

motivational context (crucial in affective learning processes like extinction of a 430 

conditioned threat response), whereas lateral PFC regions are more directly involved in 431 

top-down control of cognition and emotion. 432 

Implications for psychological and neural models of persuasion  433 

These data are consistent with research proposing that affective responses are a 434 

core component of attitudes in general, and central to the effects of persuasive 435 

communications in particular (DeSteno et al., 2004; Dillard and Peck, 2000; Petty, 436 

Fabrigar, and Wegener, 2003; Witte, 1992). For example, health messages that 437 

highlight a person’s risk can be effective (Witte and Allen 2000; Tannenbaum et al. 438 

2015), particularly if receivers perceive themselves to be at risk (Brewer et al. 2004; 439 

Sheeran et al. 2014; Schmälzle et al. 2017). However, our data provide new insight into 440 

the underlying mechanisms of these kinds of effects, suggesting that whether an 441 

emotionally charged health message succeeds or fails can be predicted on the basis of 442 

both the affective reactivity that it elicits and the way that this affect is regulated.  443 



BRAIN RESPONSES TO PERSUASIVE MESSAGES 

 

21 

21 

Overall, these data indicate that theoretically-defined patterns of brain activity 444 

can interact to predict consequential behaviors of both the individuals whose brains 445 

were measured, and larger population of people exposed to the same stimuli. 446 

Specifically, these data provide novel insight into how mechanisms of emotional 447 

reactivity, integrative valuation, and regulation may interact to produce change in 448 

intentions and behaviors. Although amygdala activity was predictive of personal 449 

intentions to quit smoking and population quit-related information seeking behavior, 450 

these predictive relationships were largely mediated by vmPFC activity, suggesting that 451 

it may not be enough for persuasive communications to elicit emotional reactivity if they 452 

do not also contribute positively to an integrative value response.  453 

Moreover, the pathway relating amygdala activity to population behavior via 454 

vmPFC activity was moderated by emotion regulation pattern expression. That is, when 455 

smokers showed recruitment of neural mechanisms involved in regulating negative 456 

affect during message exposure, their amygdala and vmPFC activity did not correspond 457 

as closely with population-level message impact. However, emotion regulation pattern 458 

expression did not moderate the extent to which amygdala and vmPFC activity tracked 459 

with smoker’s own personal intentions to quit smoking. Importantly, the prefrontal and 460 

parietal brain regions that are reflected in the emotion regulation pattern are thought to 461 

be domain-general, in that they are implicated in regulating emotion via several 462 

strategies (including both up- and down-regulating emotion) as well as in top-down 463 

control of cognition more generally (Ochsner et al., 2012). One interpretation of this 464 

pattern of results is that the emotion regulation pattern expression observed here may 465 

reflect spontaneous up- or down-regulation of the affective impact of a message, 466 
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leading to an evaluative response that is more driven by idiosyncratic top-down goals 467 

and less by stimulus-driven modes of responding that are more universal across the 468 

population of people exposed to these messages (Knutson and Genevsky, 2018; Doré 469 

et al., in press). That is, the observation that amygdala and vmPFC responses diverge 470 

from population behavior (but not one’s own intentions) under instances where emotion 471 

regulation pattern expression is high suggests that affective and value-related brain 472 

responses can be shaped by neural mechanisms of emotion regulation such that they 473 

reflect more idiosyncratic, or population-atypical, ways of evaluating a stimulus. 474 

Equivalently, it may be that affective and value-related brain responses are most 475 

predictive of the population impact of persuasive messages when they are less 476 

influenced by top-down regulation (Doré et al., in press).  477 

Implications for persuasive messaging interventions 478 

 The view that individual- and population-level message effects may emerge from 479 

affect-, value-, and control-related brain responses has several implications for theories 480 

and design of persuasive messaging interventions. First, messages that aim to evoke 481 

strong negative emotional reactivity (e.g., an image of a diseased lung) can be effective, 482 

but these data suggest an important boundary condition: this emotional reactivity occurs 483 

in tandem with value-related brain activity. Further, these data indicate that an important 484 

source of variance in the extent to which affect and value-related brain responses track 485 

with persuasive message effects is whether perceivers spontaneously recruit 486 

mechanisms of emotion regulation. In particular, the results suggest that neuroimaging 487 

measures may be most informative about the success of public health messages when 488 

the people being scanned approach the stimuli in a more reactive and less controlled 489 
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manner (i.e., do not recruit neural mechanisms of emotion regulation). That is, this 490 

observation suggests that neural prediction of population behavior may be more 491 

efficient when recruitment of mechanisms of emotion regulation is experimentally 492 

manipulated or statistically accounted for. One reason for this finding could be that 493 

perceivers are recruiting cognitive control resources to up-or down-regulate their 494 

affective response such that it diverges from the typical population response. Drawing 495 

from models of the neural mechanisms predicting decisions to enact control of emotion 496 

(Doré, Weber, and Ochsner, 2017; Shenhav, Botvinick, and Cohen, 2013) future studies 497 

could focus on psychological and neural factors that could make recruitment of emotion 498 

regulation mechanisms more or less likely during the moment of message receipt. 499 

Overall, a crucial direction for future work is to quantify how bottom-up (stimulus-driven) 500 

and top-down (goal-driven) neural processes interact to determine the how people 501 

experience, recover from, and change their behavior in response to emotionally 502 

evocative messaging. In service of this overarching goal, future studies could ask 503 

whether psychological and neural variables are able to predict not only the typical 504 

effects of a message within a population (i.e., the mean), but also the presence of highly 505 

similar versus dissimilar effects across members of that population (i.e., the variance). 506 

Such an approach will build our understanding of specific persuasive strategies that 507 

give rise to relatively universal versus relatively idiosyncratic behavioral responses 508 

(Schmaelze et al., 2015).  509 

Future Directions 510 

In this study we used measurements of brain activity to predict immediate effects 511 

of graphic anti-smoking messages on smokers’ quit-intentions and on information-512 
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seeking behavior in a population email campaign. A question for future work is whether 513 

stimuli that drive amygdala responses are more effective in evoking short-term change 514 

in behavior versus sustained longer-term behavior change. Further, this study focused 515 

on within-person variation in anti-smoking message impact. Whether similar neural 516 

mechanisms underlie within- versus between-person variation in message-evoked 517 

behavior change is not well understood, and is an important question for future work. 518 

Related, although vmPFC activity consistently tracks with subjective value, it is also 519 

involved in other processes like affective learning and self-relevance (Roy, Shohamy, & 520 

Wager, 2013). Future work could investigate how these processes, or another lower-521 

level set of computations, are relevant for understanding responses to emotional health 522 

messages. Finally, future work examining neural responses to persuasive messages 523 

could also include psychological measures of emotion regulation abilities and 524 

tendencies (Silvers & Guassi Moreira, 2017), to examine how these individual 525 

differences may moderate prediction of message effects. 526 

Conclusion 527 

Whether a persuasive message succeeds or fails can hinge not only on its 528 

factual content, but on the affect it elicits and how this affect is regulated. Our data show 529 

that affect-related neural responses can predict the impact of persuasive health 530 

messages, and that this relationship is mediated by vmPFC and moderated by emotion 531 

regulation pattern expression. These findings suggest that spontaneous recruitment of 532 

neural mechanisms of emotion regulation can shape evaluations of persuasive 533 

messages and disrupt the extent to which these evaluations track with population-level 534 

message effects. 535 
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