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Abstract

Unhealthy behaviours, including smoking, poor nutrition, excessive alcohol consumption,
physical inactivity and sedentary lifestyles, are global risk factors for non-communicable
diseases and premature death. Functional magnetic resonance imaging (fMRI) offers a unique
approach to optimize health messages by examining how the brain responds to information
relating to health. Our aim was to systematically review fMRI studies that have investigated
variations in brain activation in response to health messages relating to (i) smoking; (ii) alcohol
consumption; (iii) physical activity; (iv) diet; and (v) sedentary behaviour. The electronic
databases used were Medline/PubMed, Web of Science (Core Collection), PsychINFO,
SPORTDiscuss, Cochrane Library and Open Grey. Studies were included if they investigated
subjects aged >10 years and were published before January 2017. Of the 13,836 studies
identified in the database search, 18 studies (smoking k=15; diet k=2; physical
activity/sedentary behavior k=1) were included in the review. The prefrontal cortex was
activated in seven (47%) of the smoking-related studies and the physical activity study. Results
suggest that activation of the ventromedial, dorsolateral and medial prefrontal cortex regions
were predictive of subsequent behavior change following exposure to aversive anti-smoking
stimuli. Studies investigating the neurological responses to anti-smoking material were most
abundant. Of note, the prefrontal cortex and amygdala were most commonly activated in
response to health messages across lifestyle behaviors. The review highlights an important
disparity between research focusing on different lifestyle behaviors. Insights from smoking
literature suggests fMRI may help to optimize health messaging in relation to other lifestyle

behaviors.
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List of abbreviations

PSA — public service announcement

MRI — magnetic resonance imaging

fMRI — functional magnetic resonance imaging

NCD — non-communicable diseases

UK — United Kingdom

USA — United States of America

BOLD - blood oxygen level dependent

PRISMA — preferred reporting items for systematic reviews and meta-analyses

FDA — food and drug administration

Background

Non-communicable diseases (NCDs) such as cardiovascular disease, cancers and type 2
diabetes are reaching epidemic proportions; accounting for 60% of all deaths worldwide (1).
The onset of more than two thirds of all new NCD cases is widely attributed to four specific
modifiable risk factors; smoking, excessive alcohol consumption, poor nutritional intake and
physical inactivity (2). The prevalence for each of these risk factors is staggering with one in
five UK adults current cigarette smokers (3), over 85,000 alcohol-related deaths annually (4),
arising global body mass index (5) and only 5% of UK (6) and US (7) adults achieving national
guidelines. This highlights that effective interventions to promote healthy lifestyles are needed.
One approach that has been widely used is public health messaging which has the important

advantage of reaching whole populations.

Promoting lower sugar intake, increased regular physical activity (e.g. “Change4Life”),
smoking cessation (e.g. “Smoke Free”) and minimizing excessive alcohol consumption (e.g.
“Know your limits”) are common aims of public health campaigns. In addition to these
campaigns, point-of-decision prompts (e.g. take the stairs) and on-product packaging (e.g.

“Smoking Kills) also presents persuasive micro-level messages which can also reach a wide



audience. In particular, pictures of tar-filled lungs and yellow teeth are now commonplace on
cigarette packages (8). These prompts are attributed in part to the reductions in smoking
prevalence (9; 10). However, ensuring campaigns and the information or images provided are
impactful and evidence-based is crucial when implementing these behavior change approaches
(11). Therefore, to help ensure public health campaigns and point-of-decision prompts are
given the greatest chance to succeed in changing behavior, it is important to assess how people

respond to them.

Lifestyle behaviors are influenced not only by conscious choices (e.g. choosing to active
commute to work) but also by subconscious responses to the environment and stimuli (e.g.
emotional responses to a television advertisement or billboard). In order for a decision to be
made by the brain, self-related processing must occur which involves the evaluation of
environmental stimuli with regards to its personal relevance. Given this, neuroimaging can
provide valuable insight into subconscious responses to stimuli by examining regions of the
brain and levels of brain activation when individuals view health-related messages. These
insights may then be used to bolster the persuasiveness of health messages (12) and as a result,
increase the likelihood of changing behavior (13). Previous research has highlighted that
regions within the medial prefrontal cortex of the brain are associated with self-related
processing (14) with people subsequently reducing time spent sitting when activations within
the ventromedial prefrontal cortex were observed (15). Predicting behavior change based on
neural activity through fMRI offers an interesting brain-behavior link (16); highlighting the
importance of optimizing the content of health messages as they have a direct effect on how
people’s brains engage with the health message and whether they ultimately change their
behavior. By producing and disseminating health messages that activate brain regions linked
with successful behavior change, health campaigns may have greater population-level success

and be more cost-effective (16; 17).

Methods

The present review aims to systematically review studies that have used fMRI to examine brain
activity in response to health messages pertaining to physical activity, sedentary behavior,
dietary intake, smoking and alcohol consumption. The aims of the review were to (i) examine

stimuli content and modality; (ii) identify activated brain regions in response to stimuli



presented and (iii) assess the capacity of fMRI results to predict behavior change. The protocol

of this systematic review was developed in accordance with the PRISMA-P guidelines (18).
Search Strategy

An electronic search was conducted using Medline/Pubmed; PsychINFO; SPORTDiscus; Web
of Science (Core Collection); Cochrane Library; and Open Grey. The reference lists of included
records were manually screened for identifying additional relevant records. The electronic
database search was conducted on the 10" January 2017. The search strategy was identical
across databases but the affiliation field was adjusted for each database (see Electronic
Supplementary Material, Table 1). The search strategy used for all databases was: (“functional
magnetic resonance imaging” OR “functional MRI” OR fMRI OR “blood oxygen level
dependent” OR BOLD OR neuroimaging) AND (smoke* OR smoking OR cigarette OR
tobacco OR alcohol OR drink OR “sedentary lifestyle” OR sedentary behavio* OR sedentar™®
OR sitting OR “physical activity” OR “physical inactivity” OR “activities of daily living” OR
fitness OR exercise OR food OR snack OR diet OR eat OR eating OR calorie OR caloric OR
campaign OR message OR messaging OR communication OR “mass media” OR PSA OR
“public service announcement” OR graphic OR warning OR label OR image OR video).

Selection criteria and study selection

To be included, identified records had to meet the following criteria: (i) published in English
prior to January 2017; (ii) involved human participants aged >10 years; (iii) investigated
physical activity, sedentary behavior, dietary intake, smoking and/or alcohol consumption; (iv)
assessed health messages; and (v) studied subjects using fMRI. We excluded all systematic
reviews and meta-analyses. Record screening and data extraction were conducted using
DistillerSR Version 2.0 (Evidence Partners, Ottawa, Canada). After inspection for any
duplicates, the titles and abstracts of all records were reviewed by one reviewer (MW). Where
a decision to include or exclude was not attained based on the title/abstract, the full text was
sourced. Full text records were examined by two reviewers (MW and MO). Conflicts were

discussed and if consensus was not achieved, a third reviewer (DE) was included.
Recorded variables, data extraction and analysis

Data were extracted on standardized forms developed a priori by the lead author for the
following variables: authors and year of publication; publication title, number of subjects

included within analyses; number of subjects excluded from analyses; age; gender distribution;



subject handedness; lifestyle behavior investigated; fMRI task design; fMRI principle findings;
presence of a follow up component and follow up principle findings (see Table 1 and Table 2).
Further fMRI methodological variables were extracted (see Electronic Supplementary
Material, Table 3 and Table 4).

Results

Full details of the search results, including reasons for exclusion are summarized in Figure 1.
Total search results obtained from each database were recorded (see Electronic Supplementary
Material, Table 2). Of 13,836 records identified by the electronic database searches, 13,420
records (97.0%) were excluded based on title and abstract sifting. Of the remaining 416 records,
400 were excluded during full-text sifting: 350 (87.5%) because they did not assess health
messages, 20 (5.0%) due to inappropriate article type, 15 (3.8%) did not investigate fMRI and
a lifestyle behavior of interest in this review, 9 (2.3%) had no visual stimuli, 2 (0.5%) did not
provide sufficient detail, 2 (0.5%) studied subjects aged <10 years and 2 (0.5%) were
duplicates. Reference lists of the 16 included records yielded 2 additional records for inclusion;

resulting in the inclusion of 18 studies for this review.
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For more information, visit www.prisma-statement.org.

Figure 1: Selection procedure; based on the PRISMA flow diagram template from

WWW.prisma-statement.org

Characteristics of included studies

Of the resulting 18 studies, studies investigated smoking (k=15), diet (k=2), physical activity
and sedentary behavior (k=1) and no studies were included for alcohol consumption (see Table
1 and 2). All studies were published between January 2009 and November 2015 (inclusive).
The sample sizes of the included studies ranged from having 24 to 91 participants. Included

studies recruited participants between the ages of 13 and 69 years. Fourteen (77.8%) studies
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recruited both males and females, 1 (5.6%) study recruited males only and 3 (16.7%) studies

did not provide sufficient detail.

Of the 18 studies, ten (55.6%) were cross-sectional and eight (44.4%) were longitudinal in
design. The eight longitudinal studies followed up participants one to four months following
fMRI and were conducted via telephone, appointment or email to assess level of smoking
abstinence (k=6), objectively measure sedentary behavior and physical activity (k=1) or

intention to quit smoking (k=1).

Fourteen (77.8%) of studies were conducted in the USA, specifically Michigan (k=6),
Pennsylvania (k= 6), California (k=1) and South Carolina (k=1). The remaining studies were
conducted in Germany (k=2) and Canada (k=2). Further characteristics for each of the included

studies are provided in Table 1.



Table 1: Study characteristics of the included studies.

Sample Characteristics

. N
: N included
Title within exfcr Igged Mean age (SD) Gender Handedness Author, year
analyses
analyses
Physical Activity or Sedentary Behaviour
Affirmed
Self-affirmation alters the brain’s response to health 33.7 (13.5); 27 F 19 Falk et al., 2015
: 46 21 45R
messages and subsequent behaviour change control M (15)
30.1 (13.1)
Diet
Nutrition labels influence value computation of food 23.3 (4.4) Detail not Enax et al., 2015
. i 25 10 14F11M :
products in the ventromedial prefrontal cortex provided (19)
Relation of obesity to neural activation in response to Detail not Detail not Gearhardt et al.,
food commercials 30 provided 15.2(1.1) 17F13M provided 2014 (20)
Smoking
Neura_l responses to elements of a web-based smoking 41 Detal_l not 38.3 (11.5) 10E31 M 41R Chau et al., 2009
cessation program provided (21)
Neural cor_relates _of message tallorlng_ and self- 24 Detal_l not 400 (11.2) 12F12 M 24 R Chau et al., 2009
relatedness in smoking cessation programming provided (22)
Self-r(_elated neural response to tailored smoking- o1 Detal_l not 375 (11.5) AAE 47T M 91 R Chau et al., 2011
cessation messages predicts quitting provided (23)




Brain activity in self- and value-related regions in Cooner et al
response to online antismoking messages predicts 46 4 32.1 (12.6) 19F27TM 46 R P N
: 2015 (24)
behaviour change
Where there’s smoke, there’s fire: the brain reactivity Detail not Dinh-Williams et
of chronic smokers when exposed to the negative value 30 . 31.9 (9.4) 15F15M 29R1L
. provided al., 2014 (25)
of smoking
Executive-affective connectivity in smokers viewing Detail not Dinh-Williams et
anti-smoking images: an fMRI study 30 provided 318 (9.2) 15SFI5M 1 28R1L1A al., 2014 (26)
FDA cigarette warning labels lower craving and elicit 79 1 Detail not Detail not 79 R Do etal., 2015
frontoinsular activation in adolescent smokers provided provided (27)
Neural activity during health messaging predicts 28 3 45.0 (10.1) 15E13 M 28 R Falk et al., 2011
reductions in smoking above and beyond self-report ' ' (16)
Functional brain imaging predicts public health Detail not Detail not Detail not Falk et al., 2016
: 44 6 . . :
campaign success provided provided provided (28)
Amygdala response to smoking-cessation messages Quitters
Y9 P g- g Detail not 36.4 (11.4); Detail not Jasinska et al.,
mediates the effects of serotonin transporter gene 82 . ; 38F 44 M .
variation on quittin provided non-quitters provided 2012 (29)
qurtting. 38.4 (12.3)
Reduced prefrontal and temporal processing and recall 15 3 Detail not 3E12 M Detail not Langleben et al.,
of high ‘sensation value’ ads provided provided 2009 (30)
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Neural biomarkers for assessing different types of

. T . . Detail not Detail not Newman-Norlund
imagery in pictorial health warning labels for cigarette 50 provided 27.6 24F26 M orovided etal., 2014 (31)
packaging: a cross-sectional study
Severity of dependence modulates smokers’ neuronal Non_abStm_ent
g : : . 31.0 (7); Vollstadt et al.,
cue reactivity and cigarette craving elicited by tobacco 43 5 43 M 43R
: never-smokers 2011 (32)
advertisement
29.0 (5)
High AS High AS
Content matters:_ neuroimaging |nvest|_gat|on of bral_n 29.0 (1.6): 1§ F 15 Detail not Wang et al., 2013
and behavioural impact of televised anti-tobacco public 63 8 M; Low .
) low AS provided (33)
service announcements 30.0 (1.9) AS
A 14F16 M
Emotional reaction facilitates the brain and behavioral Detail not Detail not Wang et al., 2015
: ey . . 19 5 . . 19R
impact of graphic cigarette warning labels in smokers provided provided (34)

A, ambidextrous; AS, argument strength; F, female; L, left; M, male; N, number; R, right; SD, standard deviation
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Main findings
Stimuli content and modality

Identifying the content and modality of stimuli helps provide valuable understanding as to
what forms of health messages are being assessed using functional MRI. Full details of the
stimuli presented in the eighteen studies are presented in Table 2. Of the eighteen identified
studies, nine studies used static images (k=8 smoking, k=1 diet), four studies used videos (k=3
smoking, k=1 diet) and five studies used text-based messages (k=4 smoking, k=1 physical
activity/sedentary behaviour). Static messages included the presentation of images such as
banner adverts (24) and warning labels found on cigarette packaging (27). Videos included
food commercials (20) and public service announcements highlighting the importance of
smoking cessation (30). Finally, text-based messages included the presentation of motivational
messages that encouraged smoking cessation (21) or presented tailored, untailored and neutral

statements (23).
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Table 2: An overview of the fMRI task paradigm and the main findings of the included studies.

Author,
year

fMRI task

Stimuli
modality

Content

fMRI task principle
findings

Follow up

Follow up principle findings

Physical activity or sedentary behaviour

Promote activity and
emphasize risks due to being
sedentary (n=10);

Affirmed participants
showed greater activity

Accelerometry 1 month. 2
SMS messages per day: 1

Activity within the vmPFC

bil. inf. parietal lobe, left
postcentral gyrus, right
precuneus and right sup.
parietal lobe.

Falk et al., Visual reasons not to be sedentary within vmPEC durin value affirmation (either redicted sedentary behaviour
2015 (15) (n=10) or more active (n=10); g affirmation or control P y
. exposure to targeted health . in the subsequent month.
tips for how to become more allocation) and 1 health
i - messages.
active (n=10) or less sedentary message.
(n=10).
Diet
Healthy TL (n=25); TL unhealthy showed
Enax et al., . unhealthy TL (n=25); significantly increased
2015 (19) Visual healthy GDA (n=25); activation in the left inf. No follow up N/A
unhealthy GDA (n=25) front. gyrus/dIPFC.
Food commercials
exhibited greater
activation in bilateral post.
Visual cerebellar lobe (declive),
Gearhardt et (presence bil. middle occipital gyrus,
al., 2014 preser Food commercials (n=20); right precentral gyrus, No follow up N/A
of audio \ " SO
(20)(20) unknown) non-food commercials (n=20) | right inf. temporal gyrus,
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Smoking

Personalization/feedback;

Web-based tailored

Visual L . Personalization/feedback | smoking-cessation
motivational, .
Chauetal., | (presence |. o messages activated the program and a 10 week : .
. instructional, o Detail not provided
2009 (21) of audio mPFC and precuneus/post. | course of nicotine patches.
control messages (targeted and | .
unknown) neutral) cingulate-
Follow up at 4 months
High-tailored messages
- High tailored messages; low produced greater activity
Chaucetal, AUd'o tailored messages; generic in rmPFC and No follow up N/A
2009 (22) visual .
statements precuneus/post. cingulate
regions.
Greater activation in the
The dmPEC, precuneus, Web-pased tallc_>red dmPFC dunng_ t_allored
. . M. smoking-cessation messages significantly
Chauetal., | Audio- Tailored messages (n=50); and angular gyrus were . _
. ; T . program. predicted the odds of quitting
2011 (23) visual untailored messages (n=50); preferentially engaged by X S
_ . smoking. Greater activation in
neutral messages (n=50). tailored messages. .
Follow up at 4 months. the precuneus was marginally
correlated.
Behaviour change was
Cooper et significantly related to activity
al., 2015 Visual Banner ads (n=23) Detail not provided Follow up at 40 days. in both self- and value-related
(24) sub-regions of the mPFC

(replicated previous findings).
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Aversive smoking-related
(n=25);

Aversive smoking-related
elicited activations in the

Dinh- aversive non-smoking related | visual association cortex
Williams et . (n=25); and ext. visual system, the
al., 2014 Visual appetitive smoking-related temporal and parietal No follow up N/A
(25) (n=25); lobes, limbic system, lat.
neutral (n=25). orbitofrontal cortex, inf.
front. gyrus and mPFC.
Aversive smoking-related
elicited significantly
Dinh- Aversive smoking-related greater activations in
Williams et . (n=25); regions of the occipital,
al., 2014 Visual aversive IAPS control (n=25); | temporal and parietal No follow up N/A
(26) neutral IAPS control (n=25) lobes, amygdala, lat.
orbitofrontal cortex, inf.
front. gyrus and mPFC.
FDA warning labels (n=9): Smokers’ demonstrated
Doetal., Visual non-graphic ?abels (controi) blunted recruitment of No follow u N/A
2015 (27) (n_gs)J P insula and dIPFC relative P
- to non-smokers.
Neural activity in the mPFC
significantly predicted
Visual . behaviour change. The med.
TV commercials relevant to .
Falk etal., | (presence . . . precuneus/post. cingulate and a
. smokers who were trying to Detail not provided Follow up at 1 month. o :
2011 (16) of audio o region involved in motor
quit (n=16). .
unknown) planning supplementary motor
area were also highly
associated.
Anti-smoking images with a : . Activity within MPFC sub-
. Population-level email .
Falk etal., Visual tag-line Detail not provided campaign (n=400,000) region
2016 (28) Negative images (n=10) P paign (n=a%%, ' predicted population-level

Neutral images (n=10)

campaign responses
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Personal/control images (n=10)

Presented either anti-
smoking or neutral image
with a tagline to stop
smoking.

Measured intention to quit
via option to obtain free
nicotine patches

Self-related neural processing
predicted outcomes in
response to graphic warning
labels, but not in response to
compositionally

similar neutral images.

Jasinska et

Tailored messages (n=50);

Web-based tailored
smoking-cessation

The mean amygdala response

al., 2012 AUd'O' untailored messages (n=50); Detail not provided program an_d a .10 week was a S|gn|f|cant_pred|cto_r of
(29) visual neutral messages (n=50). course of nicotine patches. sut_)sgquent post-intervention
quitting outcome.
Follow up at 4 months.
PSAs were associated with
higher activity in
Langleben _ _ _ the _in_f. and mPFC, t_he
etal., 2009 Audlcln- Antl-slmo_klng PS:AS (n=8); ocuf_ltal c?rtex_ (fu3|fohrm No follow up N/A
(30)(30) visua neutral videos (n=8) and lingual gyri) and the
temporal cortex
(hippocampus and
parahippocampus).
Stimuli elicited a
significant neural response
Newman- Graphic health warning label in the_ amygdala,_ in_sula
Norlund et _ (n:19_); _ and visual association
al. 2014 Visual suffering health warning label | cortex, front. gyrus, No follow up N/A
(3'i) (n=19); temporal gyrus, parietal

symbolic health warning label
(n=19)

lobe (inf.), suppl. motor
area, parahippocampal
gyrus and thalamus.
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Moderately dependent
smokers’ brain activity
Vollstadt et i e elicited by tobacco
al., 2011 Visual (?(;?]?rkolr ?r;ﬂg;ed (n=45); advertisement was higher | No follow up N/A
(32) B in the amygdala,
hippocampus, putamen
and thalamus.
: . The interaction of AS and
Anti-smoking PSAs MSV was observed in the
. : : bil. inf. parietal lobule, left Activation in the dmPFC
Wang et al., | Audio- High AS/high MSV (n=8); . : . ) .
. : inf. front. gyrus, left Follow up at 1 month. redicted the urine cotinine
2013 (33) | visual high AS/low MSV (n=8); fusiform g%}r’us e right P Ipevels
low AS/high MSV (n=8); dmPEC. and th,e '
low AS/low MSV (n=8) precune’us
Graphic warning labels
evoked greater activation
. . : in the bil. occipitoparietal
High FDA graphic waming cortex includiag vF;suaI
Wang et al., . label (n=12); . . and fusiform areas, cuneus
Visual low FDA graphic warning . No follow up N/A
2015 (34) label (=12); and precuneus, bil.
control Zn—112) temporal and inf. front.
B cortices, amygdala,
hippocampus and
parahippocampus.

AS, argument strength; bil., bilateral; dmPFC dorsomedial prefrontal cortex; FDA, Food and Drug Administration; ext., extended; front., frontal,

GDA, guideline daily amount; IAPS, International Affective Picture System inf., inferior; lat., lateral; med., medial; mPFC, medial prefrontal

cortex; mid., middle; MSV, message sensation value; post., posterior; PSAs, public service announcements; rmPFC, rostral medial prefrontal

cortex; sup., superior; suppl., supplementary; TL, traffic light; vmPFC ventromedial prefrontal cortex
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Brain activations

The most common brain regions activated in the studies are presented in Table 3 with only

listed regions identified in at least two studies highlighted.
Static health messages

Significantly more activation in the temporal and parietal lobes, lateral orbitofrontal cortex,
inferior frontal gyrus and medial prefrontal cortex were consistently observed across two
studies assessing aversive smoking versus control images (25; 26). Another study observed
activations in other regions (e.g. amygdala and hippocampus) in response to tobacco
advertisement images (32). Of the three studies investigating graphic warning labels, two
studies identified significant neural responses in the amygdala (31; 34). The two remaining
smoking-related studies (24; 28) focused on the predictive capacity of neural activation
therefore the results are not highlighted in this section. Only one study (19) examined neural
activation toward static health messages restricting the opportunity for comparison. No studies

were identified for physical activity or sedentary behaviour.
Video health messages

Of the three studies investigating smoking-related health messages presented by video, one
study (28) focused only on the predictive capacity of brain activation on subsequent behaviour.
The other two studies examined neural activation in response to anti-smoking public service
announcements but compared these stimuli with neutral videos (30) or varying videos with
varying levels of “message sensation value” and “argument strength” (33). This was reflected
in the findings which highlighted no common brain regions between them. In addition, only
one study (20) investigated diet health messages delivered by video. No studies were identified

for physical activity or sedentary behaviour.
Text-based health messages

Three of the four studies identified regions within the prefrontal cortex and precuneus as
preferentially engaged in response to tailored/personalized text-based messages. These regions
included the rostral medial prefrontal cortex (22), medial prefrontal cortex (21) and the dorso-
medial prefrontal cortex (23). The fourth study (29) instead focused on the predictive capacity
of brain activation on subsequent behaviour. In contrast, only one study (15) investigated this
form of health message for physical activity/sedentary behaviour. No studies were identified

for text-based health messages relating to diet.
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Table 3: An overview of the most commonly identified brain regions (minimum two studies report the brain region).

Smoking
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>
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$T0Z '[e 19 PUNJION-UBWUIMBN

(0€) 6002 “Ie 10 Uaga|bue]

(L2) sToZ “le 19 0@
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Diet

¥T0Z “Ie 18 1pJeysesn

(6T) STOZ “[e 10 Xeu3

Physical

activity or

sedentary

behaviour

(ST) STOZ ““le 18 Med

Inferior frontal gyrus

Precuneus

Amygdala

Fusiform

Inferior parietal lobe

Middle temporal gyrus

Precentral gyrus
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Lingual gyrus

Medial prefrontal cortex

Middle frontal gyrus

Parra-hippocampal gyrus

Posterior cingulate

Superior frontal gyrus

Caudate

Cerebellum

Dorsolateral prefrontal cortex

Dorsomedial prefrontal cortex

Hippocampus

Inferior occipital

Insula

Middle occipital gyrus

Putamen

Superior temporal gyrus
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Predictive capacity of fMRI for behavior change

Full details of the studies including a follow up component are presented in Table 2. In total,
eight studies assessed the predictive capacity of functional MRI (k=7 smoking, k=1 physical
activity/sedentary behaviour). Of the seven studies focused on smoking, six studies identified
the following brain regions as predictive of smoking abstinence: the dorsomedial prefrontal
cortex (k=2), medial prefrontal cortex (k=2), amygdala (k=1) and the supplementary motor
area (k=1). The physical activity/sedentary behaviour study (15) identified the ventromedial

prefrontal cortex as predictive of subsequent time spent sedentary.

Discussion
Summary

The present review identified 18 studies; 15 relating to health messages about smoking, two
relating to health messages about diet and one on health messages about physical activity and
sedentary behavior. Areas of the prefrontal cortex and amygdala were most commonly
activated with increased activation of the ventromedial prefrontal cortex predicting subsequent
behavior change (e.g. smoking cessation). The vast majority of the evidence on the utility of
fMRI to facilitate behavior change currently relates to smoking and there were a lack of RCTSs;
limiting findings to correlations rather than causal interpretation. More fMRI studies on health
messages relating to physical activity, sedentary behavior, dietary intake and alcohol

consumption are needed that incorporate an RCT design.
Stimuli content and modality

The present review highlighted that a range of anti-smoking materials were investigating both
pictorial and video stimuli such as FDA warning labels (27; 34) and public services
announcements (PSAs) (30), respectively. Studies that compared neural responses to tailored
and untailored messages observed activations in the dorsomedial prefrontal cortex and
precuneus/posterior cingulate (e.g. 22; 23). Other studies demonstrated that aversive smoking
stimuli, compared with neutral images, elicited greater activations in the amygdala (25; 26);
often associated with emotion regulation (35). With a range of anti-smoking materials currently
advertised, it must be acknowledged that people will respond and engage differently with them.
For instance, Do and Galvan (27) identified that current smokers had a blunted response in the

dorsolateral prefrontal cortex and insula relative to non-smokers to cigarette warning labels.
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This suggests that the health messages were not causing the same neural response in the
smokers as in the non-smokers and so perhaps multiple versions of health messages should be
produced to target all people. For example, specific messaging materials could be developed
to highlight the benefits of not starting a behavior (proactive approach) and other materials to
highlight the benefits of stopping a behavior (reactive approach). Presenting pictures of people
living with obesity, having limited mobility or other health issues such as diabetic foot on chairs
and inside escalators (including sites that are likely to attract active individuals e.g. gyms and
parks) could be a comparable approach to promote physical activity across the whole

population (i.e. active and inactive).

As demonstrated in the present review, point-of-decision prompts such as pictures on cigarette
packaging or traffic light coding systems found on food items are widely used in anti-tobacco
and food industry communications, respectively, to deter purchasing. Other methods, such as
billboard advertisements and videos (e.g. PSAS) enable similar but wider messages to reach
the wider public and are often accompanied by graphic health messages; suggested to elicit
stronger emotional responses than text-based messages alone (36). As previously mentioned,
for physical activity and sedentary behavior, point-of-decision prompts are placed at specific
locations where people are forced to make a behavioral decision as to whether be active or
sedentary, respectively. For instance, prompts that encourage people to take the stairs rather
than the escalator have shown short-term promise (37). However, it is currently unknown
whether these highlighted health messages activate brain regions associated with ‘the self’;
previously suggested to motivate people to adjust behavior (38). Efforts to change behaviour
generally result in short-term successes and a subsequent relapse or complete failure (39).
These failures are often aligned to the difficulty experienced when changing a habit and so rely
on the use of cues and triggers to support the habit formation process (40). Therefore, more
research using fMRI needs to be conducted to focus on alternative point-of-decision prompts
that relate to promoting physical activity, minimizing sedentary behavior and improving
dietary intake. Overall, this will likely help inform the distribution of effective health messages

across the different lifestyle behaviors in various locations to encourage positive behaviors.

Activated brain regions

The present review identified that the ventromedial prefrontal cortex, medial prefrontal cortex,
and dorsomedial prefrontal cortex were activated in response to anti-smoking health messages
that were aversive or tailored. No studies explicitly stated whether the tailored messages were
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aversive or not. The medial prefrontal cortex is a well-established area of the brain associated
with self-related processing (14); suggesting that individuals are self-reflecting whilst shown
stimuli and are therefore potentially more likely to be engaging with the stimulus compared
with an individual who does not have activation in that region. However, as with all fMRI
research, caution is advised when interpreting findings; mainly attributed to the notion of
reverse inference which suggests that brain activation infers the engagement of a specific
cognitive process (41). In comparison, tailored health messages activated regions of the
prefrontal cortex, precuneus and posterior cingulate regions which are associated with
retrieving episodic autobiographical memories (42) as well as reflecting on one’s own traits
(43) and personal intentions (44). The present review identified nine additional studies to those
highlighted in a recent neuroimaging review (13) which focused on wider health
communication; including studies focusing on narcotic substance use, safe sex and sun safety.
These studies investigated the perceived value of health messages and how greater neural

activity was observed in certain populations (e.g. high risk cannabis users) (13).

Presenting caloric information activated the inferior frontal gyrus/dorsolateral prefrontal cortex
region (19); a region implicated in self-control (45; 46). The importance of this brain region is
implicated in various domains of self-control, including compliance toward social norms (47)
and controlling impulses in inter-temporal choice (48). The ventromedial prefrontal cortex is
implicated in simple-choice value computation (19). These findings suggest that health
messages resonate with the individual and encourage them to self-reflect but it does not confirm
that those individuals subsequently change their behavior following exposure to the health
message. Other studies, not eligible to be included in the present review, have begun to examine
neural responses to pictures of individuals being physically active or sedentary (49; 50) and
whether presenting people with these pictures could help change behavior. For instance, if an
individual viewed a picture of someone else jogging, what brain regions are activated and does
exposure result in changes to levels of physical activity? Recent advances, such as the release
of a new parcellation (mapping) tool identifying 97 further sub-regions within the cerebral
cortex (51), will help to further elucidate knowledge around the specific functions aligned with

regions of interest which will help confirm findings obtained via studies using fMRI.
Predictive capacity of fMRI for behavior change

The present review identified that the brain regions that were identified as predictive (by

association) of smoking cessation were the dorsomedial prefrontal cortex, amygdala, the
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supplementary motor area and the medial prefrontal cortex; associated with self-related
processing (14). The other lifestyle behavior study that conducted a follow up focused on
changes in physical activity and sedentary behavior. Interestingly, Falk and colleagues (15)
identified a different brain region as predictive of subsequent reductions in time spent sitting
with activations observed in the ventromedial prefrontal cortex. Unfortunately, findings from
the present review confirm that all studies that investigated the predictive capacity of fMRI for
behavior change conducted prospective, longitudinal studies and so report correlational data
which cannot be causal. In addition, there appeared to be inconsistent findings such that there
was not a single brain region that was activated across all of the health message stimuli due to

the variety of health messages presented.

Falk and colleagues also assessed the role of self-affirmation; in particular, how exposing
individuals to their core values (e.g. friends and family, money and religion) prior to the task
demonstrated that the stimuli was more self-relevant and valuable (15). The link between
neural activity and behavior change via self-processing is supported (17) with findings
suggesting that individuals more engrossed in anti-smoking advertisements report an increased
benefit (i.e. are less likely to smoke or more likely to stop smoking) (52) and that self-relevant
messages are likely more effective than generic messages (53; 54). Findings from Kaye and
colleagues (13) confirmed that activation in the medial prefrontal cortex accounted for
additional variance beyond that of self-report measures. Unfortunately, as highlighted by the
present review, there is currently limited or a lack of evidence for changes in physical activity,
sedentary behavior, diet and alcohol following health message exposure. Future studies should
consider implementing an RCT within their longitudinal studies to help increase the amount of
research that assesses behavior change across the different lifestyle behaviors.

Future considerations

With an increase in the application of digital technologies within healthcare systems for use in
patients with chronic conditions, it is an important time to ensure that the health messages
provided by these devices are effective (55). Presenting health messages via digital platforms
such as wearable devices to promote standing and walking or via smartphone applications to
help monitor food, cigarette and alcohol consumption, given their omnipresence, could be very
effective and not too dissimilar to the handheld health message platform of a packet of
cigarettes or food packaging. Overall, future fMRI studies should aim to evaluate brain

responses to different forms of health messages across the different lifestyle behaviors and
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incorporate longitudinal but controlled study designs to optimize the interpretation and

consistency of study findings.
Literature Methodology

Of the 13 (72.2%) studies that stated their recruitment strategy, the majority presented
advertisements in the community or via the internet; thus recruiting self-selected and non-
randomized individuals. In addition, only 2 studies recruited adolescents despite the onset of
an unhealthy lifestyle often beginning in the early-to-mid adolescent years. Also, most studies
were conducted in either Michigan or Pennsylvania in the USA (k= 16); potentially attributable
to the general limitations of fMRI (e.g. restricted access and cost). In addition, 9 studies either
failed to report participant handedness or recruited a mixture of left, right and ambidextrous
handed participants. The importance of reporting handedness is due to its clear link to cerebral
dominance for activities such as language processing (56). Future research would benefit from
standardizing, and precisely measuring, the time between tobacco, food and alcohol

consumption and exercise before the onset of the fMRI task.
Limitations of the current literature

The present review acknowledges the following limitations. Firstly, there were only 18 studies
identified by the electronic database search and reference lists and there was a lack of
causational studies; therefore, it is difficult to draw any conclusions. Secondly, only 8 studies
examined behavior change with 7 (87.5%) of these conducted in relation to smoking cessation.
In addition, there was a lack of studies identified for physical activity, sedentary behavior, diet
and alcohol. Studies published outside of the databases searched were not considered for
inclusion. Future research is required to examine the utility of functional MRI to examine

health messaging relating to these lifestyle behaviors.

Conclusions

The current review identifies an important disparity between the abundance of research across
the different lifestyle behaviors. Collating findings from multiple lifestyle behaviors could
prove useful in order to begin producing more persuasive messages for population behavior
change; however, there is currently a deficiency of studies across the lifestyle behaviors to
investigate this at this stage. Regardless of this, the review highlights that the prefrontal cortex

and amygdala were most commonly activated in response to health messages and that the
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ventromedial prefrontal cortex was predictive (by association) of subsequent behavior change.
Future studies should focus on the assessment of point-of-decision prompts, PSAs and tailored

messages (e.g. feedback notifications) across all lifestyle behaviors.

Availability of data and materials: not applicable

Funding: this research did not receive any specific grant from funding agencies in the public,

commercial, or not-for-profit sectors.

Conflicts of interest: none

References

(1) Warburton DE, Nicol CW, Bredin SS. Health benefits of physical activity: the evidence.
CMAJ 2006 Mar 14;174(6):801-809.

(2) Beaglehole R, Bonita R, Horton R, Adams C, Alleyne G, Asaria P, et al. Priority actions
for the non-communicable disease crisis. The Lancet 2011;377(9775):1438-1447.

(3) Office for National Statistics. 2014 Opinions and Lifestyle Survey. 2016.

(4) National institute of alcohol abuse and alcoholism. Alcohol Facts and Statistics.

(5) NCD Risk Factor Collaboration, NCD-RisC. Trends in adult body-mass index in 200
countries from 1975 to 2014: a pooled analysis of 1698 population-based measurement

studies with 19-2 million participants. The Lancet 2016;387(10026):1377-1396.

(6) Chaudhury M, Esliger DW. Health Survey for England: Physical Activity and Fitness.
2008;1:59-88.

(7) Troiano RP, Berrigan D, Dodd KW, Masse LC, Tilert T, McDowell M. Physical activity
in the United States measured by accelerometer. Med Sci Sports Exerc 2008;40(1):181.

(8) World Health Organisation. Framework Convention on Tobacco Control. 2009.
(9) Emery S, Kim Y, Choi YK, Szczypka G, Wakefield M, Chaloupka FJ. The effects of

smoking-related television advertising on smoking and intentions to quit among adults in the
United States: 1999-2007. Am J Public Health 2012;102(4):751-757.

26



(10) Wakefield MA, Loken B, Hornik RC. Use of mass media campaigns to change health
behaviour. The Lancet 2010;376(9748):1261-1271.

(11) Latimer-Cheung AE, Rhodes RE, Kho ME, Tomasone JR, Gainforth HL, Kowalski K, et
al. Evidence-informed recommendations for constructing and disseminating messages
supplementing the new Canadian Physical Activity Guidelines. BMC Public Health
2013;13(1):1.

(12) Nisbett RE, Wilson TD. The halo effect: Evidence for unconscious alteration of
judgments. J Pers Soc Psychol 1977;35(4):250.

(13) Kaye SA, White MJ, Lewis I. The use of neurocognitive methods in assessing health
communication messages: A systematic review. J Health Psychol 2016 Feb 22.

(14) Lieberman MD. Social cognitive neuroscience. Handbook of social psychology 2010.

(15) Falk EB, O'Donnell MB, Cascio CN, Tinney F, Kang Y, Lieberman MD, et al. Self-
affirmation alters the brain's response to health messages and subsequent behavior change.
Proc Natl Acad Sci U S A 2015 Feb 17;112(7):1977-1982.

(16) Falk EB, Berkman ET, Whalen D, Lieberman MD. Neural activity during health
messaging predicts reductions in smoking above and beyond self-report. Health Psychol 2011
Mar;30(2):177-185.

(17) Falk EB, Berkman ET, Mann T, Harrison B, Lieberman MD. Predicting persuasion-
induced behavior change from the brain. J Neurosci 2010 Jun 23;30(25):8421-8424.

(18) Moher D, Shamseer L, Clarke M, Ghersi D, Liberati A, Petticrew M, et al. Preferred
reporting items for systematic review and meta-analysis protocols (PRISMA-P) 2015
statement. Systematic reviews 2015;4(1):1.

(19) Enax L, Hu Y, Trautner P, Weber B. Nutrition labels influence value computation of
food products in the ventromedial prefrontal cortex. Obesity (Silver Spring) 2015
Apr;23(4):786-792.

(20) Gearhardt AN, Yokum S, Stice E, Harris JL, Brownell KD. Relation of obesity to neural
activation in response to food commercials. Soc Cogn Affect Neurosci 2014 Jul;9(7):932-
938.

(21) Chua HF, Polk T, Welsh R, Liberzon I, Strecher V. Neural responses to elements of a
web-based smoking cessation program. Stud Health Technol Inform 2009;144:174-178.

(22) Chua HF, Liberzon I, Welsh RC, Strecher VJ. Neural correlates of message tailoring and
self-relatedness in smoking cessation programming. Biol Psychiatry 2009 Jan 15;65(2):165-
168.

(23) Chua HF, Ho SS, Jasinska AJ, Polk TA, Welsh RC, Liberzon I, et al. Self-related neural

response to tailored smoking-cessation messages predicts quitting. Nat Neurosci 2011
Apr;14(4):426-427.

27



(24) Cooper N, Tompson S, O’Donnell MB, Emily BF. Brain activity in self-and value-
related regions in response to online antismoking messages predicts behavior change. Journal
of Media Psychology 2015.

(25) Dinh-Williams L, Mendrek A, Bourque J, Potvin S. Where there's smoke, there's fire:
the brain reactivity of chronic smokers when exposed to the negative value of smoking. Prog
Neuropsychopharmacol Biol Psychiatry 2014 Apr 3;50:66-73.

(26) Dinh-Williams L, Mendrek A, Dumais A, Bourque J, Potvin S. Executive-affective
connectivity in smokers viewing anti-smoking images: an fMRI study. Psychiatry Res 2014
Dec 30;224(3):262-268.

(27) Do KT, Galvan A. FDA cigarette warning labels lower craving and elicit frontoinsular
activation in adolescent smokers. Soc Cogn Affect Neurosci 2015 Nov;10(11):1484-1496.

(28) Falk EB, O'Donnell MB, Tompson S, Gonzalez R, Dal Cin S, Strecher V, et al.
Functional brain imaging predicts public health campaign success. Soc Cogn Affect Neurosci
2016 Feb;11(2):204-214.

(29) Jasinska AJ, Chua HF, Ho SS, Polk TA, Rozek LS, Strecher VVJ. Amygdala response to
smoking-cessation messages mediates the effects of serotonin transporter gene variation on
quitting. Neuroimage 2012 Mar;60(1):766-773.

(30) Langleben DD, Loughead JW, Ruparel K, Hakun JG, Busch-Winokur S, Holloway MB,
et al. Reduced prefrontal and temporal processing and recall of high "sensation value™ ads.
Neuroimage 2009 May 15;46(1):219-225.

(31) Newman-Norlund RD, Thrasher JF, Fridriksson J, Brixius W, Froeliger B, Hammond D,
et al. Neural biomarkers for assessing different types of imagery in pictorial health warning
labels for cigarette packaging: a cross-sectional study. BMJ Open 2014 Dec
31;4(12):e006411-2014-006411.

(32) Vollstadt-Klein S, Kobiella A, Buhler M, Graf C, Fehr C, Mann K, et al. Severity of
dependence modulates smokers' neuronal cue reactivity and cigarette craving elicited by
tobacco advertisement. Addict Biol 2011 Jan;16(1):166-175.

(33) Wang AL, Ruparel K, Loughead JW, Strasser AA, Blady SJ, Lynch KG, et al. Content
matters: neuroimaging investigation of brain and behavioral impact of televised anti-tobacco
public service announcements. J Neurosci 2013 Apr 24;33(17):7420-7427.

(34) Wang AL, Lowen SB, Romer D, Giorno M, Langleben DD. Emotional reaction
facilitates the brain and behavioural impact of graphic cigarette warning labels in smokers.
Tob Control 2015 May;24(3):225-232.

(35) LeDoux J. Emotion circuits in the brain. 2003.

(36) Kees J, Burton S, Andrews JC, Kozup J. Tests of graphic visuals and cigarette package

warning combinations: implications for the framework convention on tobacco control.
Journal of Public Policy & Marketing 2006;25(2):212-223.

28



(37) Webb OJ, Eves FF. Promoting stair use: single versus multiple stair-riser messages. Am
J Public Health 2005;95(9):1543-1544.

(38) Wheeler SC, DeMarree KG, Petty RE. Understanding the role of the self in prime-to-
behavior effects: The active-self account. Personality and social psychology review
2007;11(3):234-261.

(39) Polivy J, Herman CP. If at first you don't succeed: False hopes of self-change. Am
Psychol 2002;57(9):677.

(40) Neal DT, Wood W, Labrecque JS, Lally P. How do habits guide behavior? Perceived
and actual triggers of habits in daily life. J Exp Soc Psychol 2012;48(2):492-498.

(41) Poldrack RA. Can cognitive processes be inferred from neuroimaging data? Trends
Cogn Sci (Regul Ed ) 2006;10(2):59-63.

(42) Levine B, Turner GR, Tisserand D, Hevenor SJ, Graham S, Mclintosh AR. The
functional neuroanatomy of episodic and semantic autobiographical remembering: a
prospective functional MRI study. Cognitive Neuroscience, Journal of 2004;16(9):1633-
1646.

(43) Johnson SC, Baxter LC, Wilder LS, Pipe JG, Heiserman JE, Prigatano GP. Neural
correlates of self-reflection. Brain 2002 Aug;125(Pt 8):1808-1814.

(44) Den Ouden HE, Frith U, Frith C, Blakemore S. Thinking about intentions. Neuroimage
2005;28(4):787-796.

(45) Hare TA, Camerer CF, Rangel A. Self-control in decision-making involves modulation
of the vmPFC valuation system. Science 2009 May 1;324(5927):646-648.

(46) Hare TA, Malmaud J, Rangel A. Focusing attention on the health aspects of foods
changes value signals in vmPFC and improves dietary choice. J Neurosci 2011 Jul
27;31(30):11077-11087.

(47) Maldjian JA, Laurienti PJ, Kraft RA, Burdette JH. An automated method for
neuroanatomic and cytoarchitectonic atlas-based interrogation of fMRI data sets. Neuroimage
2003;19(3):1233-1239.

(48) Figner B, Knoch D, Johnson EJ, Krosch A, Lisanby SH, Fehr E, et al. Lateral prefrontal
cortex and self-control in intertemporal choice. Nature Neuroscience, March 2010.

(49) Jackson T, Gao X, Chen H. Differences in neural activation to depictions of physical
exercise and sedentary activity: an fMRI study of overweight and lean Chinese women. Int J
Obes (Lond) 2014 Sep;38(9):1180-1185.

(50) Kullmann S, Giel KE, Hu X, Bischoff SC, Teufel M, Thiel A, et al. Impaired inhibitory

control in anorexia nervosa elicited by physical activity stimuli. Soc Cogn Affect Neurosci
2014 Jul;9(7):917-923.

29



(51) Glasser M, Coalson T, Robinson E, Hacker C, Harwell J, Yacoub E, et al. A Multi-
modal parcellation of human cerebral cortex. Nature 2015.

(52) Dunlop SM, Wakefield M, Kashima Y. The contribution of antismoking advertising to
quitting: intra-and interpersonal processes. J Health Commun 2008;13(3):250-266.

(53) Dietz NA, Delva J, Woolley ME, Russello L. The reach of a youth-oriented anti-tobacco
media campaign on adult smokers. Drug Alcohol Depend 2008;93(1):180-184.

(54) Strecher VJ, McClure JB, Alexander GL, Chakraborty B, Nair VN, Konkel JM, et al.
Web-based smoking-cessation programs: results of a randomized trial. Am J Prev Med
2008;34(5):373-381.

(55) Driver M. Access vs Privacy: getting the right balance for data-driven healthcare. The
Journal of mHealth 2016;3(3).

(56) GOODGLASS H, QUADFASEL FA. Language laterality in left-handed aphasics. Brain
1954 Dec;77(4):521-548.

30



