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Individual differences in reward salience may relate to the difficulty in regulating 
the effects of multiple substances (e.g., nicotine and food). Increased brain 
activation in reward and self-regulation (SR) regions has been evidenced while 
adults view appetitive cues (e.g., food pictures) to test substance use disorder 
treatment response. Enhancing SR with behavioral interventions may increase 
brain activation in SR regions and reduce responses in reward regions. Our primary 
analysis demonstrated increased brain activation in SR regions to smoking cues 
among individuals who practiced SR by delaying their first cigarette of the day 
for 2  weeks. However, little is known about the generalizability of SR between 
appetitive cues. This secondary analysis explored the influence of adherence to 
a SR behavioral intervention by examining the impact of practicing smoking SR 
on brain activation to food cues among adults who smoke. Participants (N  =  65) 
were randomly assigned to practice SR by delaying their first daily cigarette 
or smoking as usual for 2-weeks. Functional magnetic resonance imaging 
data were collected while people were told to think of “negative” or “positive” 
associations with the cue. The results indicated that practicing smoking SR was 
linked with increased activation in the dorsolateral prefrontal cortex (dlPFC) 
when viewing food cues. There was no correlation between delaying smoking 
adherence and brain activation in the dlPFC. Exploratory analyses suggested 
higher dlPFC activation when people thought about “positive” associations with 
the food cues instead of “negative” ones. We concluded that practicing smoking 
SR is related to increased brain activation to food cues, suggesting potential 
generalizability of SR practice from smoking cues to food cues.
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1 Introduction

Reward processing and self-regulation (SR) brain regions show increased activation in 
responses to appetitive cues, such as pictures of food or pictures of cigarettes for individuals 
who smoke. Behavioral interventions may strengthen SR, thus increasing SR brain responses 
to appetitive cues. Our primary study examined the impact of practicing SR around smoking 
on brain responses to smoking cues (Fox et al., 2018) and found increases in SR related brain 
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activation to smoking cues. However, little is known regarding the 
generalizability of SR from one appetitive cue (e.g., food) to another 
(e.g., cigarettes).

Self-regulation (SR) is defined as the ability to control responses 
to the surrounding environment. The dual systems model of SR 
(Cohen, 2017) delineates the interaction between two independent 
cognitive systems. System I is the automatic system that responds to 
temptations and System II is the deliberative system that helps assign 
appropriate behavioral responses. Other models of SR consider the 
multiple intrinsic and extrinsic factors that play a role in goal 
achievement (Inzlicht et  al., 2021). Neal et  al. (2017) discussed a 
dynamic view of SR, where individuals juggle multiple-goal pursuits 
simultaneously while making corresponding decisions to prioritize 
each, following their realistic values, time constraints, and personal 
self-efficacy. Although SR is limited, people can divide their attention 
span to achieve goals, resulting in split levels of SR for each objective. 
In contrast, the ego-depletion model by Muraven and Baumeister 
(2000) compares SR to muscle fatigue: it is viewed as an ability that 
has the potential to strengthen with practice. This implies that SR is 
limited and only becomes “stronger” if time and mental effort are 
dedicated to reinforcing it to a specific cue. In sum, all models are 
goal-oriented, but dual system and dynamic views explain SR 
processes as generalizable across cues, whereas ego-depletion defines 
them as cue-specific.

1.1 The use of cue-reactivity paradigms to 
study craving and self-regulation

Cue reactivity is a method to understand craving within 
experimental situations by presenting individuals with craving-
inducing cues, such as cigarettes for someone who smokes (Sayette 
and Tiffany, 2013). Craving is a cognitively emotional event that drives 
desire for a substance (Kavanagh et al., 2013). Cue-reactivity paradigms 
can be used to assess an individual’s craving and urges by exposing 
them to cues and observing their psychological and physiological 
responses after exposure (Drummond, 2000). Based on behavioral 
learning theories and substance use research, contextual cues (e.g., 
social settings, body awareness) can activate arousal, making the brain 
re-create previous memories and reinforcing cue-related behavior 
(LeCocq et al., 2020). Thus, the stimulus is assigned incentive salience, 
which will motivate the individual to pay excessive attention to that 
stimulus in the near environment, possibly leading to substance use 
behaviors (Olney et al., 2018). When it comes to food cues, individuals 
also present physiological (e.g., salivation), psychological (e.g., 
craving) and neural responses (e.g., brain activation) as consequences 
of the learning process preceding food intake (Van den Akker et al., 
2014). Using fMRI paradigms in cue-evoked-reactivity to study eating 
behaviors allows detection of neural mechanisms associated with food 
seeking/consumption behaviors. Cosme et al. (2023) found that the 
most robust methods to show associations between eating behaviors 
and body composition were cue reactivity and valuation. They used a 
cue reactivity task in an fMRI study to compare multiple indicators of 
SR, reward and craving reactivity, and valuation. Individuals were 
asked to indicate which images of appetizing food, nature, and social 
scenarios were held indoors or outdoors, but were not asked to 
regulate their food cravings. Neuroimaging studies of cue-reactivity 
can examine brain activation to cues (e.g., food) and brain regions 

involved in responding to cues and controlling reward-seeking 
behaviors while exploring substance use disorder treatment response 
in adults (Courtney et al., 2016). The neural reward systems respond 
to pleasurable stimuli that activate the dopaminergic pathway and 
reinforce the memory of the reward promoting repeated reward 
seeking (Berridge, 2007). The neural systems of SR including the 
dorsolateral prefrontal cortex (dlPFC) play a role in regulation, 
inhibitory control and goal-directed behaviors by managing automatic 
responses and redirecting attentional focus to give a controlled 
response (Friedman and Robbins, 2022). A methodological review by 
Ekhtiari et al. (2016) found that when assessing cognitive control, 
fMRI paradigms revealed a predominance of top–down cortical 
control by the prefrontal cortex, denoting it as the primary pathway 
for craving and emotional regulation over other brain regions. 
Cue-reactivity paradigms in fMRI allowed the assessment of drug 
craving in laboratory settings because they remove the obstacle of 
determining the explicit or implicit nature of the craving. A few 
studies (Eichhammer et al., 2003; Fregni et al., 2008) found that both 
positive and negative transcranial direct current stimulation (tDCS) 
on the dlPFC effectively reduced of fixation and consumption of food 
and drugs compared to using Sham stimulation. These findings 
suggest that the dlPFC could be involved in regulating reward from 
multiple cues.

1.2 Craving and reward systems

When assessing SR for food in individuals who smoke, we must 
consider how nicotine affects food craving. Nicotine possesses 
addictive properties and impacts hormones and neurotransmitters 
associated with reward and satiety processes, insulin regulation, 
internal bodily stress responses, and energy expenditure, thus 
influencing metabolism (Harris et al., 2016). It also decreases appetite, 
research suggests that some individuals continue smoking for weight 
management (Camp et  al., 1993). People who smoke may face 
additional challenges when regulating their cravings towards 
appetitive cues. Studies among adults who smoke have shown that 
suppressing appetite and controlling overeating is a motive for 
smoking (Bloom et al., 2019). The Center for Disease Control and 
Prevention (2023) has found that some individuals going through 
withdrawal from nicotine during a quit attempt report feeling more 
tired, hungry, having difficulty focusing, experience mood changes 
and stronger cravings for tobacco and food (Komiyama et al., 2013; 
Harris et al., 2016). This suggests that individuals who are attempting 
to quit smoking may need to regulate their responses to both smoking 
and food cues due to nicotine withdrawal. Determining whether SR 
is cue-specific, or a generalizable skill could be beneficial, because it 
would shift the focus from what substance is consumed to how the SR 
training is applied.

2 Purpose of the present study

The goal of this study was to explore whether SR processes are 
generalizable. The parent CO Practice Experiment (COPE) study 
examined whether people who smoke could strengthen their self-
regulation abilities towards smoking cues following daily practice 
regulating smoking urges by delaying the first cigarette of the day. The 
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results demonstrated that individuals randomized to delay their first 
cigarette of the day showed greater change in brain activation in the 
dorsolateral prefrontal cortex to smoking cues compared to 
individuals who were randomized to smoke as usual. The findings 
suggest that self-regulation practice around smoking behaviors 
increases self-regulation related brain activation to smoking cues. In 
the current secondary analysis, we  examined SR to food cues in 
individuals who smoke to see if practicing SR related to smoking cues 
generalized to SR for food cues. Increasing SR should help individuals 
develop a stronger sense of self-awareness, allowing them to identify 
body signals (e.g., craving) more accurately. They could then allocate 
SR resources to take steps to reach their goals of controlling or limiting 
cue-driven patterns of behaviors (e.g., smoking, eating). 
We hypothesized that among a sample of individuals who smoke, 
practicing SR related to smoking (i.e., delaying the first cigarette of the 
day) would lead to changes in SR related brain activation (i.e., dlPFC) 
when viewing food cues, suggesting generalization of SR from 
smoking cues to food cues. In addition, we hypothesized a positive 
correlation between adherence to SR practice (i.e., percentage of days 
where they successfully followed their smoking schedule) and brain 
activation changes in dlPFC activation while viewing food cues.

3 Method

3.1 Participants

The sample in the primary study consisted of 65 adults who were 
randomized to either practice SR or smoke as usual. Inclusion criteria 
included smoking at least 10 cigarettes per day, smoking within 90 min 
of waking, age 18–60 years, normal or corrected to normal vision, no 
plan to quit smoking during the previous or the next 30 days, and 
willingness to delay their first cigarette of the day each day, for at least 
2 weeks. The exclusion criteria included pregnancy, 50 or higher body 
mass index (due to participant comfort in the MRI scanner), left-
handedness, MRI contraindications, medical history of general, 
neurological, or mental illnesses (except for anxiety, depression, or 
attention deficit hyperactivity disorder), history of concussions, 
currently taking seizure medication, history of anorexia nervosa or 
bulimia nervosa. Follow-up MRI data were missing for the following 
reasons: lost to follow-up (n = 5); claustrophobia (n = 1); surgery 
between MRI appointments (n = 1), sleeping during the MRI (n = 6), 
and COVID-19 shutdown (n = 1). Five participants were lost to 
follow-up. The final dataset included 65 participants with 32 
individuals in the practice group (n = 8 missing follow-up MRI) and 
33  in the non-practice group (n = 5 missing follow-up MRI). The 
socio-demographic characteristics showed group ages ranged between 
20 and 60 years old (M = 36.1, SD = 11.0). They were comprised of 
50.8% female and 47.4% male. Of these, 78.5% identified as white, 
13.8% as Black or African American, and 3.1% as native American; 
4.6% did not answer. Lastly, 91% of the sample was ethnically classified 
as non-Hispanic.

3.2 Procedures

Participants were enrolled in a 4-week study. Following informed 
consent, demographics information and baseline questionnaires were 

completed. Participants were given a carbon monoxide (CO) monitor 
and instructed to use it upon waking, before their first cigarette, and 
after their first cigarette, for 1 week. These data were used to objectively 
identify the average time from waking to smoking the day’s first 
cigarette. CO data were recorded on a paper packet provided to the 
participant and saved on the CO monitor. Following 1 week of 
monitoring, CO participants returned their monitor and completed 
baseline measures of SR, craving, and the fMRI regulation of craving 
task described below. Following the fMRI, participants received tips 
on regulating craving and were randomly assigned to either practice 
regulation around smoking by delaying the first cigarette of the day 
for the next 2 weeks or assigned to smoke as usual for the next 2 weeks. 
Participants in the Practice group were asked to increasingly delay 
smoking their first cigarette of the day by up to 2 hours per day for 
2 weeks. They were provided with a personalized smoking schedule 
based on smoking habits that progressively delayed the first cigarette 
of the day for 2 weeks. The Control group continued their regular 
smoking habits. Participants were compensated after each visit and 
were given an additional bonus after completing all study activities. 
Participants completed a second fMRI session following 2 weeks of 
delaying the first cigarette of the day or smoking as usual. During the 
2-week period between fMRI sessions, participants continued to use 
the CO monitor upon waking, immediately before and after the first 
and second cigarette of the day. A full list of questionnaires and 
procedures can be found in Fox et al. (2018). All study procedures 
were approved by the University of Kansas Human Subjects 
Committee (STUDY00004095).

3.3 Measures

3.3.1 Regulation of craving task
On the Regulation of Craving Task (ROC) (see Figure 1), each 

trial consisted of a one-word instruction (“Positive” or “Negative”) 
followed by an appetitive cue (smoking or food). Participants were 
instructed to think about the “positive” or “negative” consequences of 
consuming the presented cue. Based on emotion regulation 
paradigms, thinking about the “negative” consequences should engage 
regulation related brain regions to a greater degree than thinking 
about “positive” consequences of consuming the item presented. 
Examples of both “positive” and “negative” conditions were provided 
to help them understand the task. Following the cue, participants were 
asked to rate with a 5-point Likert scale how much they desired to 
consume the item (1 = “Not at all” to 5 = “A lot”). Prior to entering the 
scanner, participants completed a practice session to become familiar 
with the task instructions and ask questions.

The ROC consisted of 5 fMRI runs lasting about 6 min each with 
breaks provided between runs. Twenty trials were presented during 
each run. The images were equally split between positive/negative 
consequences and food/smoking cues. Food images were selected 
from stock photo images and assessed for valence, arousal, and 
appetizing level (Szabo-Reed et al., 2015). The smoking images were 
selected from publicly available images on the internet as well as the 
International Smoking Image Series (Gilbert and Rabinovich, 2003), 
The International Affective Picture System (McClernon et al., 2005).

After the fMRI, participants reported to the research staff what 
they were thinking about when deciding how much they wanted to 
consume such items. Participants reported thinking about texture, 
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smell, taste, health factors, personal preferences and how that food 
made them feel. In addition, the “positive” instruction included 
reports regarding temperature and social–emotional factors. For the 
negative instruction, different categories emerged, such as body image, 
feelings regarding their dietary progress, economic and environmental 
impact. An exploratory whole brain analysis was performed to show 
activation in response to food-cue reactivity during the ROC task 
(Figure 2).

3.3.2 Functional magnetic resonance imaging 
(fMRI) acquisition

Scanning was performed on a 3-tesla Siemens Skyra scanner 
(Siemens, Erlangen, Germany) fitted with a 20-channel head and 
neck coil. Following automated scout image acquisition and 
shimming procedures to optimize field homogeneity, resting state, 
fMRI task, and a structural scan were acquired. The current analysis 
focuses only on the ROC Task. Resting state scanning parameters 
included BOLD sequences of 52 contiguous slices at a 40° angle to 
the anterior commissure–posterior commissure (AC-PC) line 
(repetition time/echo time [time repetition (TR)/time echo 
(TE)] = 3000/25 ms, flip angle = 90°, field of view = 640 × 640, 
matrix = 80 × 80, slice thickness = 3 mm, in plane resolution = 2.9 mm, 
200 data points). ROC Task scanning parameters included gradient 
echo BOLD scans (five, one for each run of the craving rating task), 

which were acquired in 43 contiguous oblique axial slices at a 40° 
angle (TR/TE = 2500/25 ms, flip angle = 90°, field of 
view = 560 × 560 mm, matrix = 80 × 80, slice thickness = 3.0 mm, 
in-plane resolution = 2.9 × 2.9 mm, 145 data points). Finally, a 
T1-weighted structural scan was completed (3D MPRAGE sequence, 
TR/TE = 2300/2.95 ms, flip angle = 9°, field of view = 253 × 270 mm, 
matrix = 240 × 256, slice thickness = 1.2 mm, 176 slices). This scan 
was used for spatial normalization and coregistration with fMRI 
data. All participants were positioned in the scanner so that the 
angle of the anterior to posterior commissure plane was between 17° 
and 22° to the scanner coordinate space, ensuring that the 40° lice 
acquisition angle was constant for all participants.

3.3.3 Statistical analysis
To test whether practicing SR related to smoking led to brain 

activation changes in response to food cues, the fMRI percentage 
signal change for food cues compared to fixation during the ROC task 
was computed for each participant and entered into the group analysis. 
The fMRI data were analyzed in the Analysis of Functional 
Neuroimages program (AFNI) (Cox, 1996), using a linear mixed-
effects modeling for group analysis approach (3dLME) with a 2 × 2 
within-participant design (Instruction: Positive, Negative; Timepoint: 
Pre, Post) and one between-group factor (Group: Practice, No 
Practice). The 3dLME approach allows for the inclusion of data from 

FIGURE 1

Regulation of craving task in the fMRI (food-negative version) variation of Kober et al. (2010) fMRI paradigm. First, participants were presented with a 
fixation cross, then an instruction indicating they had to think about positive or negative consequences of consuming a food item, followed by an 
appetitive cue, and another fixation cross. They then rated with a Likert scale how much they wanted to consume the item from (1  =  “Not at all” to 
5  =  “A lot”).
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participants who may be missing data from one time point (Chen 
et al., 2013). The analyses and corrections for multiple comparisons 
were restricted to lateral prefrontal cortex regions including the 
middle frontal gyrus and superior frontal gyrus using AFNI’s 
whereami to define an anatomical region of interest (ROI; see 
Figure  3) to determine changes in brain activation within brain 
regions that manage SR processes. Corrections for multiple 
comparisons were performed with AFNI’s 3dClustSim. Planned 
clusters size corrections for multiple comparisons within the 
prefrontal ROI were set at a conservative voxelwise p < 0.001, α < 0.05, 
and minimum cluster size of 125 mm3. However, voxelwise no clusters 
demonstrating group differences or interactions with group passed 
this conservative voxelwise threshold. The reported results are 
corrected for multiple comparisons within the prefrontal cortex mask 
at a voxelwise p < 0.01, α < 0.05 and minimum cluster size 407 mm3. 
Percent signal change data for food compared to fixation were 
extracted from functionally defined ROIs that showed a Group × Time 
interaction. A Pearson correlation was performed in SPSS to examine 

a correlation between adherence and brain activation changes pre- to 
post- practice delaying the first cigarette. An exploratory analysis was 
conducted with an ANOVA using IBM SPSS Statistics (Version 26) 
software to examine changes in self-reported ratings of desire to 
consume the food images collected during the fMRI. The hypotheses 
and analytical plan were discussed before performing the secondary 
analysis of this data.

4 Results

4.1 Brain activation during food 
cue-reactivity

The primary analysis examined the effect of practicing SR 
(i.e., delaying the first cigarette of the day) on brain activation in 
the dlPFC while participants viewed food cues. A significant 
interaction of Group x Time in the right superior frontal gyrus 

FIGURE 2

Whole brain analysis in response to food-cue reactivity.

FIGURE 3

Region of interest analysis. This figure highlights the brain region restricted to perform the ROI analysis. Presented from left to right as axial, coronal, 
sagittal views.
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(SFG) showed greater activation change in the Practice group 
(delay first cigarette of the day) compared to Control group 
(smoke as usual; Figure 4). In addition, main effects of Time were 
found in the left SFG and the right SFG near the supplementary 
motor area (SMA). Left SFG regions showed decreased activation 
during the follow-up compared to baseline scan, and the right 
SMA showed greater activation during the follow-up scan. A 
main effect of Instruction was found in the left SFG and showed 
greater activation when thinking about “positive” compared to 
“negative” consequences of consuming the item. Table 1 lists all 
the activation coordinate and cluster information. No significant 

main effects of Group or Group × Instruction × Time interaction 
or Instruction × Time interaction were found.

4.2 Adherence

Within the Practice group (n = 24), no significant correlation was 
found between adherence to delaying the first cigarette of the day and 
brain activation in the right SFG region that showed a Time × Group 
interaction (r = −0.012, p > 0.95).

4.3 Behavioral analysis

An exploratory analysis examined self-reported ratings from the 
ROC task. A mixed ANOVA showed a significant main effect for 
Instruction [F(1,54) = 95.56, p <  0.001, η p2 = 0.64]. Moreover, self-
reported craving ratings for food cues were lower during the “Negative” 
instruction than for “Positive” instruction (see Table 2). No significant 
main effects were found for Time or Group and no significant 
interactions were found for Time × Group, Instruction × Group, 
Time × Instruction or Time × Instruction × Group.

5 Discussion

Practicing SR by delaying the first cigarette of the day was 
associated with increased brain activation in the dlPFC, specifically 
the right MFG region, when viewing food cues. These findings 
support the hypothesis that SR related to one type of appetitive cue 
(i.e., smoking) may be  generalizable to other appetitive cues (i.e., 
food). No significant correlation was found between adherence to 
delaying the first cigarette and change in brain activation.

5.1 Self-regulation practice

The MFG is a part of the dlPFC associated with general cognitive 
processes including memory, emotion regulation, language, attention, 
cognitive control, decision-making, learning, and more. Specifically, 
the role of the left MFG has been associated with strategic planning, 
attentional demand, working memory, inhibition, and emotional 
processing of verbal stimuli (Boghi et al., 2006; Geng et al., 2006; 
McNab et al., 2008; Schlochtermeier et al., 2013; Chen et al., 2017; 

FIGURE 4

Group  ×  Time interaction. The dlPFC showed a greater change in 
brain activation for the group that practiced delaying their first 
cigarette of the day compared to the group smoking as usual. This 
ROI analysis was performed using AFNI.

TABLE 1 Brain regions activated during ROI analysis for Group  ×  Time, 
instruction, and time.

Regions 
within 
cluster

L/R mm3 x y z BA

Interaction of 

Group x Time

Superior/

Middle frontal 

gyrus

R 578 27 53 18 10

Main effects 

of instruction

Superior 

frontal gyrus
L 2,044 −23 33 35 9

Main effects 

of time

Middle frontal 

gyrus
L 484 −25 51 13 10

Superior 

frontal gyrus
L 468 −13 38 53 8

Superior 

frontal gyrus
L 437 −13 51 40 9

Superior 

frontal gyrus
R 406 17 3 63 6

Indicating the right or left hemisphere of the brain (L/R). Volume per cluster, Montreal 
Neurological Institute coordinates (MNI) and Brodmann areas (BA).

TABLE 2 Self-reported ratings for the ROC task means.

Practice group No practice 
group

Baseline positive 

instruction
3.8 (SD = 0.60) 3.8 (SD = 0.86)

Follow-up positive 

instruction
3.9 (SD = 0.62) 3.8 (SD = 0.67)

Baseline negative 

instruction
2.4 (SD = 0.83) 2.5 (SD = 0.86)

Follow-up negative 

instruction
2.3 (SD = 0.68) 2.5 (SD = 0.93)
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Quinn et  al., 2017). Similarly, the right MFG involves attentional 
control, decision-making, memory, and cognitive control (Wang et al., 
2010; Ross et al., 2011; St-Laurent et al., 2011; Robertson et al., 2015). 
This region is also part of the Ventral Attentional Network (VAN); 
these neural systems modulate attentional control (Corbetta and 
Shulman, 2002).

The results from the Group × Time interaction suggest differences 
in brain activation in SR areas between the practice group and no 
practice group across time points. These findings align with the 
hypothesis that practicing SR to non-food cues would strengthen SR 
mechanisms to food cues, such as self-monitoring behaviors like 
paying attention to their craving levels and environmental cues.

Our results are consistent with models of SR as a generalized 
process rather than a domain-specific process, such as the Dual 
systems and the Dynamic models, rather than a domain-specific 
process like Ego depletion. People who were asked to regulate smoking 
behavior showed greater brain activation in areas important for SR in 
response to food cues when it was not the primary goal.

5.2 Positive vs. negative instruction

The Regulation of Craving task (ROC) is built on the principles of 
emotion regulation fMRI paradigms to assess SR brain activation in the 
context of appetitive cues (Kober et  al., 2010). The original task 
included time expectation for when the food item is consumed, such 
as “now” or “later.” In previous studies the ROC showed increased 
brain activation in areas involved in cognitive control and negative 
emotion regulation like the dlPFC, dorsomedial prefrontal cortex, and 
ventral lateral prefrontal cortex (Kober et  al., 2010). Furthermore, 
when looking at Cue × Instruction interactions, cravings for “Food-
Now” were lower than for “Food-Later” and for smoking cues. The 
version of the Regulation of Craving task used in the present study used 
“positive” and “negative” instructions instead of “now” and “later.” 
During the task participants were instructed to think about the 
“positive” or “negative” consequences of consuming the item presented. 
This comes from cognitive behavioral approaches that suggest one way 
to regulate craving is to focus on the negative long-term consequences 
of consuming an item. Thus, the expectation is that using positive 
short-term consequences will increase cravings (Sun and Kober, 2020).

The present study found greater dlPFC activation when 
participants thought about “positive” consequences compared to 
“negative” consequences which was the opposite of what was expected 
if “negative” consequences are thought to be associated with increased 
regulation. Besides noting variations in design and analysis, differences 
between Kober et al.’s (2010) findings and the current study suggest 
that excluding the “time” factor (i.e., Now, Later) could account for the 
discrepancies in brain activation of SR areas (e.g., dlPFC) in the 
current study compared to prior studies using the ROC task. This 
highlights the importance of precise task instructions and suggests 
that some participants may regulate their responses when thinking 
about “positive” consequences to down-regulate reward-related 
“positive” associations with the food. The behavioral measures showed 
greater craving for food items when thinking about “positive” 
consequences and less craving when thinking about “negative” 
consequences of consuming the item, thus following the same pattern 
as the dlPFC activation. The higher activation during “positive” 
instructions could be related to framing effects. For example, Yokum 

and Stice (2013) compared differences in craving regulation by asking 
people to use different cognitive reappraisal techniques. When they 
asked people to consider the “benefits of not eating” compared to “cost 
of eating” or “suppress craving,” they found higher levels of brain 
activation in areas associated with regulation related brain activation 
[i.e., ventral lateral prefrontal cortex (vlPFC), MFG, middle SFG]. 
Thus, the effects of the task-framing might be associated with the 
application of different cognitive reappraisal strategies. In the current 
study, participants reported thinking about food attributes such as 
texture, taste, smell, and how the foods made them feel during 
“positive” and “negative” trials and reported thinking about body 
image, dietary impact, and cost during “negative” trials suggesting 
high variability in approach to the instructions.

5.3 Adherence

Lastly, there was no evidence to support the influence of practice 
amount of cognitive control techniques (delay smoking) on brain 
activation in SR areas such as the dlPFC when attempting to regulate 
craving for food cues. Although the practice group showed higher 
brain activation in SR areas across time when attempting to regulate 
cravings towards food images, we do not have enough evidence to 
attribute these changes to a specific amount of SR practice.

6 Limitations and strengths

Limitations of the study included the focus on only individuals 
who smoke and the implementation of the “positive” and “negative” 
instruction variation. There may be differences in reward processing 
between people who do and do not smoke given that nicotine 
effects may alter reward related food cue-reactivity. Further, as 
described earlier, the use of “positive” and “negative” as opposed to 
“now” and “later” may not be  as sensitive to detecting brain 
activation in SR areas as the original task by Kober et al. (2010). The 
subjective categories “positive” and “negative” may be too broad. 
Further investigation on how SR occurs when using positive 
framing based on the categories participants produced when 
regulating responses to food cues during the ROC task could 
provide valuable information in the future. Using a cue-exposure 
task with the same or other populations could provide useful 
information and offer versatility that the cue-induced craving task 
used in this study. This training could be used to explore the effects 
of cognitive control techniques on populations with ED, considering 
the nuances between each ED. Adding a consistent eating schedule 
to reverse the cue that is being trained (e.g., food cognitive control 
task while smoking as normal). Additionally, keeping the same 
smoking habits was a requirement to participate but some 
participants may not have reported drastic changes during the 
study. All participants received a 10-min cognitive behavioral 
therapy strategy session which could have diluted effects on SR 
differences between groups. Finally, this analysis was a secondary 
analysis, and the original study was not specifically designed to test 
the generalizability of SR practice from smoking to food cues. 
Future studies could further address this question by comparing SR 
practice to smoking and/or food and see if the practice generalizes 
in both directions as well as explore dosing effects.
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7 Conclusion

In conclusion, practicing SR by delaying the first cigarette of the day 
appears to generalize SR brain activation to non-smoking, appetitive 
food cues. These findings could contribute to theoretical frameworks by 
supporting a generalizable view of SR, which would be good news for 
people who wish to regulate cravings for multiple substances 
simultaneously. Future studies examining different doses of practice are 
needed to fully understand the relationship between the amount of SR 
practice and generalizability to non-practiced appetitive cues.
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