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HIGHLIGHTS (for Sadler et al. “Behavioral and physiological characteristics associated with 

learning performance on an appetitive probabilistic selection task”)  
 

 We tested individual differences in outcome learning via sweet and bitter tastes  

 Higher external eating related to poorer learning from sweet and bitter tastes  

 Higher BMI was associated with lower ability to learn from sweet taste 

 Sensitivity to punishment related to better ability to learn from taste in women  
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ABSTRACT 

Individuals show meaningful variability in food choices. Choices are affected by individual 

differences in sensitivity to food reward and punishment, so understanding correlates of 

response to food reinforcement can help characterize food choices. Here, we examined 

behavioral and physiological correlates of individual differences in how individuals learn from 

food reward and punishment, as measured by performance on an appetitive probabilistic 

selection task that used sweet and bitter tastes as reinforcement. Sensitivity to food reward, 

sensitivity to food punishment, and overall learning performance were measured in 89 adults. 

Multivariate linear regressions were used to test if variables including body mass index (BMI), 

external eating, emotional eating, behavioral inhibition/behavioral activation scales (BIS/BAS), 

and perceived sensitivity to reward and punishment (SPQ/SRQ) were associated with measures 

of learning performance. External eating (=-.035, p=.019), BIS (=-.066, p=.004), and SPQ 

(=.003, p=.023) were associated with overall learning performance. BMI (=-.000, p=.012), 

emotional eating (=.055, p=.006), and external eating (=-.062, p=.004) were associated with 

sensitivity to food reward. No variables were associated with sensitivity to food punishment. In 

post hoc analyses, the interaction of sex and SPQ was associated with overall performance (=-

.005, p=.025), such that the relationship was positive in women only (=.006, p=0.002). Results 

support that, controlling for key individual characteristics, BMI and susceptibility to food cues are 

associated with lower sensitivity to food reward, which may affect future food choices and eating 

behavior.   
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INTRODUCTION 

The modern food environment presents adults with many decision-making opportunities, 

resulting in a host of food choice behaviors. Adult food decisions are influenced through a 

variety of economical, psychological, and social expectations. Consider a restaurant: diners will 

choose vastly different menu items based factors including on their expectations about the 

tastiness of a dish, its healthfulness, or how full the food will make them feel [1,2]. These 

expectations are generated and maintained through reinforcement learning [3,4], which can be 

categorized as classical conditioning or instrumental conditioning. Classical conditioning occurs 

when a previously unknown stimulus (e.g. a logo) is repeatedly paired with a reinforcer (e.g. a 

sugary, palatable drink) that evokes a response (e.g. salivation) [5]. Over the course of 

conditioning, the cue becomes associated the response evoked by the reinforcer, referred to as 

a conditioned response. In eating behavior, classical conditioning describes how environmental 

stimuli, like food advertisements, can activate psychological and physiological responses that 

prepare for ingestion, such as food cravings and increased salivation [6,7]. Classically 

conditioned responses are automatic, and can occur outside conscious awareness. Increased 

sensitivity to conditioned food cues is associated with increased intake and higher weight gain 

risk [8,9]. Another type of reinforcement learning is instrumental conditioning. Instrumental 

conditioning differs from classical conditioning in that reinforcement is associated with a  

response (or behavior), rather than a cue. Outcomes (e.g. reward or punishment) from the 

instrumental response shape future actions, promoting behaviors that earn rewards and avoid 

punishments, thus optimizing behavior [10]. In the context of eating behavior, instrumental 

conditioning can describe how individuals respond to food outcomes, such as a child following 

rules to receive candy, or an adult avoiding ordering from the same restaurant after a bad meal 

[11]. Where classical conditioning is passive, instrumental conditioning is active; individuals 

must engage in the instrumental response to receive reinforcement. How instrumental behaviors 

relate to food decisions is a key point of study in ingestive behavior.   
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Identifying factors related to food conditioning provides insight into how individuals make 

food choices. Individual differences in how we learn from food reward and punishment shape 

future food choices, where insensitivity food outcomes can contribute to inflexible behavior [12]. 

Prior research has identified individual level characteristics associated with classical 

conditioning and instrumental conditioning, however the majority of studies use secondary 

reinforcers, like written feedback or monetary gains and losses, to test for characteristics 

associated with conditioning. In such tasks, physiological characteristics such as body mass 

index (BMI) and biological sex are related to individual differences in learning [13,14]. 

Specifically, In an instrumental conditioning task using written feedback, individuals with 

overweight/obesity showed insensitivity to negative feedback [13]. On a similar learning task, 

sex was related to performance, where women were more sensitive to positive written feedback 

and men learned better from negative written feedback [14]. Behavioral characteristics also are 

associated with an individual’s sensitivity to reinforcement learning from secondary reinforcers. 

First, working memory, a form of short-term memory that stores and processes information for 

immediate use [15], is positively associated with performance on a range of secondary 

reinforcement learning tasks [16]. Measures of perceived sensitivity to reward and punishment 

are related to individual differences in instrumental conditioning and decision making on tasks 

using secondary reinforcement. The Behavioral Inhibitory System and Behavioral Approach 

System (BIS/BAS) scales measure reward motivation (BAS) and punishment avoidance (BIS) 

[17], and high scores on the BIS have been negatively associated with ability to learn from 

monetary gains [18]. A similar scale, the Sensitivity to Punishment and Sensitivity to Reward 

Questionnaire (SPQ/SRQ) [19] was associated with performance on a probabilistic learning 

task, where those with high SRQ scores were better at choosing positive visual outcomes while 

those with high SPQ were better at avoiding negative visual outcomes [20]. Together, these 

results demonstrate how individual differences in learning are related to a range of participant 

characteristics, but these associations may not be the same when learning is assessed using a 
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primary reinforcer. Primary and secondary reinforcement are processed through separable 

neural pathways [21], and behavioral responses to primary and secondary reinforcement vary 

[22]. This, it is necessary to test if these associations are specific to secondary reinforcement or 

if the same relationships emerge on a food-motivated reinforcement learning task.  

A small number of tasks have tested for associations between characteristics like 

obesity and eating constructs and food-motivated reinforcement learning using passive, 

classical conditioning tasks. First, people who have a high BMI (BMI > 25 kg/m2) show to 

stronger associative learning when a novel cue is paired with a chocolate milkshake compared 

to people with a normal body weight [23]. Similarly, external eating, which measures an 

individual’s perceived susceptibility to eat in response to external cues [24], is associated with 

greater attention towards and preference for cues that predict palatable food receipt [25]. 

Conversely, dietary restraint, representing an individual’s intention to limit their food intake for 

the means of controlling or losing weight [24], is associated with impaired classical conditioning, 

where those with high dietary restraint do not form preferences for a novel flavor after it is paired 

with a food reward [26]. This research provides initial evidence that individual differences in food 

conditioning exits are related to obesity and eating constructs, but further research is needed to 

test if the same relationships are observed using an instrumental conditioning task.  

Together, these studies provide evidence for a number of associations between 

physiological and psychological characteristics and reinforcement learning. However, to date, 

the relationship between individual characteristics and reinforcement learning has not been 

tested using a food-motivated, instrumental conditioning task. This leaves a gap in our 

understanding of how participant characteristics can independently or interactively relate to how 

individuals learn from taste to guide their food choices. In the present study, we assessed the 

relationship between behavioral and psychological correlates associated with secondary 

reinforcement learning using a primary reinforcement (taste) paradigm. We used an appetitive 

probabilistic selection task (PST, based on [27]) that examines instrumental conditioning from 
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food reward (sweet taste) and punishment (bitter taste). We completed multivariate linear 

regression models to examine whether physiological and/or behavioral variables, including BMI, 

sex, SPQ/SRQ, BIS/BAS, dietary restraint, emotional eating, external eating, and a measure of 

working memory (the N-back task [28]), predicted three measures of instrumental conditioning: 

overall learning performance (ability to choose reward and avoid punishment), sensitivity to food 

reward (ability to choose reward), and sensitivity to food punishment (ability to avoid 

punishment). Based on prior associations between physiological/behavioral characteristics and 

individual differences in learning from primary and secondary reinforcement [13, 16, 18, 20, 24], 

we hypothesized that BMI would be negatively associated with sensitivity to food punishment, 

and that  external eating would be associated with sensitivity to food reward. Finally, we 

predicted that N-back accuracy, BIS/BAS, and SPQ/SRQ scores would be positively associated 

with overall learning performance. 

 

METHODS 

2.1 Recruitment. Ninety (n=90) male and female participants were recruited from the Chapel 

Hill, North Carolina area to complete this cross-sectional imaging study. Eligibility criteria 

included: 1) aged 18-28 years, 2) body mass index between (BMI) 20.0 kg/m2 and 32.0 kg/m2. 

Exclusion criteria were: 1) counter-indications of MRI (e.g. metal implants, piercings, 

pregnancy), 2) current smoking, 3) self-reported current or past diagnoses of an eating disorder, 

4) chronic illness or medication requirement that could affect diet, 5) diagnosis of a major 

psychological condition (bipolar, schizophrenia, major affective disorder), and 6) allergy or 

intolerance to any study foods. The Institutional Review Board of University of North Carolina at 

Chapel Hill approved all methods and study participants gave written consent before the start of 

testing. Study visits took place at the University of North Carolina at Chapel Hill’s Gillings School 

of Global Public Health and Biomedical Research Imaging Center (BRIC). One participant had 

missing data, so the final analytic sample was n=89.  
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2.2 Procedures. All measures were completed in a single study visit, lasting 2.5 hours in 

duration. To normalize the time since last meal in the sample, participants were instructed fast 

for 4-hours prior to the visit to mimic a between meal interval. Trained research staff assessed 

height (to the nearest 0.5 cm) and weight (to the nearest 0.1 kg) measured with a wall-mounted 

stadiometer and a calibrated. BMI (kg/m2) was calculated using height and weight 

measurements. Participants completed a N-back task (measurement of working memory) on a 

computer tablet app, (PsychLab101, Version 2.0, Neurobehavioral Systems). Participants 

completed a single, 1-back block and a single, 2-back block of the task with alphabet letter 

stimuli. Block order was counterbalanced across the sample. Working memory was 

operationalized as participants’ overall accuracy on the two blocks of the task.  

To select which beverages would be used in the modified PST, participants completed a 

taste test of four sweet beverages with variable amounts of added sugar and four bitter 

beverages with variable amounts of added quinine. Participants were given a 20mL sample of 

each beverage to rate pleasantness, desire to consume, sweetness, bitterness and intensity on 

VAS anchored at -100 and 100. All sweet beverages were sampled, then participants ranked 

the beverages from most pleasant to least pleasant. The same process was then completed 

with the bitter beverages. The order within sweet and bitter groups was randomized for each 

participant. The most pleasantly ranked sweet beverage were selected as the reward stimuli. 

The bitter beverage ranked as least pleasant was selected as the punishment stimuli. In the 

case where the lowest ranked bitter beverage was rated as “least pleasant imaginable” (-100 on 

a visual analog scale [VAS]), the next lowest ranked beverage was used as the punishment 

stimuli to prevent non-compliance during the scan. The eight beverages were made from a base 

of water, unsweetened Kool-AidTM cherry powder, and simple syrup. Additional simple syrup or 

a quinine solution were added to the beverages to create different levels of sweetness or 

bitterness. Levels of sweetness and bitterness were selected from a previous study of taste 
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preference [29]. The sweetest beverage contained about 35g of sugar per 300mL, a similar 

amount as a sugar sweetened beverage (full beverage composition can be found in 

Supplemental Materials). The beverages were calorically-matched to contain 105 kcal/300mL, 

using the addition of maltodextrin, a soluble, odorless, and flavorless carbohydrate. The amount 

of maltodextrin added was not associated with beverage intensity ratings, indicating that 

maltodextrin didn’t impact the perceived intensity of the beverages.  

Following the taste test, participants completed the Behavioral Inhibition System and 

Behavioral Activation System Questionnaire scales (BIS/BAS; [17]) to assess perceived 

sensitivity to two general motivational systems, and the Sensitivity to Punishment and Sensitivity 

to Reward Questionnaire (SPQ/SRQ; [19]) to measure perceived sensitivity to general positive 

and negative reinforcement. The Dutch Eating Behavior Questionnaire (DEBQ; [24]) was used 

to measure eating constructs, including dietary restraint, external eating, and emotional eating.  

 

2.3 Appetitive Probabilistic Selection Task. Participants completed a modified version of the 

Probabilistic Selection Task [27] to measure sensitivity to food reward and punishment. A 

portion of the task was completed during a functional neuroimaging scan, and imaging data is 

presented elsewhere [30]. The task was composed of a training during the scan and posttest 

after the scan. In the training, participants were presented with pairs of novel shapes (similar to 

logos), and asked to select the “correct” shape to receive a reward. Participants were told that 

when they choose the ”correct” shape, they will receive a sweet taste as a reward, while when 

they choose the “incorrect” shape, they will receive a bitter taste as a punishment. Participants 

were instructed to try to choose the “correct” shape on as many trials as possible, but that their 

feedback was probabilistic, meaning that each shape had a certain probability of being “correct”. 

A visual representation of the task and the reward and punishment frequencies of each shape 

can be found in Figure 1. In the original version of the task, written feedback was given to 

provide reinforcement [27]. In the version of the task used here, feedback was given in the form 
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of 3mL of a sweet beverage (food reward) to indicate that participants chose correctly or the 

same volume of a bitter beverage (food punishment) to indicate that they chose incorrectly. 

Tastes were delivered for five seconds, followed by a 1mL rinse of a tasteless solution made to 

mimic the taste of saliva, delivered over two seconds. The next trial proceeded following a three 

to seven second jitter. Participants completed 104 training trials over four blocks, each six 

minutes and 44 seconds in length. Stimuli pairs (AB, CD, or EF) were randomly drawn for each 

trial. Across the training, each pair was presented on one-third of the trials, representing about 

35 exposures to each stimuli pair. Training was completed for a fixed number of trials to 

accommodate timing constraints associated with neuroimaging and to limit the impact of 

sensory-specific satiety [31] on results. Following the training, participants completed a posttest 

outside of the scanner. During the posttest, participants were presented novel pairings of the A, 

B, C, D, E, and F shapes and asked to select the shape that is more likely to be “correct”. The 

pairings included one shape from the AB set (A: 80% correct, B: 20% correct), as this set is the 

most reliable predictor of positive/negative outcome. Participants completed 48 posttest trials. 

Sensitivity to reward was measured by the percent of trials in which that participant selected the 

A shape, and sensitivity to punishment was measured by the percent of trials in which that 

participant avoided the B shape. Overall performance was calculated as the combined percent 

of trials where participants chose the A shape (highest probability of reward) and avoided the B 

shape (lowest probability of reward) to capture sensitivity to both types of reinforcement.  

 

2.4 Data Analysis. One participant’s PST posttest data was lost due to a software error, and 

they were excluded from regression analyses. The final analytic sample included 89 

participants. Scoring and statistical analyses were carried out using the R statistical software 

package (version 3.5.1, R Foundation for Statistical Computing, Vienna, Austria). Descriptive 

statistics including mean and standard deviation were computed for all variables. To test for 

differences in variables and outcome variables by sex, Welsh’s independent samples t-tests 
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were employed. To evaluate behavioral and physiological variables associated with posttest 

performance metrics, we assessed three linear regression models. The nine independent 

variables in each model were BMI, N-back accuracy, dietary restraint, emotional eating, external 

eating, BIS, BAS, SPQ, SRQ scores. Sex was included in each model as a control variable, 

resulting in 10 independent variables in each model. Model 1 regressed variables (BMI, N-back 

accuracy, dietary restraint, emotional eating, external eating, BIS, BAS, SPQ, SRQ scores and 

sex) onto overall posttest performance (% choose A and avoid B), model 2 examined posttest 

sensitivity to reward (% choose A) as the outcome, and model 3’s outcome was posttest 

sensitivity to reward (% avoid B). To examine the goodness of fit for each model, variance 

inflation factor (VIF; assesses multicollinearity of independent variables), studentized residuals 

(tests for possible outliers), and Cook’s distance (checks for influential points [32]) were 

computed. Additionally, we visually inspected the normality of the residuals, and used the 

Durbin-Watson Test to check for autocorrelated errors [33]. To address multiple comparisons, 

the Benjamini–Hochberg procedure was applied to identify significant independent variables 

using the false-discovery rate adjusted p-FDR < 0.05 [34]. Raw p-values are presented in 

tables.  

 

2.5 Post Hoc Tests for Interactions with Sex. During data analysis, we identified that five of the 

independent variables (emotional eating, BIS, BAS, SPQ, SRQ) were statistically significantly 

different between male and female participants. Thus we probed possible integrations between 

sex and these independent variables in the statistically significant models predicting overall 

performance and sensitivity to reward. We ran 5 additional models for each outcome to test for 

statistically significant interactions between sex and each of the 5 independent variables (e.g. 

emotional eating*sex interaction). Statistical significance for the post hoc models was 

considered at an uncorrected threshold of p < 0.05. Likelihood ratio tests were applied to test if 
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the expanded interaction models improved the goodness of fit from the reduced model sans 

interaction.  

 

RESULTS 

3.1 Sample Characteristics and Appetitive Probabilistic Selection Task Performance. 

Participants in the analytic sample (n=89) were on average young adults (21.5 ± 2.4 years) and 

healthy weight (24.7 ± 3.2 kg/m2). The majority of participants identified as white and non-

Hispanic (n=80; 89.9%) and just over half of the participants were women (n=45; 50.6%; Table 

1). The mean and standard deviation of the nine independent variables (BMI, N-back accuracy, 

dietary restraint scores, emotional eating scores, external eating scores, BIS, BAS, SPQ, SRQ) 

are shown in Table 2, including differences between male and female participants. Male and 

female participants significantly differed in emotional eating, BAS, BIS, SRQ, and SPQ 

measures (p’s = 0.007 - 0.04). Outcome variables are also shown in Table 2. During the 

training, participants completed an average of 96.8 ± 9.1 trials, and the AB pair was shown in 

34.4% of trials on average. The average overall posttest accuracy (% choose A and avoid B) 

was close to chance (51.1 ± 7.3%), as was the average sensitivity to reward (% choose A) was 

50.9 ± 10.6%, and the average sensitivity to punishment (% avoid B) was 51.2 ± 9.6%.  

 

3.2 Multivariate Regression Models to Predict PST Posttest Learning Outcomes. Correlation of 

the predictor variables ranged from r’s = 0.01 – 0.52 (Supplemental Materials). Despite some 

high correlations between predictor variables, the variance inflation factor (VIF), which measure 

multicollinearity for each predictor variable, ranged from 1.20 – 1.98, supporting that there was 

not collinearity among the predictor variables to warrant variable reduction in the regression 

analyses.  

Of the three multivariate linear models, two were statistically significant: the model to 

predict overall posttest accuracy (F(10, 78) = 2.35; p = 0.017) and the model to predict 
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sensitivity to reward (F(10, 78) = 2.69; p = 0.007; Table 3). After adjusting for multiple 

comparisons, three variables were statistically significantly associated with overall posttest 

accuracy: external eating scores ( = -0.035; p = 0.019), BIS scores ( = -0.066; p = 0.004), and 

SPQ scores ( = 0.003; p = 0.023). Three variables were statistically significantly associated 

with sensitivity to reward: body mass index (= -0.009, p = 0.012), emotional eating scores ( = 

0.055, p = 0.006), external eating scores ( = -0.062, p = 0.004), and BIS scores ( = -0.068, p 

= 0.032). None of the independent variables examined were statistically significantly associated 

with sensitivity to punishment. Metrics of the goodness of fit for each model, and results of the 

Benjamini–Hochberg adjustment are provided in Supplemental Materials.  

 

3.3 Post Hoc Analyses Testing for Interactions by Sex. We found a statistically significant 

interaction of SPQ and sex on overall accuracy (Table 4, Figure 2). Holding all other variables 

constant, in female participants, the relationship between SPQ and overall posttest accuracy 

was positive ( = 0.006, p = 0.002). However, in male participants, the relationship between 

SPQ and overall posttest accuracy was not significantly different from zero ( = 0.0008, p = 

0.63). Using the Likelihood Ratio Test to test the goodness of fit between the original model to 

predict overall accuracy and the model with SPQ-sex interaction, we found that the expanded 

model better fit the data (  (1) = 5.82, p = 0.016). No other significant interactions between sex 

and the other independent variables examined (emotional eating, BIS, BAS, SRQ) were found 

to predict overall accuracy (p’s = 0.17 - 0.52). No significant interactions between the 

independent variables and sex were found to predict sensitivity to reward (p’s = 0.23 - 0.88).  
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DISCUSSION 

 Individual differences in reinforcement learning are an important predictor of behavioral 

outcomes, such as food choices and eating habits [35], which in turn impact weight status and 

overall health. Several studies have established that behavioral and physiological factors are 

associated with individual differences in classical conditioning from food stimuli [23,25,26] and 

with reinforcement learning via secondary reinforcers [13,14,16,18,20]. However, few studies 

have examined how variables related to individual differences in how we learn from taste using 

a response-dependent, instrumental conditioning task. Here, we tested whether ten variables 

previously associated with reinforcement learning could predict learning outcomes on an 

appetitive probabilistic selection task. We found that multivariate linear models statistically 

significantly predicted two of the three learning outcomes assessed; sensitivity to reward and 

overall accuracy. BMI, external eating, emotional eating, and BIS scores were associated with 

overall posttest accuracy and sensitivity to reward. In contrast to our hypothesis, none of 

variables tested were associated with sensitivity to punishment. Further, when we tested for 

interactions between emotional eating, BIS, BAS, SPQ, SRQ scores and sex, we found a 

significant interaction between SPQ and sex to predict overall accuracy on the posttest, such 

that the relationship was positive in women, but not in men. Compared to the original model to 

predict overall posttest accuracy, the model containing the interaction of SPQ and sex was a 

better fit to predict overall accuracy. Because no associations were found with sensitivity to food 

punishment, individual differences in overall accuracy may be more closely related to sensitivity 

to food reward.  

Similar to other instrumental conditioning paradigms [36–38], the PST task involves a 

training where participants learn to choose a shape associated with food reward and avoid a 

shape associated with food punishment. Learning performance was represented by accuracy on 

the appetitive PST posttest, which measures how sensitivity individuals are to food reward and 
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food punishment outcomes, and relates to the broader construct of probabilistic learning. 

Probabilistic learning, or learning the likelihood of outcomes in the face of uncertainty, is directly 

relevant to food choices. Food choices are influenced by reward/punishment expectations 

[39,40], and often are made in the face of uncertainty about whether or not a food will be 

palatable [41]. Being able to adapt behavior as more information about reinforcement likelihood 

is learned should, in theory, help people make better informed choices about what to eat. 

Successful probabilistic learning can help individuals modify their choices when the motivation 

value of food changes, such as during sensory-specific satiety [31] or dieting [42]. Thus, 

learning performance on the appetitive PST has direct implications for how individuals make 

food choices.  

Our analysis found multiple associations between learning performance and individual 

factors. First, external eating was negatively associated with both overall performance and 

sensitivity to food reward. While prior research shows that external eating is positively 

associated with performance on classical conditioning tasks [25] and self-reported reward 

sensitivity [43,44], we observed the opposite effect. Our results are one of the first to examine 

how external eating affects sensitivity to food reward using an instrumental conditioning task, so 

differences between instrumental conditioning and classical conditioning paradigms may explain 

the divergence of results. Alternatively, the negative association between external eating and 

task performance may be explained by impaired attentional control seen in those with high 

external eating [45]. The PST task requires working memory and sustained attention [46], so 

deficits in attentional control in individuals with high external eating could contribute to lower 

performance on the task. Second, we found that scores on the behavioral inhibition scale, which 

measures how individuals respond to expected punishment [17], were negatively related to 

overall posttest accuracy. In prior research, higher behavioral inhibition scores were associated 

with disordered eating behaviors [47], suggesting that high punishment avoidance is related to 

alternations in food motivation. The results presented here suggest similar effects, where high 
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behavioral inhibition scores are associated with decreased sensitivity to food reward and 

punishment. Despite being highly correlated with scores on the behavioral inhibition scale, 

scores on the sensitivity to punishment questionnaire were positively associated with overall 

accuracy. Items on the SPQ assess how much individuals try to avoid experienced punishment 

[19], while the BIS measures how strongly expectations of punishment induce negative 

emotions or anxiety [17]. While both measures attempt to assess Gray’s Behavioral Inhibition 

System [48], the differential emphasis on expectations versus experience may explain why the 

estimated direction of associations with a behavioral measure of punishment avoidance is not 

the same.  

Emotional eating and body mass index were both associated with sensitivity to food 

reward. Emotional eating assesses susceptibility to negative affect, and similar to other 

samples, emotional eating and external eating were positively correlated in our sample [49–51]. 

However, emotional and external eating had opposite associations with sensitivity to reward. 

Holding external eating constant, emotional eating was positively related to posttest sensitivity 

to reward. In other research, emotional eating has been associated with self-reported sensitivity 

to food reward [44]. Our results support that high emotional eating is also related to increased 

behavioral sensitivity to food reward. Like external eating, BMI was negatively associated with 

sensitivity to reward. Many studies show that BMI is associated with changes to performance on 

various reinforcement learning tasks, but the direction of the estimated effect varies [13,52–55]. 

While BMI is positively associated with increased food reward motivation in children and adults 

[54,55], here, high BMI was associated with poorer sensitivity to reward. Notably, when the 

effect of BMI was assessed in a PST with non-appetitive feedback, BMI did not relate to 

sensitivity to reward [13], which may be related to differences between food reinforcement and 

visual feedback on the two PST tasks.  

 Finally, in a post hoc analysis, we observed a significant interaction between sex and 

SPQ scores on overall posttest accuracy. In women, SPQ scores significantly predicted posttest 
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accuracy, while in men, SPQ was not associated with accuracy. Unlike the original validation 

studies [19,56], here, female participants had significantly lower SPQ scores than men. We 

found that self-reported sensitivity to punishment was positively associated with accuracy in 

women, while in men, the association was not statistically different from zero. Although sex was 

not an independent predictor of posttest performance in this study, other applications of the PST 

task find evidence for differences in performance by sex, such that women were more accurate 

than men in learning from positive feedback and less sensitive when to negative feedback [14]. 

Our results suggest that women who report being sensitive to punishment are better able to 

learn from food reward and punishment, and may be more sensitive to value in making 

decisions about food.  

Punishment was not related to any of the tested variables, though it was very weakly 

correlated with sensitivity to reward (r = 0.06), suggesting that the likelihood of learning from 

either type of reinforcer was not related. The variables we examined may be more closely 

related to sensitivity to food reward than sensitivity to food punishment. Participant’s tendency to 

learn from only food reward or punishment is seen in other applications of the PST, where 

individuals demonstrate greater sensitivity to positive or negative feedback, but not both 

[13,14,27,57]. Our results suggest that learning from reward versus learning from punishment 

are separable constructs, and that the overall effect of learning may be driven by the valence of 

reinforcement. While these results identify several factors that make individuals more sensitive 

to food reward, factors that affect sensitivity to food punishment are important to explore in 

future research. In real-world choices, sensitivity to both positive and negative outcomes both 

shape decisions [47,58], so examining both outcomes and overall learning is important for 

understanding overall eating behavior.   

This study has a number of limitations that warrant discussion. First, while the sample 

here is adequately sized [59] and powered for our analyses, a larger sample may produce 

models with different associations with learning outcomes and potentially more stable results. 
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Second, to our knowledge, this is the first adaptation of the probabilistic selection task to use a 

primary reinforcer. However, compared to prior studies, accuracy on the appetitive PST posttest 

was lower [13,27], which may be related to our adaptation of the task. The appetite PST had 

fewer training trials thank the original task, and the use of taste reinforcers can introduce effects 

from adaptive processes like sensory-specific satiety or alliesthesia that could affect hedonic 

motivation during the training [60–62]. This study did not collect hedonic ratings of the task 

stimuli following completion of the task training, so we are not able to test for these effects. 

Third, since sensitivity to punishment was not associated with the variables examined here, it is 

likely that some unmeasured construct would better explain posttest sensitivity to punishment. 

An unknown variable may better explain the other learning outcomes assessed as well. Despite 

this limitation, the models to predict sensitivity to reward and overall accuracy explained 26% 

and 28% of the variance in performance, respectively, suggesting the variables examined here 

are useful for understanding individual differences in reinforcement learning. Finally, while this 

study provides novel information about the combination of variables that relate to food 

conditioning outcomes, in order to generalize these results, it is critical to test our findings in an 

independent sample. Future studies are needed to address these constraints. It is plausible that 

associations may change if a different appetitive instrumental conditioning task is used to 

assess food-motivated reinforcement learning. A task of particular interest is appetitive 

Pavlovian-to-Instrumental Transfer (PIT). This task measures the ability of a conditioned cue to 

modulate previously a conditioned response and measures cue-driven changes in food choices 

[63]. Individual differences in Pavlovian transfer are associated with cue-reactivity [64], and 

some studies support that transfer may be increased in individuals with obesity [65], however 

others show null effects [66]. Exploration of how measures like sex, the BIS/BAS scales, SPQ, 

and emotional and external eating relate to appetitive PIT would provide unique information, and 

build on the results presented here.  
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Conclusions 

Using an adapted probabilistic selection task, we examined associations between a range of 

physiological, psychological and behavioral characteristics and instrumental conditioning via 

sweet and bitter tastes. We found that learning performance outcomes, specifically overall 

performance and sensitivity to reward, were associated with individual differences in emotional 

and external eating behavior, BMI, and trait sensitivity to punishment. Further, we found a 

statistically significant interaction between sex and self-reported sensitivity to punishment in 

association with overall posttest performance. Together, our results support that food 

reinforcement learning may relate to a combination of behavioral and physiological measures, 

and that in future studies of individual differences in how we learn from taste, it is critical to 

assess the relationship of multiple constructs in combination to outcomes.  
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Table 1: Participant Characteristics (n=89) 

 

Characteristic Count (Frequency) 

Gender  
   Female 45 (50.6%) 
   Male 44 (49.4%) 
  
Race  
   African American/Black 4 (4.5%) 
   Asian 20 (22.5%) 
   White 55 (61.8%) 
   Middle Eastern 2 (2.2%) 
   More than 1 race 5 (5.6%) 
   Other 3 (3.4%) 
  
Ethnicity   
   Hispanic 9 (10.1%) 
   Non-Hispanic 80 (89.9%) 
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Table 2: Descriptive statistics of predictors and outcomes and differences by sex (n=89) 

 

Variable  
Female 
(n=45) 

Male 
(n=44) 

Sig. Test 
(T-value, p)  

  
   

BMI (kg/m2) 24.5 (3.41) 24.9 (2.87) -0.58, 0.56 

    N-Back Accuracy (%) 87.3 (10.1) 90.6 (6.18) -1.90, 0.062 

    Emotional Eating 2.28 (0.615) 1.94 (0.694) 2.44, 0.017* 

    Dietary Restraint 2.36 (0.808) 2.12 (0.673) 1.52, 0.14 

    External Eating 3.08 (0.643) 2.98 (0.621) 0.78, 0.44 

    BAS 2.98 (0.365) 3.15 (0.378) -2.07, 0.04* 

    BIS 3.12 (0.375) 2.80 (0.469) 3.54, 0.0007** 

    SRQ 26.4 (6.52) 30.2 (6.82) -2.66, 0.009** 

    SPQ 29.4 (7.06) 25.5 (7.64) 2.46, 0.016* 

    Overall Accuracy (%) 50.3 (6.17) 51.9 (8.41) -1.01, 0.32 

    Sensitivity to Reward (%) 50.4 (9.82) 51.5 (11.5) -.049, 0.63 

    Sensitivity to Punishment (%) 
 

50.2 (8.68) 52.3 (10.5) -1.01, 0.32 

* p < 0.05, ** p < 0.01; Values are mean (SD). Welch’s T-test used to assess significant differences by 
sex. BMI = Body Mass Index, BIS = behavioral inhibition scale, BAS = behavioral activation scale, SPQ = 
sensitivity to punishment questionnaire, SRQ = sensitivity to reward questionnaire 
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Table 3: Multivariate linear regression analyses predicting learning performance 
outcomes from behavioral and physiological variables (n=89) 
 

Model 1: Linear regression to predict overall accuracy (% choose reward and avoid 
punishment) 

 
β SE t-value p Model fit 

(Intercept) 0.867 0.131 6.611 > 0.001 Multiple R2 = 0.23 

1. BMI -0.005 0.003 -1.980 0.051 adjusted R2 = 0.13 

2. N-Back Accuracy -0.060 0.097 -0.618 0.538 F(10, 78) = 2.36 

3. Dietary Restraint 0.017 0.012 1.444 0.153 p = 0.017* 

4. Emotional Eating 0.027 0.014 2.018 0.047 
 

5. External Eating -0.035 0.015 -2.399 0.019* 
 

6. BIS -0.066 0.022 -2.981 0.004* 
 

7. BAS -0.011 0.026 -0.416 0.679 
 

8. SPQ 0.003 0.001 2.311 0.023* 
 

9. SRQ -0.001 0.001 -0.936 0.352 
 

10. Sex (Male = 1) 0.027 0.017 1.625 0.108 
 

Model 2: Linear regression to predict sensitivity to reward (% choose reward)  

 
β SE t-value p Model fit 

(Intercept) 1.018 0.186 5.461 > 0.001 Multiple R2 = 0.26 

1. BMI -0.009 0.004 -2.584 0.012* adjusted R2 = 0.16 

2. N-Back Accuracy -0.100 0.138 -0.724 0.471 F(10, 78) = 2.69 

3. Dietary Restraint 0.032 0.017 1.918 0.059 p = 0.007** 

4. Emotional Eating 0.055 0.019 2.852 0.006* 
 

5. External Eating -0.062 0.021 -2.937 0.004* 
 

6. BIS -0.068 0.031 -2.184 0.032 
 

7. BAS -0.015 0.037 -0.417 0.678 
 

8. SPQ 0.003 0.002 1.497 0.138 
 

9. SRQ -0.001 0.002 -0.613 0.542 
 

10. Sex (Male = 1) 0.034 0.024 1.435 0.155 
 

Model 3: Linear regression to predict sensitivity to punishment (% avoid punishment) 

 
β SE t-value p Model fit 

(Intercept) 0.716 0.187 3.831 > 0.001 Multiple R2 = 0.08 

1. BMI -0.001 0.004 -0.201 0.841 adjusted R2 = 0.03 

2. N-Back Accuracy -0.020 0.138 -0.146 0.884 F(10, 78) = 0.71 

3. Dietary Restraint 0.002 0.017 0.113 0.91 p = 0.71 

4. Emotional Eating 0.000 0.019 -0.012 0.99 
 

5. External Eating -0.009 0.021 -0.438 0.663 
 

6. BIS -0.063 0.031 -2.005 0.048 
 

7. BAS -0.006 0.037 -0.168 0.867 
 

8. SPQ 0.003 0.002 1.750 0.084 
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9. SRQ -0.001 0.002 -0.701 0.485 
 

10. Sex (Male = 1) 0.020 0.024 0.849 0.399 
 

* p-false discovery rate < 0.05, BMI = Body Mass Index, BIS = behavioral inhibition scale, BAS 
= behavioral activation scale, SPQ = sensitivity to punishment questionnaire, SRQ = sensitivity 
to reward questionnaire 
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Table 4: Linear regression to predict posttest overall accuracy and test for a significant 
interaction of sex and SPQ (n=89) 
 

Model 4: Linear regression to predict posttest overall accuracy with interaction of SPQ 
and sex 

 

β SE t-value p Model fit 

(Intercept) 0.786 0.133 5.924 > 0.001 Multiple R2 = 0.28 

1. BMI -0.006 0.003 -2.347 0.021* adjusted R2 = 0.18 

2. N-Back Accuracy -0.077 0.095 -0.815 0.417 F(11, 77) = 2.73 

3. Dietary Restraint 0.012 0.012 1.011 0.315 p = 0.005** 

4. Emotional Eating 0.033 0.013 2.435 0.017*  
Likelihood Ratio Test  

(Compared to Model 1) 

=   (1) = 5.82, p = 0.016* 

5. External Eating -0.036 0.014 -2.498 0.015* 

6. BIS -0.056 0.022 -2.562 0.012* 

7. BAS -0.005 0.025 -0.181 0.857 

8. SPQ 0.006 0.002 3.281 0.002** 

9. SRQ -0.001 0.001 -1.033 0.305 
 10. Sex (Male = 1) 0.164 0.062 2.641 0.010* 
 11. SPQ * Sex -0.005 0.002 -2.282 0.025* 
 * p < 0.05, ** p < 0.01; BMI = Body Mass Index, BIS = behavioral inhibition scale, BAS = 

behavioral activation scale, SPQ = sensitivity to punishment questionnaire, SRQ = sensitivity to 
reward questionnaire 
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Figure 1: Appetitive Probabilistic Selection Task (PST) 

 

Caption: A. Visual representation of one trial of the appetitive PST. Boxes represent what is 

presented to participants. On each trial, participants are first presented with a pair of shapes 

and instructed to select the shape they think is correct. Based on their selection, they receive 

either a reward (sweet taste) or punishment (bitter taste). After either taste, they receive a rinse 

of neutral solution, then there is a jitter of 3-7 seconds between trials. B. The reinforcement 

probabilities associated with each shape pair. Probabilities shown reflect the likelihood a shape 

is rewarded with a sweet taste when selected. For example, shape C is rewarded with a sweet 

taste 70% of times selected, but punished with a bitter taste 30% of times selected.  C. 

Following training in the scanner, participants’ sensitivity to reward and punishment is tested by 

presenting the A and B shapes against all other shapes to test if participants have learned to 

choose the A shape (highest reward likelihood), and avoid the B shape (highest punishment 

likelihood).   
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Figure 2: Interaction of Sex and Sensitivity to Punishment Questionnaire (SPQ) scores on 
Posttest Overall Accuracy (n=89) 
 

 
 

Caption: Graph shows the correlation of Sensitivity to Punishment Questionnaire (SPQ) scores 

with posttest overall accuracy (%) in men (r = -0.11; blue) and women (r = 0.41; red). When 

tested in a multivariate linear regression model with other predictors (Table 4), female 

participants had a statistically significant, positive association between SPQ and posttest overall 

accuracy ( = 0.006, p = 0.002, model R2 = 0.28), while in male participants the relationship was 

not statistically significant ( = 0.0008, p = 0.63).   
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