
Running Head: PROJECTION BIAS 

 

 

 

 

 

 

 

 

The Neural Underpinnings of Projection Bias 

Presented to the Faculty of the Graduate School 

of Cornell University 

in Partial Fulfillment of the Requirements for the Degree of  

Master of Arts 

by 

Roni Alex Setton 

August, 2017 

 

 

 

 

 

 

 



PROJECTION BIAS 2	  

 

 

 

 

 

 

 

 

 

 

 

 

 

© 2017 Roni Alex Setton 

 

 

 

 

 

 

 

 

 



PROJECTION BIAS 3	  

Table of Contents 

Biographical Sketch…………………………………………………………………………... 4  

Acknowledgments…………………………………………………………………………….. 5 

Abstract……………………………………………………………………………………….. 6 

Introduction…………………………………………………………………………………… 7 

Materials and Methods……………………………………………………………………….. 11 

 Participants…………………………………………………………………………… 11 

 Stimuli………………………………………………………………………………... 12 

 Procedure…………………………………………………………………………….. 12 

 fMRI Data Acquisition and Preprocessing…………………………………………... 16 

 fMRI Data Analysis………………………………………………………………….. 17 

Results ………………………………………………………………………………………... 19 

 Behavioral……………………………………………………………………………. 19 

 Neuroimaging………………………………………………………………………… 23 

Discussion……………………………………………………………………………………. 26 

 Influence of Satiation on Future Valuation…………………………………………... 26 

 Influence of Congruence Between Current and Future States on Valuation………… 28 

 Neural Basis of Projection Bias……………………………………………………… 29 

Limitations and Conclusions…………………………………………………………………. 30 

References……………………………………………………………………………………. 32 

Tables………………………………………………………………………………………… 41 

Supplementary Material……………………………………………………………………… 43 

  



PROJECTION BIAS 4	  

BIOGRAPHICAL SKETCH 

Roni received her B.A. from Franklin & Marshall College in the Behavioral Foundations of 

Behavior: Neuroscience and Business, Organizations, and Behavior and her M.A. from Cornell 

University in Human Development with a specialization in Developmental Psychology.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



PROJECTION BIAS 5	  

 

 

 

 

 

 

 

 

 

ACKNOWLEDGMENTS 

We are immensely grateful to Nabiha Keshwani, Brinda Perumal, Roy Proper, and the CMRIF 

for assisting with recruitment and scanning. 

 

 

 

 

 

 

 

 

 

 

 



PROJECTION BIAS 6	  

Abstract 

Projection bias, the tendency to inaccurately predict the value of goods to be acquired in the 

future, is a widely studied phenomenon in behavioral economics but its cognitive and neural 

mechanisms remain poorly understood. In the present study, we aimed to explore how value 

changes from prediction of a future episode to the realization of that episode both behaviorally 

and in the brain. Twenty-five young adults (15 females, 10 males) from Cornell University 

placed bids on a variety of snack foods while undergoing fMRI scanning across two sessions: 

one while they were hungry and one while they were satiated. While hungry, participants placed 

bids according to how much they would want snack items in a future hungry state or in a future 

satiated state. While satiated, participants placed bids according to how much they would want 

the items immediately after the end of the experiment. We hypothesized that participants would 

demonstrate a behavioral projection bias in their bidding behavior that would emerge as a result 

of state-dependent value judgments. Activity in the ventral striatum was positively correlated 

while activity in the medial dorsal thalamus and mid/posterior insula was negatively correlated 

with projection bias. More engagement of regions related to reward processing therefore enhance 

projection bias while more engagement of regions related to physiological awareness and control 

attenuate projection bias, suggesting that both reward and control systems in the brain influence 

prospection about the value of future action. 
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Introduction 

 Our current physiological and emotional states affect predictions for our future selves. 

This holds true for both trivial (e.g., “What will I pack for lunch?”) and consequential (e.g., “Do 

I purchase health insurance?”) decisions alike. Referred to as a projection bias in behavioral 

economics (Loewenstein et al., 2003) and an empathy gap in psychology (Van Boven et al., 

2013), this phenomenon is perhaps best exemplified when the underlying visceral states differ 

between the present and the future. For example, hungry individuals overestimate how much 

they will want food in a later satiated state (Read & van Leeuwen, 1998; Fisher & Rangel, 2014). 

Notably, projection bias surfaces during both hedonic and non-hedonic predictions about the 

future, such as with decisions about food consumption and affective forecasting (e.g., Gilbert et 

al., 2002) respectively, and has myriad implications for how we choose to act now based on what 

we think will happen in the future. While the bias has been widely observed, lending credence to 

the folk wisdom to abstain from grocery shopping on an empty stomach, the underlying 

cognitive and neural mechanisms remain poorly understood. 

 Recent behavioral investigations of projection bias and its constituent processes 

motivated the present study. Prior work has shown that bias is especially prone to materializing 

when individuals make predictions about different states, such as “hot” highly aroused 

motivational and drive states, versus “cold” less affectively aroused states (Loewenstein, 2005). 

Moreover, Fisher and Rangel (2014) observed that individuals in a “cold” state (e.g., satiated) 

underestimated the value of food items they would experience in a “hot” state (e.g., hungry) to 

the same extent that hungry individuals in a “hot” state overestimated how much they would 

want food in a later “cold” state.  Participants exhibited this symmetry in bias by using their 

hunger states to systematically update taste attributes, the core way in which we place value on 
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food. These findings suggest that the cognitive flexibility needed to imagine a future incongruent 

state is not necessarily reduced by being in a deprived state of blood glucose. In contrast, it is 

likely driven by a different mechanism that acts on subjective value. We set out to understand the 

nature of projection bias, choosing to focus on the hot-to-cold bias in order to compare a 

prediction about satiation to the realization of satiation within subjects. We reasoned that we 

would be better equipped to contrast the mechanisms occurring in each direction by initially 

investigating projection bias from a single direction. Since motivational control of behavior by 

food is universal, functionally adaptive, and well-documented in humans (e.g., Tatarrani et al., 

1999; Batterham et al., 2007; Piech et al., 2009b; De Silva et al., 2011), our hypotheses were 

better informed by starting with the hot-to-cold bias. 

 Broadly, the cognitive neuroscience literature has begun to examine the role of episodic 

simulation and prospection in decisions about the future. Mounting evidence suggests that vivid 

episodic re-experiencing supported by the brain’s default network (Schacter & Addis, 2009) 

attenuates impulsivity, primarily in intertemporal choice tasks (Ersner-Hershfield et al., 2008; 

Peters & Büchel, 2010; Benoit et al., 2011; Mitchell et al., 2011; Sasse et al., 2015). Drawing on 

evidence that simulating future events makes use of the same neural systems as remembering 

past experiences, the constructive episodic simulation hypothesis posits that humans integrate 

aspects of past experiences to form priors about relevant future experiences (e.g., Schacter & 

Addis, 2009) and in doing so, minimize the psychological distance between the present and 

future selves (see Trope & Lieberman, 2010). In theory, episodic simulation should enable more 

accurate predictions about the future. Core regions of the brain’s default network, implicated in 

past and future thinking, have been found to flexibly couple with executive control networks to 

support goal-directed cognition (Schacter et al., 2012). Projection bias may therefore arise from a 
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failure to sufficiently simulate future subjective experience. Errors of prospection regarding 

hedonic experiences, influenced by mental representations and context, are likely to occur when 

contextual factors vary between the present and the future (Gilbert & Wilson, 2007). What 

remains to be determined is how contextual factors exert their influence on prospection. 

 Much of the work in decision neuroscience suggests that goal formation, self-control, and 

salience may all act on value judgments to produce a bias. To make a prediction about a future 

state requires individuals to simulate the goals of that state. Individuals are capable of 

understanding the goals of future incongruent states, but do not anticipate the magnitude that 

behaviors will change in those states  (Loewenstein et al., 2003), a finding that may be related to 

self-control. In a paradigm where dieters viewed healthy and unhealthy food items in an MRI 

scanner, value representations in ventromedial prefrontal cortex were related to taste ratings in 

all participants, but were also related to health ratings for individuals with high self-control (Hare 

et al., 2009). That is, individuals who were more successful at making choices in line with their 

goals were better able to downregulate reward representations in a systematic way. Incorporating 

health goals into value representations was found to be related to higher dorsolateral prefrontal 

cortex recruitment at the time of decision. While dorsolateral prefrontal cortex has been shown to 

play a direct role in self-regulation during intertemporal choice (Figner et al., 2010), it may also 

be a critical component of less biased forecasting. Indeed, when participants in a fasted state 

were explicitly asked to downregulate their food cravings while valuing a variety of food items, 

successful downregulation was related to activity in dorsolateral prefrontal cortex in concert with 

activity in ventrolateral prefrontal and posterior parietal cortices (Hutcherson et al., 2012). 

Ventrolateral prefrontal cortex activity has also been shown to scale with suppression of choices 

for high value items that are in conflict with the current hunger state (Arana et al., 2003). 
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 While self-control is likely a necessary component to making predictions about 

incongruent visceral states, it does not fully explain why individuals with intact or even high 

levels of cognitive control are still susceptible to projection biases. Even the most astute and self-

aware individuals unknowingly succumb to such biases (Scopelliti et al., 2015). While it is 

possible that we use our current state as a heuristic to inform future states, it is also possible that 

the salience of the current state overwhelms attempts at cognitive control, driving subjective 

values up irrespective of task demands when hungry, for example. Litt and colleagues (2011) 

showed that brain areas associated with salience can be differentiated from those associated with 

value, even though overlap remains. It may therefore be possible to observe how value, cognitive 

control, and salience interact to effect a projection bias.  

 To further investigate the neural mechanisms associated with hot-to-cold projection bias, 

we conducted an fMRI study of future valuation that included a within-subject hunger 

manipulation. Over two scanning sessions, participants placed bids on snack food items to gauge 

their present values. In the first session, participants experiencing hunger made bids imagining 

they would receive the item in a congruent state (i.e., hungry) or in an incongruent state (i.e., 

satiated). In the second session, participants were satiated and placed bids on how much they 

wanted the snack item immediately following the end of the session.  

 The core premise of the study was to demonstrate projection bias by observing how value 

judgments made while imagining satiation during a hungry state differed from value judgments 

made during actual satiation. In addition, the design also enabled us to test two further 

hypotheses. We first aimed to investigate the general effect of hunger state on the blood-oxygen-

level-dependent (BOLD) signal during the bidding task. Given that hormones released to signal 

hunger (e.g., ghrelin) and satiety (e.g., PYY) influence the brain’s response to passive viewing of 
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food (e.g., De Silva et al., 2011), we expected to observe differential patterns of activation 

between the first and second sessions. Second, we investigated the additional neural resources 

engaged when participants were asked to imagine a future scenario with a congruent hunger state 

versus an incongruent hunger state. Since imagining a future incongruent state requires one to 

step outside of the current state, we predicted that areas associated with executive control and/or 

novelty (Roberts et al., 2017) would be engaged when imagining an incongruent versus a 

congruent future state. Finally, as our primary interest was investigating the neural mechanisms 

associated with projection bias, we compared brain activity while participants imagined an 

incongruent future scenario to brain activity during the actual realization of that scenario. We 

hypothesized that participants would overestimate how much they would value food items in the 

imagined incongruent state, as a result of the heightened present value of the food items given 

the participants’ current hunger states.  

Materials and Methods 

Participants 

Twenty-five participants (15 females, 10 males) were scanned twice over two sessions 

that took place on different days. Five additional participants were excluded from analysis: three 

dropped out after the first session, one dropped out in the middle of the first session, and one 

experienced a software glitch during the second session that precluded response recording during 

the scan. Participants were recruited through the Laboratory for Experimental Economics and 

Decision Research sign-up system and Cornell Magnetic Resonance Imaging Facility (CMRIF). 

All participants were right-handed young adults between the ages of 18 and 30 years old 

(M=22.52, SD=2.79) with normal or corrected-to-normal vision. Participants were screened for 

current use of psychotropic medication in addition to the following criteria: willing to fast for 
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five hours, enjoy eating snack foods, do not have any dietary allergies or restrictions. Participants 

were compensated with $30 after the first session and $30 after the second session for a total of 

$60 (participants who dropped out before the end of a session were paid an amount prorated to 

the amount of time they participated). The study was approved by and carried out in accordance 

with the Cornell University Institutional Review Board.  

Stimuli 

One set of ninety snack items and a separate set of ten snack items (Hare et al., 2011) 

were used in the present study. Both sets included pictures of fruits and vegetables, chips, candy, 

and other assorted snack foods. All items were presented in color on a black background and 

pictures lacking food packaging were labeled in white text on top of the image. The set of 10 

items was presented as part of a practice task on a laptop screen pre-scan. During scanning, 

stimuli were reflected from a monitor and reflected on a mirror-mounted system in the scanner 

bay. MRI-safe corrective lenses were used when needed. The Psychophysics Toolbox (Brainard, 

1997; Pelli, 1997; Kleiner et al., 2007), implemented in Matlab, was used to present stimuli and 

record responses.  

Procedure 

The experiment consisted of two sessions that took place 1 to 7 days apart at the same 

time each day (M=3.16 days, SD=1.86). Participants arrived to the first session in a fasted state 

and to the second session in a satiated state. The timeline and activities for each session are 

represented in Figure 1A and described below. 

Session 1. On the first day, participants were asked to refrain from eating or drinking 

anything but water five hours before the start of the experiment. To confirm that they followed 

instructions, participants were asked when they last ate food and what they last ate. They were 
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also asked to use a 7-point Likert scale to answer the questions “How hungry are you right 

now?” and “How hungry are you normally at this time of day?” where 1 indicated “not at all 

hungry” and 7 indicated “very hungry.” Participants were given detailed instructions on the 

scanner task and completed a practice task as many times as needed before the scan.  

  Participants bid on snack food items in two conditions during the scan, both of which 

involved imagining future scenarios: “Imagine Hungry,” where participants placed bids on items 

imagining that they would return to the second session hungry and could consume that item after 

Figure 1. Experimental Procedure. (A) Study activities over the course of two scanning sessions. (B) The left 
panel illustrates the onset of an “Imagine Hungry” block. Identical stimuli were used for the “Imagine Hungry” 
and “Imagine Satiated” conditions but presentation of the food items was randomized. Block presentation was 
also randomized but constrained to a maximum of two of the same blocks back-to-back. The right panel 
indicates the onset of a block during the second scanning session. The same 90 food images were used as in the 
first scanning session, but only appeared once. Presentation of food items was randomized for each participant. 
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the second session and “Imagine Satiated,” where participants placed bids while imagining a 

similar scenario, but would instead return to the second session satiated. Each trial was 

considered independent of the others. To encourage participants to bid as closely as they would 

in real life, they were informed that one trial from both experimental sessions would be chosen at 

random and implemented according to the Becker-DeGroot-Marschak (BDM) auction rule 

(Becker et al., 1964) at the end of the second session (see below for details). 

 The bidding task was divided into three 10-minute runs of six blocks for a total of 18 

blocks, 9 per condition. Each block began with a cue for the condition the participant should 

imagine (“You will be HUNGRY”, “You will be FULL”), and commenced with 10 trials in 

which bids of $0, $1, $2, or $3 could be placed on each snack item (Figure 1B, left panel). The 

trial proceeded once the participant responded or after 4 seconds. Confirmation of the bid or “No 

Response” was presented for 1 second before a fixation cross appeared to mark the start of the 

next trial. Trials were jittered by an inter-trial interval of 1 to 3 seconds. The same 90 food items 

were shown for each condition and randomized for each participant. Block order was also 

randomized but constrained to having no more than two of the same blocks back-to-back. The 

scanning session concluded with a fourth 10-minute run where participants saw a black screen 

and were instructed to rest with their eyes open. 

 After the scanning session, participants were asked to rate the same snack foods on how 

much they liked the foods in general using a scale of -3 to 3 with -3 indicating “I really don’t like 

this food” and 3 indicating “I really like this food.” Stimulus presentation was again randomized 

and each item appeared only once. Participants were then paid and given instructions for the 

second session. Critically, participants were not informed about how they would return on the 
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second day until all activities from the first session were completed to prevent bids from being 

biased during the scanning task. 

 Session 2. Participants were asked to return for the second session satiated, having eaten 

a full meal with dessert 30 minutes prior to the start of the session. As on the first day, 

participants were asked when and what they last ate, as well as how hungry they were. The 

scanning session on the second day consisted of a simplified version of the bidding task from the 

first session (Figure 1B, right panel). During two six-minute runs comprised of 45 trials per 

run, each of the 90 snack items was shown again and participants could place bids of either $0, 

$1, $2, or $3 on how much they wanted the food immediately following the end of the session 

(“Actually Satiated”). All other task parameters were equivalent to the scan from the first 

session. Participants were reminded that one trial from both sessions would be chosen at random 

and to bid as they would in real life.  

 After the scan, the liking task was completed a second time as described above. A 

program then randomly chose one of the trials from both sessions and that trial was implemented 

according to a BDM auction rule (Becker et al., 1964). In short, the participant’s bid was 

compared to the price of the item in the trial chosen, which was determined by a virtual ball 

drawn from an urn containing four balls: $0, $1, $2, and $3. If the bid exceeded the price of the 

item, the participant used his or her earnings from the experiment to pay for the item and 

received that item. If the bid was equal to or less than the price of the item, he or she did not get 

the snack at the end of the session. Participants received their compensation for the second day 

immediately following the BDM auction. 

 Two analyses of variance (ANOVA) were conducted on response time (RT) and bidding 

behavior to probe for effects of hunger state, congruence, and projection bias. Post-hoc Tukey 
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HSD tests were carried out with an alpha-level of .05, corrected for multiple comparisons, to 

examine simple main effects. An additional test of the hunger manipulation was carried out by 

performing a paired samples t-test between the liking ratings during the first and second sessions. 

Two measures of bias were subsequently created based on the behavioral data. First, a projection 

bias score from the bidding task on both days was created by subtracting the mean bid in the 

“Actually Satiated” condition from the mean bid in the “Imagine Satiated” condition for each 

subject (note that this is equivalent to subtracting the bid for “Actually Satiated” from “Imagine 

Satiated” for each of the 90 presented food items and then averaging). The same method was 

used to calculate a liking bias score for the difference between liking tasks between the two 

sessions. We then correlated the two measures to investigate whether the hunger manipulation in 

liking was associated with projection bias. 

fMRI Data Acquisition and Preprocessing 

 All images were acquired with a GE Discovery MR750 3T scanner (General Electric, 

Milwaukee, United States) with a 32-channel receive-only phased-array head coil at the CMRIF 

in Ithaca, New York. Anatomical scans were acquired with T1-weighted volumetric MRI 

magnetization prepared rapid gradient echo and sensitivity encoding (TR=2530ms; TE=3.42ms; 

TI= 1100ms; Flip Angle (FA)=7º; FOV=256 x256mm; sampling bandwidth=25 kHz; voxel 

size=1mm isotropic; 176 slices; acceleration factor=2; scan time=5:25’). All functional imaging 

data were acquired using a multi-echo echo planar imaging sequence with online reconstruction 

and sensitivity encoding (TR=3000ms; TEs= 13.7, 30, 47ms; FA= 83º; matrix size=72 x 72mm; 

FOV=210mm; voxel size= 3mm isotropic; 46 axial slices; acceleration factor=2.5; scan 

time=9:51’, 6:03’, 10:06’ for the bidding task during the first session, the bidding task during the 

second session, and resting state scans during both sessions, respectively).  
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Participants made responses during functional scans with a four-button response box held 

in their right hands. Responses were made with the pointer, middle, ring, and pinky fingers. 

Pulse and respiration were monitored throughout the scans using a pulse oximeter and 

respiratory belt but those data are not considered in this paper.  

Task imaging data were preprocessed with Multi-Echo Independent Components 

Analysis (ME-ICA) version 3 (Kundu et al., 2012; Kundu et al., 2013). Briefly, ME-ICA is a 

preprocessing pipeline that makes use of the linear TE dependence properties of BOLD signal to 

better distinguish between signal and noise and has proven effective in both resting state and 

task-based MRI (Lombardo et al., 2016; DuPre et al., 2016).  Anatomical images were skull 

stripped using default parameters in FSL BET and ME-ICA processing was run with the options 

to remove the first four volumes of data and to warp to MNI space using a high-resolution 

template (MNI_caez_N27). The optimally-combined denoised time series were smoothed with a 

6mm FWHM kernel in AFNI. Data from resting-state scans are not included in this paper. 

fMRI Data Analysis 

 Of the 25 participants included in analysis, none exhibited excessive head motion while 

in the scanner (greater than 0.4mm displacement) but overall motion was higher during the 

second session when participants were satiated (t(24)=-3.54, p<.005).  

SPM8 (Wellcome Department of Imaging Neuroscience, Institute of Neurology, London, 

UK) was used to estimate an event-related general linear model with the following regressors: 

trial onsets for Imagine Hungry, a parametric modulator for bids in Imagine Hungry, trial onsets 

for Imagine Satiated, a parametric modulator for bids in Imagine Satiated, trial onsets for 

Actually Satiated, and a parametric modulator for bids in Actually Satiated. Additional 

regressors of no interest included the first trial of each block and trials with no responses. All 



PROJECTION BIAS 18	  

regressors were modeled with time and dispersion derivatives to allow for variation in the 

amplitude and width of the hemodynamic response function. A 95% probability grey matter 

mask was used on subsequent analyses to ensure that voxels with less than 5% probability of 

being grey matter were removed.  

First-level contrasts were created to identify average brain activity and parametric 

modulation of bids at our first two levels of interest: during hunger and satiation (Session 1 

versus Session 2) and while imagining congruent versus incongruent future hunger states 

(Imagine Hungry versus Imagine Satiated; both Session 1). The contrasts were then entered into 

a random effects model at the second level for whole brain analyses using an uncorrected 

threshold of p<.001 and an extent volume of 20 voxels (unless otherwise noted). One-sample t-

tests were performed to look at overall group effects.  

A second general linear model was estimated to examine brain activity related to a hot-to-

cold projection bias, defined as a higher predicted consumption value in “Imagine Satiated” 

compared to lower realized value in “Actually Satiated.” Trial onsets for all conditions were 

entered into a fixed effects model without parametric modulation. First-level contrasts were 

created for Imagine Satiated > Actually Satiated and brought to the second level. In addition to 

the aforementioned second-level regressors of non-interest, we regressed participants’ projection 

bias scores. A one sample t-test was conducted with an uncorrected threshold of p<.001 and 

extent volume of 10 voxels to examine brain activity that covaried with the size of participants’ 

projection biases. 
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Results 

Behavior 

All participants arrived hungry on the first day and satiated on the second day. Hunger 

ratings prior to each scanning session confirmed compliance with task instructions (Session 1: 

M=5.28, SD=1.22; Session 2: M=1.20, SD= 0.82; t(24)=14.59, p<.0001). 

We performed ANOVAs on RTs and bids from the scanning session to examine the 

impact of hunger, imagining congruence, and projection bias. An effect of hunger would be 

demonstrated by differences in RT or bids in conditions from Session 1 (Imagine Hungry, 

Imagine Satiated) and Session 2 (Actually Satiated). An effect of congruence would be 

demonstrated by RT or bid differences between Imagine Hungry and Imagine Satiated. 

Projection bias could arise as either a difference in RT or bids between Imagine Satiated and 

Actually Satiated and/or an interaction between condition and bid amounts for RT. An 

interaction would suggest projection bias specifically if the pattern of bids for Imagine Satiated 

differed from that of Actually Satiated, where lower bids (especially bids of $0) were faster in 

Actually Satiated.  

To determine whether RT varied by condition and whether the pattern of bid amounts 

affected RT in each condition, we ran a two-way ANOVA (condition x bid) with an interaction 

term.  One participant was removed from this analysis due to a faulty button on the response box 

during the second session (all “No Response” bids for that session were subsequently replaced 

with “$1” based on the participant’s feedback after the session). We found main effects of 

condition (F(2,46)=29.85, p<.0001; Figure 2A) and bids (F(3, 69)=20.95, p<.0001; Figure 2B) 

on RT, and the interaction approached significance (p=.06). Post-hoc pairwise comparisons of 

RT between conditions indicated an effect of hunger state on RT: RT for trials during Actually 
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Satiated (M=1.29, SD=0.59) were faster than those during Imagine Hungry (M=1.55, SD=0.69) 

and Imagine Satiated (M=1.54, SD=0.69) but were not different between Imagine Hungry and 

Imagine Satiated. That is, responses when participants were satiated during the second session 

were faster than those from the first session when participants were hungry.  Pairwise 

comparisons of bids are included in Supplemental Material. Results were unchanged when 

gender, BMI, and days between experimental sessions were included as covariates. 

  

To examine differences in bids between Imagine Hungry, Imagine Satiated, and Actually 

Satiated (Conditions), a one-way repeated measures ANOVA was conducted. Bids were 

significantly altered by condition type (F(2, 48)=71.44, p<.0001; Figure 3). Bids for Imagine 

Hungry (M=1.43, SD=1.06) were significantly higher than those for Imagine Satiated (M=0.93, 

SD=0.96), which were in turn significantly higher than those for Actually Satiated (M=0.60, 

SD=0.87). Differences in bids across conditions therefore demonstrated that participants were 

able to differentiate between imagining a congruent scenario (Imagine Hungry) and an 

incongruent scenario (Imagine Satiated). However, a projection bias was also demonstrated by 

Figure 2.  Main effects of condition (A) and bid value (B) on RT. Standard error bars indicate 1 standard 
error around the mean. * denotes significant pairwise differences. 
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bids decreasing from Imagine Satiated to Actually Satiated. Results were not impacted by the 

inclusion of gender, BMI, and days between experimental sessions as covariates.    

    

 

 Participants liked the snack foods significantly more when they were hungry (M=0.833, 

SD=2.54) than when they were satiated (M=0.40, SD=2.51): t(24)= -8.24, p<.0001 (Figure 4). 

The hunger manipulation between the two sessions therefore affected both bidding behavior and 

liking ratings. When participants were hungry, they bid more for the snack foods and rated them 

as more likeable; when participants were satiated, they bid less for the snack foods and rated 

them as less likeable. However, projection bias scores (M=0.32 SD=0.31) and liking bias scores 

(M=0.45, SD=0.52) were not correlated with one another and neither were related to gender, 

BMI, or days between experimental sessions. In other words, the extent to which the hunger 

manipulation was successful did not relate to the size of participants’ projection biases. Kernel 

* *

Figure 3.  Mean bids during scanning sessions 1 and 2 by 
condition type. Standard error bars indicate 1 standard error 
around the mean. * denotes significant pairwise differences. 
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density estimates of raw scores and effect sizes for both projection bias and liking bias are shown 

in Figure 5.  

 

 
 
 

 

*

Figure 4.  Mean liking during scanning sessions 1 and 2. Standard 
error bars indicate 1 standard error around the mean. * denotes 
significant pairwise differences. 
 

BA

Figure 5.  Kernel density plots of raw scores (A) and effect sizes (B) for projection bias measures. 
Pink=Bids, Blue=Liking Ratings. 
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Neuroimaging 

 Imaging results are organized according to our three overarching questions of interest: 

how is brain activity affected by (i) hunger state, (ii) imagining a congruent versus incongruent 

hunger state, and (iii) projection bias. 

 To investigate how hunger state was associated with brain activity, we compared 

conditions in which participants were hungry (Imagine Hungry, Imagine Satiated) versus satiated 

(Actually Satiated). For Satiated > Hungry, activation was observed in posterior and anterior 

cingulate cortices, medial prefrontal cortex, angular gyrus, lingual gyrus, as well as middle 

frontal and temporal gyri (Figure 6A; see Table 1). As participants bid higher when they were 

satiated, higher BOLD signal was observed in supplementary motor area, dorsal anterior 

cingulate, middle and superior frontal gyri, supramarginal gyrus, superior parietal lobe, and 

lateral occipital cortex (Figure 6B; see Table 2). No clusters survived our threshold of p<.001 

for Hungry > Satiated, or were associated with the parametric modulation of bids during these 

conditions. 

 

  

Figure 6.  Whole-brain activation for satiated trials compared to hungry trials (A) and all parametric modulation 
of bids for satiated trials compared to hungry trials (B). Results were thresholded at p<.001 (uncorrected), k=20. 
Colorbars denote t values, lowered to t=3 for visualization purposes. 
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 Next we examined brain activity associated with imagining during the incongruent 

(Imagine Satiated) versus congruent future state (Imagine Hungry). Imagine Satiated > Imagine 

Hungry recruited left middle frontal gyrus, left frontal pole, and left angular gyrus (Figure 7A; 

see Table 3). Higher bids during Imagine Hungry were related to activation in caudate and 

lateral occipital cortex. Higher bids during Imagine Satiated were related to signal in superior 

frontal gyrus (Figure 7B, 7C, Table 4). No clusters survived a threshold of p<.001 for the 

Imagine Hungry > Imagine Satiated contrast. 

 

Figure 7.  Whole-brain activation for Imagine Satiated>Imagine 
Hungry shown on a left lateral surface (A) and parametric 
modulation of bids in Imagine Satiated>Imagine Hungry (warm 
colors) and Imagine Hungry>Imagine Satiated shown on the left 
medial wall (cool colors; B). Volume rendering of subcortical 
activity in parametric modulation of bids for Imagine 
Hungry>Imagine Satiated (C). Results were thresholded at 
p<.001 (uncorrected), k=20 for average activity and k=10 for 
parametric modulation. Colorbars denote t values, horizontal bars 
lowered to t=|2| for visualization purposes. 
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 To investigate brain activity associated with projection bias, we compared Imagine 

Satiated and Actually Satiated using our second general linear model without parametric 

modulation. We found projection bias scores to be positively related to activity in the left nucleus 

accumbens (Figure 8A, Table 5). In other words, higher activity in the left nucleus accumbens 

during Imagine Satiated as compared to Actually Satiated was related to a larger overestimation 

of bids between Imagine Satiated and Actually Satiated. We also found projection bias scores to 

be negatively related to activity in the dorsomedial nucleus of the thalamus and mid/posterior 

insula (Figure 8B, Table 5), such that higher activity of these areas during Imagine Satiated 

compared to Actually Satiated was related to smaller differences between Imagine Satiated and 

Actually Satiated bids.  

Figure 8. Left nucleus accumbens (A) along with right thalamus and 
posterior insula (B) results from inspection of brain areas that covary with 
projection bias scores. Results were thresholded at p<.001 (uncorrected), 
k=10. Colorbars denote t values. 
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Discussion 

Our experiment is the first, to our knowledge, to explore state-dependent brain changes 

related to making predictions about food and their contributions to behavioral bias. Our results 

suggest that brain activity related to food, and the value we assign to food items, changes 

between hunger and satiation. Second, imagining an incongruent state requires additional higher-

order cognitive resources compared to imagining congruent events. Finally, the magnitude of a 

hot-to-cold projection bias is positively related to ventral striatum activity and negatively related 

to medial dorsal thalamus and mid/posterior insula activity during prediction of future behavior.  

Influence of Satiation on Future Valuation 

Behaviorally, an effect of hunger on future valuation was observed when participants bid 

more rapidly while satiated compared to the hunger condition. Participants also reported liking 

the same snack food items less while satiated. At the level of the brain, satiated trials were 

related to activity in regions often implicated in subjective value including posterior cingulate 

cortex, anterior cingulate cortex, and medial prefrontal cortex (Kable & Glimcher, 2007). 

Additional areas of activation included inferior parietal lobe, insular cortex, visual cortex, and 

association motor cortex. Our whole-brain findings corroborate previous work identifying brain 

regions that covary positively with plasma PYY concentration (Batterham et al., 2007), a 

physiological gut-derived postprandial signal. However, they also depart from commonly 

reported activity patterns associated with hunger. Specifically, hunger along with ghrelin 

administration to induce the perception of hunger has been associated with activity in the 

amygdala, orbitofrontal cortex, anterior insula, dorsal and ventral striatum, parahippocampal 

gyrus, fusiform cortex, and pulvinar nuclei in the thalamus (Tataranni et al., 1999; LaBar et al., 

2001; Malik et al., 2008; De Silva et al., 2011). In past studies food images have often been 
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compared to non-food images such as tools (LaBar et al., 2001) or scenes (Malik et al., 2008). In 

contrast, we compared activity while viewing the same food images across different hunger 

states, perhaps reducing the likelihood of observing significant state-related differences. Another 

possibility is that the task was simply easier when participants were satiated and did not have to 

imagine a future scenario. 

 As participants increased their bids while satiated, activity was observed in dorsal 

anterior cingulate and supplementary motor area, superior and inferior parietal lobes, lateral 

frontal cortex, as well as thalamus, anterior insula, and midbrain. Dorsal anterior cingulate, in 

conjunction with dorsolateral prefrontal cortex, have been shown to play a role in conflict 

monitoring during competing representations and resolution of that conflict, respectively (Carter 

& van Veen, 2007). As participants reported being full, bidding anything but $0 would have 

required participants to circumvent representations of satiation to raise value associations, and 

doing so may have engaged additional executive resources (i.e., from frontoparietal regions). 

Indeed, the anterior cingulate cortex is a core node of the salience network implicated in the 

bottom-up detection of events to coordinate rapid communication with the motor system and to 

call on other large-scale networks as needed to summon additional resources (Menon & Uddin, 

2010). Furthermore, previous studies investigating the role of amygdala and orbitofrontal cortex 

in value and goal selection in satiated participants found that amygdala activity was present in all 

presentations of high value items and that orbitofrontal cortex activity was present during the 

selection of those highly valued items (Arana et al., 2003). We did not observe amygdala or 

orbitofrontal activity as higher bids were placed on snack items in satiated versus hungry (or 

hungry versus satiated) conditions. However, differential activation may not have been observed 
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in the present study as both regions may have remained active in response to increasing bids for 

both conditions.  

Influence of Congruence Between Current and Future States on Valuation 

To contrast behavior and brain activity when current and imagined states were congruent 

versus incongruent, we examined differences in behavior and whole-brain activity during 

Imagine Hungry and Imagine Satiated. Participants were able to simulate being satiated in the 

future while hungry as was reflected in their lower bids during Imagine Satiated. We predicted 

that doing so would require additional effort, as was demonstrated by Hutcherson et al. (2012) 

when hungry participants were asked to reduce their cravings for foods. Whole-brain results 

showed that left middle frontal gyrus and the frontal pole were recruited during Imagine Satiated 

even though RT did not differ between conditions. While the middle frontal gyrus cluster was 

slightly posterior to the dorsolateral prefrontal cortex activity reported by Hutcherson and 

colleagues, it was close to a lateral frontal region that modulated connectivity between 

dorsolateral prefrontal cortex and ventromedial prefrontal cortex while dieters with high levels of 

self-control chose healthy foods over non-healthy foods (Hare et al., 2009). Higher bids in 

Imagine Satiated were related to activity in premotor cortex, perhaps reflecting hunger urgency. 

Conversely, higher bids in Imagine Hungry were associated with activity in the caudate nucleus 

and lateral occipital cortex. Dopaminergic innervation of the caudate has been linked to reward 

prediction and anticipation (Schultz, 2000; Nakamura & Hikosaka, 2006) especially in the 

context of action-reward contingencies. Consistent with this idea, spatially selective caudate 

neurons guide saccades tied to reward expectations in monkeys, possibly as a result of 

oculomotor preparatory signals in parietal and superior collicular regions (Gold, 2003). Co-

activation of caudate and lateral occipital cortex may serve a similar function in humans whereby 
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anticipated reward signals direct visual attention, especially in “easier” state-congruent trials 

where value judgments require less effort and may be subject to habit. 

Neural Basis of Projection Bias 

Bidding behavior revealed that participants exhibited the expected projection bias. Bids 

noticeably decreased between Imagine Hungry and Imagine Satiated, indicating that participants 

understood the direction in which their tastes would change, but were not able to fully gauge to 

what extent since bids decreased even further during Actually Satiated (Loewenstein et al., 

2003). This pattern has also been observed in affective forecasting where individuals tend to 

accurately predict the valence of future affect in given scenarios, but poorly predict the intensity 

(e.g., Kermer et al., 2006). Furthermore, our participants’ mean projection bias was similar to 

that found by Fisher & Rangel (2014) with only a fraction of the sample size, suggesting that this 

may be a robust and reliable estimate of bias size for young adults. Nucleus accumbens activity 

was positively correlated with the size of bias whereas dorsomedial nucleus and mid/posterior 

insula activity were negatively correlated with the size of bias. As part of the ventral striatum, 

nucleus accumbens develops early and continues to play a leading role in reward valuation, 

learning, and expectation throughout the lifespan (e.g., Schultz, 2000). Litt and colleagues (2011) 

observed that the ventral striatum has overlapping representations of both salience, 

operationalized as strength of preference, and value.  However, “liking” and “wanting” responses 

have been shown to be separable, with “liking” mediated by nucleus accumbens mu opiod 

stimulation in the rostrodorsal quadrant of the medial shell and “wanting” by mu opioid 

stimulation anywhere within the medial shell (Castro et al., 2015). Within the context of our 

results, nucleus accumbens activity may reflect a strong preference or motivational incentive 

salience to eat already valuable snack food items during the Imagine Satiated condition due to 
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participants’ hungry state.  Meanwhile the medial dorsal nucleus of the thalamus receives input 

from a number of areas including the solitary nucleus, substantia nigra, amygdala, and ventral 

pallidum, and acts as a higher order thalamic relay nucleus in learning and decision-making, 

projecting to cortical areas including posterior insular cortex and prefrontal cortex (Swenson, 

2006). Animals with lesions to the medial dorsal thalamus show an impaired ability to value 

rewards especially when necessary for goal-directed action. Humans with damage to the 

analogous region demonstrate executive function impairments (Mitchell, 2015). Posterior insula 

has been shown to play a role in regulation of physiological reactivity and homeostatic activity 

(Menon & Uddin, 2010), coupling more with supplementary motor area and somatosensory 

cortex (Chang et al., 2013) in contrast to anterior insula, which couples more frequently with 

anterior cingulate cortex. Overlapping representations of interoceptive awareness and gustation 

have also been observed in mid insular cortex (Simmons et al., 2012; Avery et al., 2015). Taken 

together, a cortico-thalamo-cortical loop between the medial dorsal nucleus of the thalamus and 

mid/posterior insula may evaluate the current hunger state and subsequently adjust value 

judgments based on task demands to minimize projection bias.  

Limitations and Conclusions 

 As we did not counterbalance the hunger state manipulation across sessions, our results 

showing activity in satiation versus hunger may have been influenced by familiarity and hence 

activation of regions associated with the default network (Spreng et al., 2014). For this reason, it 

may also be possible that faster RT in Actually Satiated reflected familiarity rather than an effect 

of satiation. Second, cognitive flexibility during the first session when participants were asked to 

imagine congruent and incongruent future scenarios may have been impeded by hunger (Piech et 

al., 2009a). However this interpretation is not consistent with previous observations of robust 
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cold-to-hot biases (Fisher & Rangel, 2014).  Collecting measures of individual differences would 

have also been instrumental to specify the cognitive and neural mechanisms associated with  

projection bias. For example, a larger scale study with a greater number of participants and 

measures of individual differences in decision-making, executive function, and prospective 

abilities would have allowed us to investigate whether the relationship between brain regions and 

projection bias may have been mediated by these other cognitive factors and associated neural 

activity.  

 Our study demonstrated that projection bias is associated with greater activity in nucleus 

accumbens and decreased activity in medial dorsal thalamus and mid/posterior insula. Further 

understanding the context by which nucleus accumbens is increasingly activated during 

inaccurate projection will serve as a critical step toward a complete mechanistic model for the 

bias. In addition, we observed an influence of satiety on future valuation as well as greater 

engagement of brain regions implicated in executive control during prospection about a future 

incongruent state. Understanding the influence of current and imagined future states on goal-

directed behavior and the neural mechanisms that support these processes will enhance our 

understanding of how we mentally time travel between our current and imagined realities to 

promote adaptive behavior.   
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Supplemental Material 

A main effect of bids was found in the two-way ANOVA conducted on RT. Follow-up 

pairwise comparisons showed that RT for bids of $0 (M=1.26, SD=0.60) and $3 (M=1.41, 

SD=0.53) were faster than those of $1 (M=1.60, SD=0.63) and $2 (M=1.58, SD=0.59).	  

A follow-up ANOVA on RT with only the first trials from each block showed similar 

results as the main ANOVA, mitigating the concern that participants may have anticipated 

responses within each condition due to the block design. 	  

 


