
 
Figure 1. Overview of the experimental procedures. Each participant underwent 3 experimental sessions: fasting, baseline 

and isolation (the order of sessions was counterbalanced across participants) and subsequently an MRI scan with the Cue-

Induced Craving task. On the baseline day, participants also underwent a functional localizer task. Cue-Induced Craving 

task: Participants saw cues for social contact, food and control cues depicting flowers. (Note faces have been obscured in 

figure to comply with biorxiv policy). After each block of cues (showing 3 images), participants rated their self-reported 

social craving (after social blocks), food craving (after food blocks) and how much they liked the flower pictures (after 

control blocks). Functional Localizer: Participants memorized a set of 5 images prior to the scan (4 different sets of images 

were counterbalanced across participants). Immediately before the localizer task, participants were shown the memorized 

pictures again. During the task, participants saw either one of the memorized pictures or a novel picture indicating whether 

they would be able to win money or not.  

 

Food fasting. Participants were asked to abstain from consuming any food or drinks/coffee (except 

water) for 10 hours before the fMRI session. We scheduled each fMRI session at 7pm in the evening; 

thus, participants were asked to refrain from eating after 9am on the day of the fasting session. We 

also asked participants to abstain from all forms of exercising on the day of food fasting in order to 

avoid exhaustion. Participants filled out an online questionnaire, rating their momentary food craving, 
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on each day were unique, so in total participants saw 36 blocks (108 unique images with descriptions) 

per condition. The duration of the task was approximately 30 minutes – divided into 6 runs, each run 

had a duration of approximately 5 minutes. 

 

The stimuli for the CIC task were tailored to each individual's preferred foods and modes of social 

interaction. During the initial screening, participants were asked to list their top ten favorite foods and 

social activities. Stock photographs illustrating these specific foods and activities were selected from a 

large public database (https://www.pexels.com/), and then verbal labels were added using the 

participant’s own descriptions. Food descriptions included “fluffy syrup-drenched pancakes”, “creamy 

cheesy macaroni”, “refreshing mixed fruit salad”, and “yummy vanilla cake with sprinkles”. Social 

descriptions included “chatting and laughing together”, “joking around with friends”,  

“supporting each other through workouts”, “enjoying a conversation together.” Social pictures were 

all matched for gender of participants (i.e., for a male participant, all social photographs included at 

least one man).  The stimuli were images of strangers, rather than images of the participant’s own 

friends and family, in order to (i) match the food and control images for novelty, since SN/VTA 

activity is sensitive to novelty(63), (ii) match image quality across conditions and participants, and (iii) 

avoid unmeasured variability in the quality or current status of participants’ relationships with specific 

individuals. Control trials presented attractive photographs of flowers accompanied by positive valence 

verbal descriptions (Figure 1). 

 

Functional localizer task. During the baseline session, each participant completed a functional 

localizer at the end of their scan. We anticipated that anatomical localization of SN/VTA might be 

difficult, given the strong susceptibility to magnetic distortions in the midbrain(19, 20). We therefore 

designed a task to functionally identify relevant midbrain regions in each participant individually. The 

task was an adapted version of Krebs et al. 2011(63). Because midbrain dopaminergic neurons in 

SN/VTA respond to both novelty and reward(63-65), we contrasted novel and rewarding stimuli 

against familiar and non-rewarding stimuli. However, our pre-registered hypotheses focus on the 

anatomical localization strategy, so we treat analyses of the functionally localized regions as 

exploratory. 

 

Before beginning the localizer task, participants memorized a set of 5 images depicting abstract art (all 

images taken from the free stock pictures site (https://www.pexels.com/)). During the task, the 

abstract art images served as cues to the condition of the current trial. The task had two conditions: a 
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reward/loss condition (reward) in which participants could earn or lose money depending on whether 

their responses were correct and fast enough, and a non-reward condition (non-reward) in which 

participants always received $0 regardless of their response. Each trial started with an abstract art 

image. The previously memorized (familiar) images indicated a non-reward trial. Abstract art images that 

were not previously observed (novel) indicated a reward trial. After the cue, participants saw a number 

between 1-9 (excluding 5) for 100ms on the screen. Their task was to press an assigned button 

indicating whether the number is below or above 5 as fast as possible. Initially, correct responses were 

required in less than 500ms; after 10 consecutive correct answers, this window was reduced to 400ms. 

After they pressed the button, participants saw the outcome indicating whether they won $1 (reward 

trial, correct response, fast enough), lost $0.20 (reward trial, wrong response or too slow), or received 

$0 (non-reward trial). In total, participants played 80 trials (40 trials per condition) and the duration of 

the task was approx. 10 minutes. Participants responded correctly and within the time limit on 87% of 

reward trials and 69% of non-reward trials. The earnings from this task were added to participants’ 

compensation after the baseline session. This design allowed us to compare responses to novel stimuli 

predicting reward versus familiar stimuli predicting no possibility of reward.  

 

Behavioral data analysis 

Questionnaire data. For each participant we collected two measures of social network size (i.e., 

number of monthly interactions and number of close relationships). These scores indicate the size of 

participant’s social network on different hierarchical levels(58). However, because the measures were 

highly correlated (r(39)=0.58, p<0.001), we z-transformed and averaged the two measures for each 

participant. This gave us an indicator of participant’s social network size relative to the sample’s average 

social network size. In addition, we calculated a loneliness score for each participant using the UCLA 

loneliness scale(57).  We tested how self-report ratings of hunger, food craving, discomfort, happiness 

and dislike of fasting provided during food fasting changed over the course of 10 hours using paired 

t-tests comparing the first rating (collected at beginning of fasting) and last rating (collected after 10 

hours of fasting).  We used the same analysis for the ratings provided during social isolation: loneliness, 

social craving, discomfort, happiness and dislike of isolation. 

 

fMRI Data analysis 

Preprocessing. We used open source preprocessing pipelines for fMRI data, developed through the 

nipy and nipype(66) initiatives. We used the heudiconv python application which uses dcm2niix to 

convert raw scanner data into the NIFTI image file format, then organizes that data into a BIDS-
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formatted directory structure. The FMRIPrep application(67) was used to minimally preprocess the 

anatomical and functional data (using default settings but including susceptibility distortion correction 

using fieldmaps (see below)). Using FMRIPrep, we skull-stripped anatomical images first roughly using 

the atlas-based ANTS program(68), and then refined it using information from Freesurfer surfaces 

after reconstruction was completed(69). Brain tissue segmentation was performed with the FMRIB 

Software Library (FSL) FAST program(70). Images were spatially normalized to 2mm isotropic MNI-

space using the multiscale, mutual-information based, nonlinear registration scheme implemented in 

ANTS. We visually inspected brain masks, tissue segmentation and freesurfer surfaces. Susceptibility 

distortion correction was performed using phase-difference B0 estimation(71). 

 

A reference image for each run was generated from the input BOLD timeseries. A functional brain 

mask was created using a combination of FSL, ANTS, AFNI and nilearn tools(72). Using FSL’s 

MCFLIRT program(73), we estimated and corrected for head motion, resulting in a coregistered 

BOLD series as well as motion-based confound regressors. Any run containing a framewise 

displacement greater than 0.4 mm on more than 25% of the total frames was excluded from additional 

analyses. Additional confound regressors were generated, including other measures of motion 

(framewise displacement and DVARS and anatomical CompCor(74) timeseries derived from CSF and 

white matter tissue segments). The reference image of each run was aligned with the anatomical image 

using FreeSurfer’s program “bbregister”(75). The timepoint-to-functional reference transformation, 

the functional reference to anatomical transformation, and the anatomical-to-MNI transformation was 

concatenated into a single transformation and used to transform each functional timeseries into MNI 

template space. Spatial smoothing was performed on the FMRIPrep outputs with a 6mm smoothing 

kernel using FSL’s SUSAN tool(76), which uses segmentation boundaries to avoid smoothing across 

tissue types. MRIQC, an opensource quality assurance software tool(77), was used to generate 

additional reports which display Image Quality Metrics (IQMs). 

 
Modeling. Analyses were conducted using the nipype framework(66). For run-level analyses, the 

preprocessed timeseries was assessed with algorithms from the Artifact Removal Toolbox (ART)(78) 

to identify frames within the run that have an abnormal amount of motion (0.4 mm of  total 

displacement, or an intensity spike greater than 3 standard deviations from mean). The design matrix 

included boxcars for the experimental conditions convolved with a double-gamma hemodynamic 

response function (HRF), and nuisance regressors representing frame-wise motion, the anatomical 

CompCor regressors derived from white matter and CSF, as well as impulse regressors for volumes 
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identified by ART. A high-pass filter (120 Hz) was applied to the design matrix and the smoothed data. 

The model was evaluated using FSL’s FILM program(79). Subject-level contrast maps were generated 

using FSL’s FLAME(79) in mixed-effects mode. 
 
ROI definition. We included functional voxels which overlapped at least 75% with the substantia 

nigra pars compacta (SN) and the ventral tegmental area (VTA) region from a probabilistic atlas of 

human subcortical nuclei(48). Because the striatum is a major target of projections from midbrain 

neurons and their firing results in increased DA transmission in the striatum(18, 50, 51), we expected 

to see the same pattern of results in the striatum, i.e.: increased activation to food cues after food 

deprivation and to social cues after social isolation and a positive correlation between activity in 

striatum and self-reported craving (for both, food and social craving). Thus, we also included 3 

additional ROIs in our analysis: putamen (Pu), Caudate Nucleus (Ca) and Nucleus Accumbens (NAcc) 

also using the probabilistic subcortical atlas(48). 

 
Functional ROI definition. To define subject-specific ROIs, we used individual activations of 

each participant in the localizer task. The fMRI time series were analyzed using an event-related design 

approach implemented in the context of the GLM. The model contained two regressors separately 

modeling the presentation of novel/reward cues, and familiar/non-reward cues (i.e., when the abstract 

art images were presented, 2s). We also included one regressor for the time period of button press and 

outcome (1.1s). Because we did not add any jitter between button press and presentation of outcome 

(as this was not the contrast of interest), we modeled the whole segment as one block.  For each 

participant, we calculated the target contrast novel reward>familiar non-reward. We then used a mask 

encompassing the whole midbrain as the search space for the selection of individual voxels. In each 

participant we selected the top 100 active voxels within the search space in response to the target 

contrast. 

 
Univariate Analyses. For our planned analyses, we used mixed effects regressions (using Matlab 

2019b’s fitlme function) to estimate the fixed effects of cue, deprivation session, and the critical 

interaction of cue and deprivation session, on response magnitude in the ROIs, controlling for each 

session’s average framewise displacement (i.e. head motion), with subject included as a random effect 

(for further details of the models, see Supplementary Materials). We modeled these effects in the 

anatomically defined SN/VTA (pre-registered analysis) and in the functionally defined ROI of voxels 

maximally sensitive to reward and novelty (exploratory analysis).  
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To test whether these responses were correlated with individual differences in self-reported craving, 

we calculated the average contrast value (food>flowers and social>flowers) in the anatomically defined 

SN/VTA for each participant. We used two different approaches to measure participants’ self-reported 

craving. First, we calculated the mean craving rating participants reported on each trial during the CIC 

task in the scanner (Craving_CIC). This measure was exactly comparable across sessions, and 

simultaneous with the fMRI data acquisition. Second, we took the craving reported by participants on 

the final online questionnaire, completed after 10 hours of fasting or isolation (Craving_Q). On this 

measure participant only reported craving for the deprived need (food when fasting, social contact 

when isolated), but this measure provides the most direct measure of the effect of deprivation because 

it can be compared to the self-report at the beginning of each session. In addition, the Craving_Q ratings 

were completed on a finer scale (0-100 instead of 0-10) and participants had no time restriction when 

filling out the questionnaires (while during the task, participants had 5s to complete the scales). For 

these reasons, we include both types of craving ratings and report results as significant at α<0.025. We 

measured correlations between self-reported craving and neural responses for each deprivation 

session. Because we specifically predicted a positive correlation between craving for the deprived target 

and response magnitude in SN/VTA, these correlations were tested one-tailed. Data for the analyses 

was extracted using FSL’s fslmeants utility and subsequent univariate and correlation analyses were 

conducted in Matlab 2019b and SPSS 25. 
 
Multivariate Analyses. We next used multivoxel pattern analysis (MVPA) to determine whether the 

multivariate spatial pattern of activity in SN/VTA is shared for food and social craving. First, we 

assessed whether we were able to discriminate fMRI patterns between food and control cues in the 

fasting session in the SN/VTA. For each participant, we partitioned the data into six independent 

folds (6 runs), and iteratively trained a linear support vector machine (SVM) classifier on 5 runs (i.e. 15 

beta estimates per condition) and tested on the left-out run (3 beta estimates per condition). We then 

averaged the classification accuracy across runs to yield a single estimate for each participant. This 

within-session classification tested whether we would be able to decode stimulus from multivariate 

patterns within the SN/VTA.  

 

As a next step, we trained a linear SVM classifier using all 6 runs of the food fasting session on patterns 

of response to food and flower cues and tested the generalization of the classifier to neural activity 

measured in response to social and flower cues in the isolation session. We also tested the 
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generalization of this classifier to neural patterns in response to food cues and control cues in the 

isolation session to test the generalization of responses to the same stimuli across sessions.  In order 

to be able to compare results between generalizations to the isolation session and the baseline session, 

we tested the same classifier on social vs control cues and food vs control cues in the baseline session. 

Thus, we calculated four t-tests testing whether the classifier showed above chance (one-sample t-test 

across subjects, alpha=(0.05/4)=0.0125) decoding: for(i) isolation session: social cues>control  and 

food cues>control and for(ii) baseline session: social cues>control  and food cues>control. If social 

craving and food craving share a neural basis, we predicted that a classifier trained on food_craved 

cues will successfully (above chance) classify social_craved cues but will not be able to classify 

social_noncraved cues. Finally, we used representational similarity analysis to test which pattern of 

activity is more similar to 'food_craved': social_craved or food_noncraved. We predicted that the 

presence of a craved object should be more important for SN/VTA activity than the specific object, 

so we predicted that the pattern of food_craved responses will be more similar to the pattern of activity 

for social_craved than for food_noncraved. Multivariate analyses were conducted with the PyMVPA 

toolbox in Python (http://www.pymvpa.org) and Matlab2019b. 

 
Correlations univariate fMRI measures and behavioral data. In follow-up analyses, we tested 

whether individual differences in social network size or chronic loneliness predict the magnitude of 

self-reported and neural measures of social craving. In addition, we used the UCLA loneliness score 

obtained from each participant as an indicator of their chronic loneliness. We correlated these two 

measures with mean values extracted from the midbrain and striatum ROIs from the contrast 

social_craved>control.  

 

Results 

Description of study sample. 

The forty participants were within a healthy weight range (BMI mean (standard deviation)=22.8(2.2)), 

reported frequent social interactions (monthly interactions, mean=49.1(31.7); minimum=10) and close 

relationships (number of close relationships, mean=12.3(5.1); minimum=3). Participants reported 

relatively(57) low levels of pre-existing loneliness (UCLA loneliness scale, mean=33.2(6.3), 

maximum=47 out of 80). 

 

Subjective social craving can be evoked by acute objective social isolation  
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After ten hours of social isolation, participants reported substantially increased social craving 

(t(39)=5.35, p<0.001), loneliness (t(39)=5.17, p<0.001), discomfort (t(39)=5.57, p<0.001) and dislike 

of isolation t(39)=4.13, p<0.001), and decreased happiness (t(39)=-4.21, p<0.001).  Thirty-six out of 

forty individual participants reported feeling more lonely after isolation. As expected, after ten hours 

of food fasting participants reported increased food craving (t(36)=17.40, p<0.001), hunger 

(t(36)=23.90, p<0.001), discomfort (t(36)=11.74, p<0.001) and dislike of fasting (t(36)=5.70, 

p<0.001), and decreased happiness (t(36)=-3.25, p=0.002). Thus, both forms of abstinence evoked 

craving for the specifically deprived need, along with general discomfort and decreased happiness. 

Though we note that social craving after isolation was more variable, across participants, than food 

craving after fasting (mean(standard deviation) of craving ratings on questionnaire, after 10 hours: food 

craving=80.25(19.39); social craving=66.38(24.52), Figure 2; Levene’s test indicated unequal variances 

(F(76)=15.86, p<0.001).  

 
 
Figure 2. Behavioural results: The upper panel shows changes in self-reported food craving over time during fasting (left) 

and in comparison to ratings of social craving during the cue induced craving task (right). The lower panel shows changes 
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in self-reported social craving over time during isolation (left) and in comparison to ratings of food craving during the cue 

induced craving task (right). 

Following isolation, social cues evoke neural signatures of craving 

Our primary hypotheses concerned activity in the dopaminergic midbrain in response to food cues 

and social cues, after fasting versus isolation. In the anatomically defined SN/VTA (Figure 3A), 

responses to food cues were higher after fasting than after isolation (b=0.06, t=3.1, 95% 

CI=[0.0.02,.09], p=0.002), but responses to social cues were not higher, on average, after isolation than 

after fasting (b=-0.03, t=-1.3, 95% CI=[-0.6,0.01], p=0.18; for full results of the model including all 

main effects, see Supplementary Materials). In the midbrain functional ROI (voxels maximally sensitive 

to reward and novelty, Figure 3B), responses to food cues were higher after fasting than after isolation 

(b=0.03, t=3.3, 95% CI=[0.01,0.05], p=.001), and responses to social cues were higher after isolation 

than after fasting (b=0.03, t=2.5, 95% CI=[0.006, 0.05], p=0.01). 

 

SN/VTA responses to both food and social cues were correlated with self-reported craving. After 

fasting, in the anatomical SN/VTA, response to food cues (versus flowers) was positively correlated 

with the participant’s self-reported food craving measured during the cue-induced craving task 

(Food_Craving_CIC:  r(38)=0.31; p=0.023, Figure 3C), but not with self-reported food craving on the 

final questionnaire (Food_Craving_Q, r(36)=0.06; p=0.352). After isolation, SN/VTA response to social 

cues (versus flowers) was positively correlated with self-reported social craving on the final 

questionnaire (Social_Craving_Q, r(38)=0.32; p=0.023; Figure 3 C); though SN/VTA activity was not 

correlated with social craving measured during the cue-induced craving task (Social_Craving_CIC:  

r(38)=0.07; p=0.34). 
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