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ABSTRACT 

 

Background: The cue-reactivity paradigm is a widely adopted neuroimaging probe assessing brain 

activity linked to attention, memory, emotion, and reward processing associated with the 

presentation of appetitive stimuli. Lacking, is the apperception of more precise brain regions, 

neurocircuits, and mental operations comprising cue-reactivity’s multi-elemental nature. To 

resolve such complexities, we employed emergent meta-analytic techniques to enhance insight 

into drug and natural cue-reactivity in the brain.  

 

Methods: Operating from this perspective, we first conducted multiple coordinate-based meta-

analyses to define common and distinct brain regions showing convergent activation across studies 

involving drug-related and natural-reward cue-reactivity paradigms. In addition, we examined the 

activation profiles of each convergent brain region linked to cue-reactivity as seeds in task-

dependent and task-independent functional connectivity analyses. Using methods to cluster 

regions of interest, we categorized cue-reactivity into cliques, or sub-networks, based on the 

functional similarities between regions. Cliques were further classified with psychological 

constructs. 

 

Results: We identified a total of 164 peer-reviewed articles: 108 drug-related, and 56 natural-

reward. When considering cue-reactivity collectively, across both drug and natural studies, activity 

convergence was observed in the dorsal striatum, limbic, insula, parietal, occipital, and temporal 

regions. Common convergent neural activity between drug and natural cue-reactivity was observed 

in the caudate, amygdala, thalamus, cingulate, and temporal regions. Drug distinct convergence 

was observed in the putamen, cingulate, and temporal regions, while natural distinct convergence 

was observed in the caudate, parietal, occipital, and frontal regions. We seeded identified cue-

reactivity regions in meta-analytic connectivity modeling and resting-state functional connectivity 

analyses. Consensus hierarchical clustering of both connectivity analyses identified six distinct 

cliques that were further functionally characterized using the BrainMap and Neurosynth databases.  

 

Conclusions: We examined the multifaceted nature of cue-reactivity and decomposed this 

construct into six elements of visual, executive function, sensorimotor, salience, emotion, and self-

referential processing. Further, we demonstrated that these elements are supported by perceptual, 

sensorimotor, tripartite, and affective networks, which are essential to understanding the neural 

mechanisms involved in the development and or maintenance of addictive disorders.   
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INTRODUCTION 

The cue-reactivity paradigm is commonly adopted in neuroimaging research to assess 

neurobiological processes linked with craving, reward, and behavioral motivation, particularly, in 

addiction, to probe the incentive salience of drugs, and their associated cues [1-3]. The basis of the 

cue-reactivity paradigm is that previously associated cues to the drug, or natural stimuli (i.e., food), 

can under certain conditions, evoke stimulus-associated responses such as urge to use drug or urge 

to eat [4]. In essence, the cue signals the drug, or natural stimuli, which in turn activates reward 

circuitry and triggers physiological arousal and anticipation. Cue-reactivity can be symbolic-

expressive (e.g., craving) [5], physiological (e.g., sweating, salivation), and/or behavioral (e.g., 

drug-seeking, consumption) [6]. As cue-reactivity engages multiple systems involved in attention, 

memory, and reward, the specific neural mechanisms associated with each system has yet to be 

comprehensively defined across both drug-related and natural-rewards. Delineating these neural 

systems involved in cue-reactivity has important implications for understanding addiction, where 

the coupling of heightened cue-responses and increased attention to addiction-related cues is a key 

mechanism in the development and/or maintenance of addictive behaviors [7]. A recent review of 

factors predicting relapse and sustained abstinence in substance use disorder found greater 

activation to drug cues was predictive of worse clinical outcomes, yet greater activation to non-

drug cues was linked with better outcomes [8]. Research continuously features cue-reactivity as a 

task essential in understanding substance addiction, relapse rates, and clinical outcomes, yet 

parsing out the multifaceted nature of cue-reactivity, including craving, reward, and motivation, 

remains to be more fully characterized within both drug and natural rewards.  

Cue-responsivity elicits increased blood-oxygenation level-dependent (BOLD) signals in 

brain regions linked with subjective value, as well as attentional, and motivational processes that 

govern behavior [9]. This is supported by accumulating evidence demonstrating positive 
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correlations between regional cue-related activation and measures of self-reported craving [10]. 

As it relates to drug cue-reactivity, the presentation of drug-related cues has been shown to reliably 

engage neural circuits involved in learning and memory, as well as reward/motivation networks, 

including the mesocorticolimbic and nigrostriatal dopaminergic systems [11]. Activation of the 

mesocorticolimbic system correlates with drug-seeking and drug-taking behaviors that is 

characterized by an increase in extracellular dopamine concentration [12], while activation of the 

nigrostriatal system is essential for habit learning and automaticity of behavior [13]. Specifically, 

dopamine projections between the prefrontal cortex (PFC) and the dorsolateral striatum are critical 

in the development of habits, and when considering drug use, these projections enhance the 

conditioned reinforcement mechanisms promoting the habituation of drug-seeking and drug-

taking behavior. Research supports that not only are these systems engaged during drug cue-

reactivity, but also during natural-reward cue-reactivity, suggesting common mechanisms 

involved in assigning value to stimuli and transforming subjective valuations into behavioral 

action signals [14].  

An entrenched view is that repeated drug use “hijacks” the brain’s reward system that has 

evolved to maintain the survival of the organism and species by playing a critical role in reinforcing 

consummatory and procreative behaviors [12, 15, 16]. Addictive drugs produce a greater 

magnitude and longer-lasting concentration of synaptic dopamine than natural rewards, leading to 

a profound remodeling of these systems following extended use [17]. Extensive evidence supports 

the notion that drugs of abuse usurp natural reward mechanisms via neurotransmitter system 

modulations [18, 19], region-to-region functional interactions involved in reward learning [20], 

and neuronal morphology [21, 22] specifically in cortical, striatal, and brain stem regions. Initially, 

drug intake is an unconditioned stimulus, but with repeated use a drug cue becomes a conditioned 

stimulus that is predictive of a drug response [23]. With drug cues as a conditioned stimulus, they 
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elicit dopamine release associated with reward prediction [24], thus “hijacking” the natural reward 

system. Delineating these distinct, “hijacked” regions by drugs of abuse, as well as conversely 

regions preserved in natural reward systems has potential to inform neurobiological models of 

addiction.  

The distinct neural processes involved in the commonly used cue-reactivity paradigm, 

given its multifaceted nature, have not yet been fully delineated from a neuroimaging perspective. 

Additionally, a comprehensive understanding of the common and distinct neurobiological 

attributes of drug-cue reactivity and natural reward processing is also lacking. Neuroimaging meta-

analytic techniques offer a means to combine neuroimaging results across the literature to achieve 

consensus views. Previous cue-reactivity meta-analyses have focused on a range of substances 

(e.g., nicotine, alcohol, cocaine, heroin, and cannabis) and determined that the ventral striatum 

(VS), amygdala, PFC, visual cortex, and anterior cingulate cortex (ACC) are consistently more 

active during drug-related stimuli presentation than control stimuli presentation [9, 10, 25-29]. 

Natural reward meta-analyses focusing on the neural response to food, sex, and gambling cues 

among healthy drug-free adults have found the VS, ventromedial prefrontal cortex (vmPFC), 

amygdala, anterior insula, and mediodorsal thalamus [30, 31] as regions consistently more active 

during natural cue presentation than control cue presentation. Qualitatively, regions demonstrating 

increased activation in both reward systems include the VS, amygdala, and prefrontal cortex.  

The current study seeks to expand on this prior meta-analytic work and provide enhanced 

insight into the brain regions and associated neurobiological networks underlying cue-reactivity 

and their more precise roles in drug and natural reward systems. The first aim was to identify 

common and distinct regions of convergent activity increases from drug-related and natural-reward 

studies. The second aim was to employ both resting-state functional connectivity (rsFC) and meta-

analytic co-activation modeling (MACM) to examine task-independent, and task-dependent 
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functional connectivity for identified cue-related regions of interest. Finally, the third aim was to 

categorize cue-reactivity into cliques, or sub-networks, and define each clique with specific 

behavioral phenomena. 

 

METHODS 

Functional MRI search strategy and study selection. We conducted an extensive literature 

search to compile a comprehensive corpus of peer-reviewed visual cue-reactivity functional 

magnetic resonance imaging (fMRI) studies on drugs of abuse and natural rewards that were 

published up until 08/31/2017. In the first iteration, we searched multiple databases, including 

Google Scholar (https://scholar.google.com) and PubMed 

(https://www.ncbi.nlm.nih.gov/pubmed) for peer-reviewed articles indexed by the combination of 

keywords: (“cue-reactivity” OR “drug cue” OR “natural cue”) AND (“fMRI” OR “GingerALE” 

OR “meta-analysis”) AND/OR (“nicotine” OR “smoking” OR “cocaine” OR “cannabis” OR 

“heroin” OR “alcohol” OR “sexual” OR “sex” OR “food”). In the second iteration, candidate 

studies were identified through the bibliographies of recently published meta-analyses for 

subsequent articles not compiled from the database searches [3, 14, 30, 31]. In the final iteration, 

we examined the reference lists of relevant articles for additional studies not located by database 

searches or published meta-analyses.  

The inclusion/exclusion criteria for the meta-analyses in the current study were as follows: 

a) articles that utilized fMRI task paradigms to asses drug and/or natural cue-reactivity with visual 

stimuli, other sensory paradigms such as gustation were excluded b) studies with reported activity 

foci as 3D coordinates (X, Y, Z) in stereotaxic Talairach or Montreal Neurological Institute (MNI) 

space, regions-of-interest (ROIs) derived from a parcellation scheme were excluded given the 

absence of coordinates c) experiments that performed whole brain (WB) or ROI analyses for the 
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within-subject contrast of drug cue > neutral or control cue stimuli, or natural cue > neutral or 

control cue stimuli, and finally, d) articles that reported subject-relevant demographic information 

such as age and male/female ratio, and data analytic methods including imaging modality and 

processing software (e.g., AFNI, FSL, SPM). All reported coordinates of activity foci that aligned 

with our inclusion and exclusion criteria were extracted for each experiment, as well as the 

corresponding behavioral data regarding participant age, male/female ratio, cue type (e.g., alcohol, 

cannabis, cocaine, heroin, nicotine, food, & sex), imaging modality, fMRI processing software, 

number of reported activation foci, contrast of interest for the original study, and analytic 

procedure (WB or ROI). 

Regional activation of drug and natural cue-reactivity: meta-analytic procedures. We 

employed the revised version of the Activation Likelihood Estimation (ALE) algorithm (version 

3.1) implemented in MATLAB version 8.2.0.701 (R2013b), a coordinate-based meta-analytic 

technique, to identify regions of convergent activation across and between drug-related and 

natural-reward cue-reactivity experiments. Activation foci reported in Talairach space in the 

original study were linearly transformed to MNI space [32]. The ALE algorithm is a voxel-wise 

approach that models brain activity foci as 3D Gaussian probability distributions centered at the 

given coordinate, where the width of the distribution represents sample size variance and 

uncertainty, to identify statistically significant spatial convergence [33-35]. The algorithm 

generated a set of modeled activation (MA) maps for each experimental contrast, where each 

voxel’s value corresponded to the maximum probability from foci-specific maps, and then the 

voxel-wise union across all experimental contrasts was calculated, quantifying the spatial 

convergence across the brain. Significance testing was then applied to the resulting voxel-wise 

ALE value distributions by analytically deriving the null distribution of random spatial association 

between experiments [34]. For all analyses, a multiple comparisons correction was applied with a 
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cluster-forming threshold of pvoxel-level < 0.001 and a cluster-extent threshold of pcluster-level < 0.05. 

Maps were exported to MANGO (http://ric.uthscsa.edu/mango/) for visualization on an anatomical 

(MNI152_T1_1mm_brain) template. 

Coordinates from experiments having reported increases in activation for drug cues or 

natural cues, relative to neutral cue stimuli (i.e., drug > neutral, natural > neutral) were utilized in 

the following ALE meta-analyses. First, to assess pooled cue-reactivity convergence across stimuli 

types, coordinates from drug cue-reactivity and natural cue-reactivity experiments were collapsed 

to identify regions where reward cues were greater than neutral cues (i.e., drug and natural 

collapsed > neutral). Next, two separate ALE maps, one each for drug and natural cue-reactivity 

contrasts were calculated. The first map included drug cue-reactivity experiments where drug cues 

demonstrated increased activity relative to neutral cues (i.e., drugs > neutral), and the second map 

included natural cue-reactivity experiments where natural cues demonstrated increased activity 

relative to neutral cues (i.e., natural > neutral). Next, to ascertain regions that are common in both 

cue-reactivity paradigms, we performed a conjunction analysis of the two separate ALE maps 

using the minimum statistic approach [36]. The conjunction analysis results defined the overlap 

shared by both cue-reactivity paradigms (i.e., drugs AND natural cues). A final contrast was 

conducted to elucidate distinct convergence differences across stimuli categories and distinguish 

regions where drug cues showed greater convergent activation than natural cues, and vice versa 

(i.e., drugs > natural cues and natural > drug cues).  

Following ALE meta-analyses, we extracted ROIs from the pooled cue-reactivity contrast 

results to subsequently identify “cliques”, or sub-networks of functionally similar brain regions 

through ancillary analyses involving rsFC and MACM. Given that some clusters spanned across 

multiple brain regions, which may represent distinct functional nodes, we defined ROIs for 

subsequent analyses by generating 5-mm radius spherical seeds positioned at the local maxima 
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within each cluster. For this, we utilized FSL’s cluster command and required that local maxima 

be distanced no less than 15-mm from each other. Three foci of local maxima were discarded 

because they were located at transitional anatomical locations (i.e., edge of the brain, 

cerebellar/occipital lobe boundary), making interpretation problematic during ancillary 

connectivity analyses. 

Resting-state functional connectivity. For each ROI, seed-based rsFC was conducted to 

identify task-independent functional connectivity between the average ROI time-course, and the 

rest of the voxels in the brain. Resting-state fMRI data from the Nathan Kline Institute- Rockland 

Sample [37] was acquired for 192 healthy volunteers and re-analyzed by Heinrich-Heine 

University in Dusseldorf [38]. Participants were instructed to look at a fixation cross in the center 

of the screen and avoid falling asleep during acquisition. Data was collected with a Siemens 3T 

TrimTrio scanner using BOLD contrast (gradient-echo EPI pulse sequence; repetition time [TR] 

= 1.4 s; echo time [TE] = 3 ms; flip angle [FA] = 65º; voxel size = 2.0 mm x 2.0 mm x 2.0 mm, 

64 slices).  

To remove any artifacts due to physiology and/or movement, FIX was used (FMRIB’s 

ICA-based Xnoiseifier, version 1.061 as implemented in FSL 5.0.9; [39, 40]) to auto-classify 

independent components analysis (ICA) components as either “signal” (i.e., brain activity) or 

“noise” (e.g., effects of motion, non-neuronal physiology) using a large number of distinct spatial 

and temporal features via pattern classification. Together with 24 motion parameters (i.e., 

derivatives and second order effects [41]), unique variance related to the “noise” independent 

components (ICs) were regressed from the data. Further preprocessing on the data was done using 

SPM8 (Wellcome Trust Centre for Neuroimaging, London) and Heinrich-Heine University in 

Dusseldorf in-house MATLAB (MathWorks Inc, Natick, Massachusetts) scripts. The first four 

scans were removed, and remaining EPI images were corrected for head motion using a two-pass 
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affine registration (alignment to initial volume, and alignment to the mean after first pass). For 

each subject, the mean EPI image was spatially normalized to ICBM-152 reference space using 

the unified segmentation approach [42], and then applied to individual EPI volumes. Images were 

then spatially smoothed with a 5-mm FWHM Gaussian kernel to compensate for residual 

anatomical variance and improve signal-to-noise ratio. Each seed time-course was extracted per 

subject by computing the first eigenvariate of the time-series of all voxels within 5-mm of the seed 

coordinate. The variance due to mean white matter and cerebral spinal fluid signal was removed 

from the time-course to reduce spurious correlations, and subsequently underwent band-pass 

filtering (.01-.08 Hz).  Using Pearson (linear) correlation, the processed time-course for each seed 

was correlated with the time-series of all other gray-matter voxels in the brain, and resulting 

coefficients were Fisher Z-transformed (Z-images) for second-level group analyses (ANOVA) 

with age and gender as covariates of no interest. Non-parametric permutation-based inference and 

a threshold of p < 0.05 corrected for multiple comparisons at the cluster level was applied to the 

resulting data.   

Meta-analytic co-activation modeling. Additionally, for each ROI we conducted MACM 

analyses. MACM examines the task-based functional connectivity of an ROI (i.e., seed region) by 

identifying co-activation patterns across neuroimaging literature and probing the associated 

behavioral domains of the analyzed tasks [43]. Co-activation patterns are defined as an above-

chance convergence of experimentally reported foci in the neuroimaging literature reporting 

simultaneous activation along with a given seed region using statistical inference, thus defining 

functional connections [44]. MACM maps reflect the locations in the brain that are most likely to 

be co-activated with a given seed region across multiple task-states and behavioral domains. To 

do so, we utilized BrainMap [45, 46], a large-scale database comprised of previously published 

functional and structural neuroimaging experiments, and associated 3D stereotaxic coordinates 
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across both healthy and diseased individuals. Statistical significance was assessed at p < 0.05 after 

multiple comparisons correction [47].  

Clustering of cue-reactivity regions. We performed hierarchical clustering on the rsFC 

profiles, as well as separately on the whole-brain co-activation (MACM) profiles for each ROI to 

identify cliques, or sub-networks involved in cue-reactivity. Hierarchical clustering groups similar 

elements (i.e., seed regions) into clusters in a stepwise manner, where seed regions within a cluster 

have the most similar features, yet individual clusters are maximally distinct. The algorithm does 

so by finding two clusters that are closest together, and merging the two most similar clusters until 

all clusters are merged together as measured by standardized Euclidean distances and Ward’s 

incremental sum of squares method [48, 49]. Clustering results are illustrated by a dendrogram, 

and demonstrate distinct cliques within both rsFC, and MACM separately.  

The FSLNets toolbox (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSLNets) was used to calculate 

rsFC between all ROIs. To estimate pairwise functional connectivity we calculated partial 

temporal correlations of all seed regions’ time series data [50]. One-sample t-tests were conducted 

for each pairwise connection using Fisher’s Z-transformed functional connectivity values, 

representing the connectivity strength and consistency across the sample. WARD clustering was 

then applied to the resulting standardized connectivity matrix. Both rsFC and MACM maps were 

entered into the hierarchical clustering algorithm un-thresholded for significance in order to 

preserve the full functional and connectivity patterns of each ROI.  

Utilizing the separate hierarchical clustering results from the rsFC and MACM analyses, 

we sought to identify a unifying framework of cliques participating in the cue-reactivity paradigm. 

To do this, we evaluated the consistency of each seed region’s assignment with other seed regions 

within cliques across rsFC and MACM clustering solutions using the Dice Similarity Coefficient. 

Pair-wise comparisons were made across seed regions, whereby if two seeds were assigned to the 
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same cluster in the rsFC and MACM analyses, the pairing would be assigned a Dice Similarity 

Coefficient (DSC) of 1. If the pair of seed regions were assigned to the same cluster in only one 

of the analyses, the pairing would be assigned a DSC of 0.5, and 0 if the two seed regions were 

never assigned to the same cluster in either solution. This resulted in a symmetric matrix of 

similarity coefficients, where the upper triangle of this matrix was interpreted as distances in a 

third hierarchal clustering analysis.  

Functional classification of cue-reactivity cliques. Finally, the identified cliques from the 

consensus clustering solution between rsFC and MACM were functionally characterized based on 

BrainMap metadata describing the cognitive, perceptual, or motor process isolated by cue-

reactivity using forward- and reverse-inference [43, 46, 51]. Metadata describing the experimental 

design and data processing pipeline has been curated for over 3,600 publications and 15,000 

experiments, which have reported over 120,000 brain activation coordinates among more than 

110,000 research participants. BrainMap classifies experiments by the behavioral domain (BD) 

and paradigm class (PC). The BD is the category and subcategory classifying the mental operations 

likely isolated by the contrast of functional data, and the PC is the experimental task used. Forward 

inference describes the likelihood that a specific region(s) of interest will activate given the 

recruitment of mental operations [P(Activation çOperation)], while reverse inference describes the 

likelihood that mental operations (e.g. cognition, action, emotion) are being recruited given 

activation in a seed region(s) of interest [P(Operation çActivation)]. Combined, these two 

techniques provide important information about the brain-behavior relationship [52]. In the 

forward inference approach, we tested whether the conditional probability of activation, given a 

mental operation, was higher than the baseline probability of activating the specific region(s) of 

interest [P(Activation)]. Statistical significance was calculated using a binomial test [p < 0.05, 

correct for multiple comparisons using false discovery rate (FDR)]. Alternatively, in the reverse 
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inference approach we identified the most likely behavioral domains, given activation in a specific 

region(s) of interest using Bayes’ rule. Bayes’ rule derives P(Operation çActivation) from 

P(Activation çOperation) as well as P(Operation) and P(Activation). Statistical significance was 

calculated using a Chi-square test (p < 0.05, correct for multiple comparisons using FDR). To 

complement the BrainMap metadata approach to functional characterization of cue-reactivity 

cliques, we performed a similar analysis using the Neurosynth database [52]. The methods 

describing these analyses are located in the Supplementary Information.  

 

RESULTS 

Literature Search. Following the outlined inclusion criteria, a total of 164 peer-reviewed 

articles were identified: 108 drug cue-reactivity (3,994 subjects), and 56 natural cue-reactivity 

(1,730 subjects) (Table S1 & S2). A PRISMA flow diagram depicting the literature search and 

selection process of the included and excluded studies is provided in Supplemental, Figure S1. 

The 108 drug cue-reactivity studies can be further categorized based on specific substance of 

interest: 40 nicotine, 33 alcohol, 12 cocaine, 13 cannabis, and 10 heroin. Similarly, the 56 natural 

cue-reactivity studies can be further categorized based on specific cue stimuli of interest: 35 sexual 

and 21 food. The total number of foci/coordinates extracted from drug cue-reactivity studies was 

1,418, while the total number extracted from natural cue-reactivity studies was 1,077. On average, 

subjects from articles included in the drug cue-reactivity analyses were 32.5 ± 9.0 (mean ± SD) 

years old and consisted of 2,757 males and 1,237 females, while subjects from articles included in 

the natural cue-reactivity analyses were 27.9 ± 7.1 (mean ± SD) years old and consisted of 793 

males and 937 females.  
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Pooled, common, and distinct regions of convergence. First, we sought to enhance insight 

into the neural processing of drug and natural cue-reactivity. As such, we conducted a pooled 

meta-analysis identifying regions of convergent activation across both cue-reactivity domains (i.e., 

drug and natural collapsed > neutral). Convergent brain activity, resulting from the ALE meta-

analysis including local maxima within each cluster, was observed in 23 regions including bilateral 

inferior occipital and temporal, bilateral parietal, left inferior frontal, bilateral middle occipital, 

bilateral insula, left supramarginal, left cingulate, bilateral thalamus, bilateral amygdala, and 

bilateral dorsal striatum (Fig. 1A; Table 1A). 

 Next, we aimed to identify convergent neural activity in drug cue-reactivity, and natural 

cue-reactivity separately, as well as the convergent regions the two domains share in common. As 

such, we first conducted two separate ALE meta-analyses for each cue-reactivity stimulus domain. 

The drug cue ALE meta-analysis (i.e., drug > neutral cue) identified significant activity 

convergence in nine clusters including the bilateral caudate, right inferior occipital, and left 

cingulate, amygdala, thalamus, and temporal regions (Fig. 1B, gold). The natural cue ALE meta-

analysis (i.e., natural > neutral cue) identified significant activity convergence in ten clusters 

including the right amygdala, bilateral middle occipital, bilateral inferior parietal and frontal, and 

left anterior cingulate regions (Fig. 1B, blue). We next conducted a conjunction analysis to 

illustrate common regions of convergent activity overlap for drug and natural cue-reactivity (i.e., 

drug > neutral AND natural > neutral). Common convergence between both cue-reactivity 

stimulus domains was observed in eight clusters, including the bilateral caudate, left amygdala, 

bilateral thalamus, left inferior temporal, and bilateral anterior cingulate regions (Fig. 1B, pink; 

Table 1B).  

Finally, to elucidate distinct regions of convergent activation, or rather domain specificity 

for drug cue-reactivity and natural cue-reactivity, we performed two contrast analyses. When 
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considering drug distinct convergence (i.e., drug > natural cues), we identified four significant 

clusters in the left cingulate, and right putamen and inferior temporal regions (Fig. 1C; Table 1C). 

When considering natural distinct convergence (i.e., natural > drug cues), we identified eleven 

significant clusters in the right caudate, bilateral middle occipital, bilateral parietal, bilateral 

inferior and middle frontal, and left anterior cingulate (Fig. 1D; Table 1D).   

 Identification of cue-reactivity cliques. To examine the task-independent, and task-

dependent functional profiles of 23 ROIs from the pooled cue-reactivity meta-analytic results we 

performed rsFC and MACM analyses for each seed region independently (Fig. S2 & S3). The 

resulting seed-based functional connectivity maps were then entered into the hierarchical 

clustering algorithm, providing a clustering solution for each task state, separately. Clustering 

solutions for rsFC patterns (Fig. S4) and MACM maps (Fig. S5) revealed primarily consistent 

cliques, with a few differences, across both task states (Fig. 2). Cliques were largely consistent 

across both solutions, where Clique 1 demonstrated activation patterns originating in occipital 

regions and shifts to more parietal-frontal regions in Cliques 2 and 3, and finally to more medial-

limbic regions in Cliques 4-6. Only slight individual region derivations between the two solutions 

were present in Cliques 1 through 4; however, larger shifts of regional groupings in Cliques 5 and 

6 differentiate the two solutions. Specifically, cingulate regions dominated Clique 6 in the MACM 

solution, where in the rsFC solution cingulate regions clustered with the caudate and thalamus. 

Further, amygdala regions clustered only with the putamen in rsFC Clique 5, where in MACM 

Clique 5 amygdala regions clustered with occipital, insula, and caudate regions.  

To provide a unifying framework of cliques participating in the cue-reactivity paradigm, 

across both rsFC and MACM, we used the Dice Similarity Coefficient to create a consensus 

clustering solution between both domains. Results revealed six cliques comprising the cue-

reactivity network (Fig. 3). Clique 1 (green) included bilateral inferior occipital and temporal 
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regions. Clique 2 (yellow) included bilateral inferior parietal regions, and right inferior frontal and 

middle occipital regions. Clique 3 (orange) included left insula, supramarginal, middle occipital, 

and inferior parietal regions. Clique 4 (purple) included left anterior cingulate, right putamen, and 

bilateral insula and thalamus regions. Clique 5 (blue) included bilateral amygdala. Clique 6 (red) 

included bilateral caudate, and left anterior and posterior cingulate regions. 

Functional profiles of cliques. Using the BrainMap database metadata, we characterized 

the functional profiles of the six cue-reactivity cliques from the consensus clustering solution (Fig. 

3, Table S3). Behavioral decoding results utilizing a comparable database, Neurosynth, are located 

in the supplemental material (Table S4). Both BrainMap and Neurosynth decoding results were 

carefully reviewed for consensus to guide the functional interpretations of the resultant cue-

reactivity cliques each described below: 

Clique 1 was composed primarily of occipital-temporal regions (green). BrainMap 

metadata convergence indicated significance correspondence in the forward and reverse analyses 

within behavioral domains associated with perceiving and observing simple and complex visual 

cues. Neurosynth decoding included functional terms of “visual”, “object”, “visual word”, 

“motion”, and “selective”, and anatomical terms of “occipito temporal”, “occipito”, “lateral 

occipital”, “fusiform”, and “extrastriate”. Coherence across results indicates that this clique was 

associated with visual and attentional processes.  

Clique 2 primarily included parietal-occipital regions (yellow) with similar topological 

properties as the canonical central executive network. BrainMap metadata convergence indicated 

significance correspondence in the forward and reverse analyses within behavioral domains 

associated with perception of higher-level visual features including color, motion, and spatial 

location, as well as working memory and reasoning cognitive processes. Neurosynth decoding 

included functional terms of “task”, “attentional”, “working memory”, “visually”, and “target”, 
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and anatomical terms of “parietal”, “intraparietal”, “posterior parietal”, “fronto parietal”, and 

“superior parietal”. Coherence across results indicates that this clique was associated with 

executive functions across a range of visual and working memory tasks.   

Clique 3 was composed of the insula and secondary somatosensory regions (orange). 

BrainMap metadata convergence indicated significance correspondence in the forward and reverse 

analyses within behavioral domains associated with internal and external bodily perceptions. 

Neurosynth decoding included functional terms of “somatosensory”, “painful”, “tactile”, “motor”, 

and “touch”, and anatomical terms of “secondary somatosensory”, “somatosensory cortices”, 

“insula”, “operculum”, and “primary secondary”. Coherence across results indicates that this 

clique was associated with sensory and motor processes.  

Clique 4 included regions displaying similar topological properties as the canonical 

salience network (purple). BrainMap metadata convergence indicated significance correspondence 

in the forward and reverse analyses within behavioral domains associated with reward processing 

and interoception. Neurosynth decoding included functional terms of “reward”, “monetary”, 

“incentive”, “response”, and “motivation”, and anatomical terms of “anterior insula”, “insula”, 

“anterior cingulate”, “striatum”, and “thalamus”. Coherence across results indicates that this clique 

was associated with salience attribution.  

Clique 5 was distinctly composed of the amygdala (blue). BrainMap metadata 

convergence indicated significance correspondence in the forward and reverse analyses within 

behavioral domains associated with processing emotions of disgust, fear, happiness, humor, and 

sadness. Neurosynth decoding included functional terms of “emotional”, “neutral”, “fear”, 

“valence”, and “affective”, and anatomical terms of “amygdala”, “hippocampus”, “limbic”, 

“amygdala insula”, and “orbitofrontal cortex”. Coherence across results indicates that this clique 

was associated with emotion processing.  
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Clique 6 the final clique, included regions with similar topological properties as the 

canonical default mode network, and caudate (red). BrainMap metadata convergence indicated 

significance correspondence in the forward and reverse analyses within behavioral domains 

associated with reward processing, as well as attentional and social cognitive processes. 

Neurosynth decoding included functional terms of “reward”, “self-referential”, “monetary”, 

“value”, and “default mode”, and anatomical terms of “medial prefrontal”, “striatum”, “cingulate”, 

“posterior cingulate”, and “ventral striatum”. Coherence across results indicates that this clique 

was associated with the default mode, specifically self-referential processes.   

 

DISCUSSION 

To investigate the multifaceted mental operations involved in drug and natural cue-

reactivity, the current study aimed to expand on prior meta-analytic work by providing enhanced 

insight in the more precise brain networks and associated behavioral phenomena engaged during 

cue-reactivity tasks. We first aimed to identify pooled, common, and distinct regions of convergent 

activity in both drug and natural cue-reactivity studies. When considering cue-reactivity 

collectively, pooled activity convergence was observed in regions of the dorsal striatum, limbic 

system, insula, parietal, occipital, and temporal regions. Second, we aimed to examine the 

functional profiles, both task-free and task-based, of regions showing convergent activity during 

cue-reactivity. Finally, we aimed to identify cliques, or sub-networks from the functional profiles 

of cue-reactivity regions and subsequently define each clique with specific behavioral phenomena. 

Based on functional and behavioral profiles, we concluded that cue-reactivity is comprised of six 

cliques: visual, executive function, sensorimotor, salience, emotion, and self-referential. 

Convergent and distinct regions in cue-reactivity. When examining convergent brain 

regions involved in cue-reactivity across both drug and natural stimuli, pooled meta-analytic 
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outcomes identified the ACC, posterior cingulate cortex (PCC), caudate, amygdala, thalamus, 

insula, putamen, parietal, occipital, temporal, and somatosensory as regions of convergence across 

the cue-reactivity literature. Our findings largely replicate Noori and colleagues’ (2016) results 

across both natural (food and sex) and drug (alcohol, cannabis, cocaine, heroin, and nicotine) cues 

compared to contrast cues in the striatum, ACC, PCC, inferior/superior parietal lobule, insula, 

middle occipital gyrus (MOG), and  inferior temporal gyrus (ITG) [14]. The primary distinction 

between our current findings and Noori and colleagues’ (2016) findings are that they report 

additional regions of convergent activation in the precentral gyrus (BA 6), cingulate gyrus (BA 

24), medial frontal gyrus (BA 10), and claustrum. When examining common meta-analytic 

outcomes, we observed overlap between drug and natural cue-reactivity in the caudate, amygdala, 

thalamus, ITG, and regions of the ACC. Our results replicate Noori and colleagues’ (2016) 

findings in the common network in the caudate, amygdala, and the ACC and extend results to the 

thalamus and ITG.  

Additionally, we established regions where drugs of abuse produce greater convergence of 

activation compared to natural cues, thus defining regions where drugs of abuse potentially usurp 

these naturally rewarding systems. The meta-analytic outcomes for the contrast analysis specifying 

drug distinct convergence identified the PCC, putamen, fusiform gyrus, and ACC as regions 

recruited by drugs of abuse in the brain. These outcomes are consistent with a previous alcohol 

drug specific cue-reactivity meta-analysis reporting robust activation in the ACC, PCC, and 

temporal regions [28]; as well as a previous nicotine drug specific cue-reactivity meta-analysis 

reporting robust activation in the ACC, PCC, and dorsal striatum [25]. The PCC, a key hub within 

the default mode network, often receives less attention within addiction research, yet has important 

implications in the value-based attentional capture during perceptual decision-making, an 

important aspect in the perpetuation of addictive behaviors. Prior fMRI work has demonstrated 
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that value-related brain activity in the PCC correlated with the degree by which reaction times of 

participants were slowed for perceptual choices, suggesting a role of the PCC in automatic value 

coding and value-driven attentional capture [53]. Research in macaques further supports such role, 

as PCC neurons were shown to be involved during change detection and policy control during 

reward-guided behavior while taking into account prior reward experience. [54, 55]. Given prior 

work within humans and primates for the role of the PCC in value-based decisions, combined with 

our classification of the PCC as a region distinct to drug cue-reactivity, highlights this region as a 

potential key constituent in addiction where drugs of abuse may usurp this naturally-rewarding 

system to shift value towards drug-related cues over natural cues perpetuating the cycle of 

addiction. 

Distributed networks of cue-reactivity. Pharmacological addictions are often 

conceptualized as having effects on numerous brain circuits and networks, rather than a specific 

lesion or activation in circumscribed brain regions [56]. The dynamic interactions within and 

between these various brain networks correspond to alterations in cognitive processes including 

reward processing, emotion regulation, and attention. As such, we examined the functional 

profiles, both task-free and task-based, of cue-reactivity regions to elucidate additional regions 

concurrently engaged, and clustered these functional profiles into cliques, or sub-networks to 

delineate the multiple elements comprising cue-reactivity. We demonstrate that different sub-

networks within the cue-reactivity collective system have functional specialization, each 

performing a specific aspect of processing and responding to visual cues that may be preferentially 

and dynamically engaged during specific visual interpretations, emotion responses, or salience 

attributes of the task. Through data-driven techniques, we identified six cliques with meta-analytic 

decoding results suggesting functional characterization of visual, executive function, 

sensorimotor, salience, emotion, and self-referential processing. 
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  Tripartite network integration (Cliques 2, 4, 6). The tripartite network 

parcellation consists of three large-scale brain networks [57]. The central executive network 

(CEN), a frontoparietal system with primary nodes in the dorsolateral prefrontal cortex (dlPFC) 

and lateral posterior parietal cortex (PPC), has been implicated in processing exogenous, 

attentionally driven cognitive functions [58, 59]. The default mode network (DMN), centered 

around nodes in the PCC, medial prefrontal cortex (mPFC), medial temporal lobe (MTL), and 

angular gyrus, is typically deactivated during stimulus-driven cognitive tasks as implicated in 

ruminations, mind wandering, and reflections on the past [60, 61].  The salience network (SN), 

anchored in the dorsal ACC and frontoinsular cortex (FIC), has been associated with the orienting 

attention to internal or external stimuli [62, 63]. The dynamic connectivity between and within 

these three large-scale brain networks have important implications in examining the 

neurobiological models of addiction and psychopathology [64, 65].  

Cue-reactivity Cliques 2, 4, and 6 identified in the current study, via data-driven 

techniques, closely correspond to canonical CEN, SN, and DMN respectively. An important 

concept in how environmental stimuli are processed in the brain is the idea that the brain features 

a continuous flow of information originating from both exogenous and endogenous sources, 

requiring control mechanisms to orient, identify, and act upon the most salient stimuli. A key 

network involved in influencing this moment-to-moment information processing is the SN, where 

“toggling” between the internally directed DMN and the externally directed CEN has relevant 

implications for the cognitive deficits often noted in addictions [64]. In many stages of the 

addiction cycle (i.e., taking, withdrawal, and urge), the insula has been highlighted as a key region, 

that through its interactions with other brain regions alters affective states (e.g., irritability), 

motivation (e.g., cue-reactivity), and attention (e.g., goal directed behavior) [66]. Specifically 

during withdrawal, increased engagement of the insula during abstinence augments normative 
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network switching that potentially explains the reduction in negative coupling between the DMN 

and CEN, where typically increased activation in CEN corresponds to increased deactivation of 

DMN [58, 64]. One of the most implicated functions of the DMN in drug abuse is internal 

ruminations/thinking about one’s internal state and self [67]. Prior work examining the chronic 

effects associated with prolonged nicotine exposure demonstrated increased coupling within left 

frontoparietal networks and an mPFC network, associated with attentional control during cue 

reactivity [68], as well as demonstrating a relationship between enhanced cue-reactivity and 

increased connectivity between SN regions (e.g., insula and dACC) [69]. These results suggest 

that aberrant connectivity within and between attentional networks  (i.e., CEN) and self-referential 

networks (i.e., DMN), potentially mediated by the insula (i.e., SN), may explain observed 

imbalances in cue-reactivity [70, 71].  

Perceptual networks (Cliques 1 and 3). Inherent to the cue-reactivity paradigm 

is the recruitment of visual and sensorimotor systems to actively process visually presented stimuli 

and recruit initial motor systems for action control. Relevant to the current study outcomes, these 

perceptual systems demonstrated increased convergent activation for drug-related and natural-

reward stimuli as compared to control stimuli during cue-reactivity, suggesting a dissociation for 

reward-based stimuli. As evidenced by an extensive body of work, the representation of basic 

visual features such as local contrast, spatial location, and spatial frequency can be significantly 

modulated by attention, as well as learned associations of stimuli with reward [26, 72]. Further, 

coupling visual stimuli with a reward improves stimulus detection [73, 74], reduces reaction time 

[75, 76], and increases stimulus selection [77, 78] even in the absence of attention [79]. The neural 

mechanism by which rewards may regulate selective plasticity in the visual representation of 

reward-predicting stimuli is through dopamine signaling [80].   
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It is conceivable that based on reward history and attentional biases, individuals 

addicted to drugs would demonstrate increased activation in perceptual systems during the 

presentation of drug-related stimuli, as compared to control stimuli, during cue-reactivity 

paradigms. Sensory and motor processes have historically been neglected in the addiction 

literature, yet these systems may have important implications for the development and/or 

maintenance of addiction. As emphasized in a review of the significance of sensory and motor 

processes in treatment of addiction [81], activation during drug-cue presentation in sensorimotor 

regions was shown to predict relapse [82] and correlate with craving, dependence severity, and 

automatic motor responses to cues [83, 84]. Additional research utilizing somatosensory cues may 

contribute to a better understanding of early sensory processing in addiction. 

  Emotion processing (Clique 5). The final clique we identified as a component of 

cue-reactivity was dominated by the amygdala. The amygdala is subdivided into two distinct 

nuclei that have cooperating functions: the basolateral and basomedial nuclei (BLA) that encodes 

emotional events as reference to sensory-specific features (i.e., Pavlovian conditioning), and the 

central nuclei (CeN) that encodes more general affective and motivational significance in 

preparatory conditioning [85]. The coordination of these two nuclei support the role of the 

amygdala in both appetitive and aversive motivational systems, where activation of these systems 

has been shown to be regulated by stimulus intensity (i.e., arousal) [86].  An essential component 

of addiction is the dysregulation of emotional systems in the brain that mediate stress and arousal. 

Specifically, the amygdala has been shown to play a prominent role in the negative emotional state 

that underlies the motivation between drug-seeking and compulsive use that categorizes drug 

addiction as a chronically relapsing disorder [87]. Given the role of amygdala functioning in 

negative reinforcement and drug-seeking behaviors, it has been proposed that the amygdala 

underlies craving that is triggered by cues such as places, people, and objects associated with drug 
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use [88]. As such, the amygdala is an important region involved in the cyclical nature of drug 

addiction, and its function in drug craving and drug seeking behaviors may shed light on the neural 

mechanisms underlying cue-reactivity, a key concept in drug relapse.    

Limitations. Several potential limitations warrant attention. First, the present meta-analysis 

was limited to functional neuroimaging experiments, thus restricting any interpretation of 

underlying synaptic and molecular mechanisms. Second, all meta-analyses are susceptible to 

biases across the literature and limited to original study design. As such, only significant brain 

activation peaks were published; therefore, we are limited to drawing conclusions on our data. 

Published peaks lack information on the original fMRI data from which they were generated (i.e. 

thresholds).  Third, the ALE meta-analytic algorithm fails to take into consideration the size of the 

cluster identified from the primary studies, resulting in less precise representations than image-

based meta-analytic approaches [89]. Habituation has been shown in the amygdala and the OFC 

following repeated presentation, and all studies included used repeated visual presentation of 

stimuli [90]. When summing male/female ratios across drug and natural cue-reactivity articles, a 

gender-discrepancy between the two sets became apparent, where drug-related articles reported 

about twice as many male participants as there were female participants, and the natural-reward 

articles were more closely balanced. This discrepancy potentially reflects reports that men are 

more likely than women to use almost all types of illicit drugs [91], as well as for most age groups, 

men have higher rates of use or dependence on alcohol and illicit drugs than do women [92]; 

however, this gender-discrepancy warrants further investigation that is outside the scope of the 

current study. Finally, behavioral decoding results are restricted by the studies archived in the 

BrainMap and Neurosynth databases at the time of analysis. 

Conclusions. In sum, the current study employed emergent neuroimaging meta-analytic 

techniques to enhance insight into the brain regions, neurocircuits, and more precise mental 
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operations linked with cue-reactivity tasks. Through such techniques, we defined common and 

distinct networks involved in cue-reactivity, identified six cliques comprising the paradigm, and 

behaviorally classified each clique to provide a functional interpretation. Results parse, and 

highlight the multifaceted constructs involved in cue-reactivity neural processing, specifically into 

the tripartite network model, perceptual processing networks, and finally an emotion centered 

network.   
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TABLES 

Table 1. Meta-analytic cluster coordinates for each contrast examining the pooled, common, 

and distinct activity increases associated with the cue-reactivity paradigm.  

 
Note. Lettering corresponds to contrasts in Figure 1: A, B, C, and D respectively. Cluster 

coordinates for A, C, and D are based on voxel peak maximum, where coordinates for B are based 

on center of mass. Italicized regions in section A represent local maxima within each cluster. All 

cluster coordinates (X, Y, Z) are reported in MNI space. Volume is mm3.
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FIGURES 

 

 
Figure 1. Brain regions showing pooled, common, and distinct activity increase in cue-

reactivity paradigms. A) Pooled cue-reactivity (i.e., drug and natural cues collapsed > neutral) 

was observed in L amygdala, L ACC, L and R ITG, L IOG, L MOG, L and R IPL, R IFG, L SMG, 

and L PCC. B) Conjunction analysis identified regions associated with drug cues (yellow-gold), 

natural cues (light blue), and common areas of overlap (pink), including L and R caudate, L 

amygdala, bilateral thalamus, L ITG, L and R dACC, and bilateral ventral ACC. C) Drug distinct 

convergence (i.e., drug > natural) was observed in L PCC, R putamen, R ITG, and L ACC. D), 

while natural distinct convergence (i.e., natural > drug) was observed in R caudate, L and R MOG, 

L and R superior parietal lobule, L and R IFG, R subcallosal gyrus, L ACC, and L postcentral 

gyrus. (pcluster-corrected <0.05, pvoxel <0.001). IOG = inferior occipital gyrus, IPL = inferior parietal lobule, 

IFG = inferior frontal gyrus, SMG = supramarginal gyrus.  
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Figure 2. The degree of overlap between regions of interest within a clique for task-free 

(rsFC) and task-based (MACM) maps. A) Visual representation of the 23 regions of interest 

associated with cue-reactivity. B-C) Hierarchical clustering on each seed-based functional 

connectivity pattern defined cliques of regions organized by functional similarity (RS- left, 

MACM-right). Both rsFC and MACM were defined by six cliques. The horizontal axes represent 

the dissimilarity between clusters, distance for section B is Ward’s linkage distance of the partial 

correlation coefficients, and distance for section C is Ward’s linkage distance of the Euclidean 

distances between MACMs. Brain images visually represent the degree of overlap for RS (B) and 

MACM (C) maps within each clique; orange demonstrating the highest degree of overlap (all 

regions), yellow demonstrating the second degree of overlap, and green demonstrating the lowest 

degree of overlap.  
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Figure 3. Consensus clustering solution between resting-state and MACM cliques with 

associated functional decoding behavioral domains and terms. Distance on the x-axis 

represents Ward’s linkage distance of the Dice Similarity Coefficients for clique assignment. As 

demonstrated by the polar-plots, Clique 1 (green) consisted primarily of behavioral domain 

categories cognition and interoception. Clique 2 (yellow) consisted primarily of behavioral domain 

category cognition. Clique 3 (orange) was consistently associated with domains perception and 

action. Clique 4 (purple) and Clique 5 (blue) were both linked with behavioral domain emotion. 

Clique 6 (red) was primarily linked with behavioral domain cognition. The letters organized within 

each clique polar-plot correspond to BrainMap sub-domains (Table S3). 

 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 27, 2020. ; https://doi.org/10.1101/2020.02.26.966549doi: bioRxiv preprint 

https://doi.org/10.1101/2020.02.26.966549
http://creativecommons.org/licenses/by-nc-nd/4.0/


Drug and natural cue-reactivity                                                          Hill-Bowen et al. 

34 

 
Figure 4. Summary illustration of six cue-reactivity cliques. The cue-reactivity paradigm was 

delineated into six distinct cliques representing an array of behaviors. Clique 1 (green) included 

the L and R IOG, and L and R ITG, and was associated with metadata linked to visual processing. 

Clique 2 (yellow) included the L and R IPL, R IFG, and R MOG, and was associated with metadata 

linked to executive functions and the central executive network. Clique 3 (orange) included the L 

insula, L SMG, L MOG, and L IPL, and was shown to be linked with metadata regarding 

sensorimotor processes. Clique 4 (purple) included the L ACC, L and R insula, B thalamus, and R 

putamen, regions corresponding to the salience network. Clique 5 (blue) included the L and R 

amygdala and was associated with metadata related to emotion processing. Finally, Clique 6 (red) 

included the L and R caudate, L ACC, and L PCC, regions corresponding with the default mode 

network, and associated with metadata linked to self-referential processing.  
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