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Abstract

Vulnerability to compulsive drug use stems from dysregulated activity within the neural networks
that underlie reward and executive functions. Empirical evidence suggests that a) attributing

high motivational salience to drug-related stimuli leads to compulsive drug seeking and b)
cognitive control deficits lead to compulsive drug taking. Noninvasive neuroimaging techniques
enable brain activity monitoring during affective and cognitive processing and are paving the

way to precision medicine for substance use disorders. Identifying robust neuromarkers of
affective and cognitive dysregulation would allow clinicians to personalize treatments by targeting
individual psychophysiological vulnerabilities. However, methodological choices have biased the
field toward experimental paradigms that cannot optimally assess individual differences in the
motivational salience of drug-related cues and in the ability to control drug-related decisions,
choices which have hindered the identification of clinically relevant neuromarkers. Here, we show
that once these shortcomings are amended, replicable neuromarkers of the tendency to attribute
motivational salience to drug-related cues and the ability to control drug-related decisions emerge.
While we use tobacco use disorder as a model, we also show that the methodological issues
highlighted here are relevant to other disorders characterized by maladaptive appetitive behaviors.
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1. Introduction: From understanding the neurobiological underpinnings of
SUDs to identifying clinically relevant neuromarkers

Substance use disorders (SUDs) are characterized by compulsive drug seeking and

reduced control over drug taking [1]. Neurobiological models attribute these behaviors to
dysregulated activity within the neural networks supporting reward and executive control
such that excessive incentive salience attributed to drug-related cues (i.e., stimuli associated
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with the drug and its effects) increases vulnerability to compulsive drug seeking [2], while
deficits in executive control reduce the ability to control drug taking [3].

Incentive salience refers to the motivational properties that make rewards (e.g., food, water,
sex) and the stimuli predicting them (i.e., reward-related cues) attractive. Stimuli with high
incentive salience capture attention, activate affective states, and motivate reward-seeking
behaviors [4]. By efficiently attributing incentive salience to cues predicting rewards,
organisms can prioritize and modify their consummatory behaviors to changes in the
environment [5]. The information about a stimulus’ incentive salience is coded in the
brain’s mesocorticolimbic dopamine systems [6] and it spreads through striatocortical brain
reward pathways to modulate affective responses and appetitive behaviors [7-10]. Repeated
supraphysiological drug-induced dopamine bursts can sensitize the reward dopamine
systems of vulnerable individuals, making them hyperresponsive to drug-related cues [11].
Once drug-related cues acquire high levels of incentive salience, they trigger strong cravings
and, ultimately, compulsive drug seeking, which leads to relapse [12].

In addition to attributing high incentive salience to drug-related cues, individuals with

SUD:s also have difficulties controlling drug cravings and inhibiting drug taking [13,14].
According to the impaired response inhibition and salience attribution (iRISA) model [3,15],
compulsive drug taking stems from deficits in executive control. Executive control refers to
the ability to select actions on the basis of internal plans and goals [16] and it is supported
by a network of regions in the prefrontal cortex. On average, the network of prefrontal

brain regions that supports executive controls is less active in individuals with SUDs than in
healthy controls [17].

Identifying neuromarkers of these putative psychophysiological mechanisms using event-
related potentials (ERPs, a direct measure of brain activity with high temporal resolution
[18]) and functional magnetic resonance imaging (fMRI, an indirect measure of brain
activity with high spatial resolution [19]) has high clinical relevance and it is an active area
of research [20-23]. However, few neuromarkers with clinical utility have been identified
so far. While some of the obstacles that delayed progress are common across biological
psychiatry [24], others might be due to methodological choices that have biased the field
of addiction neuroscience towards experimental paradigms that are not ideal for assessing
SUDs’ psychophysiological underpinnings.

Below, we outlined what we believe to be the most relevant methodological shortcomings
of the neurobehavioral assessments commonly used to assess the extent to which individuals
with SUD attribute high incentive salience to drug-related cues or struggle with controlling
drug-related decisions, and how these shortcomings can be amended. We showed that when
these methodological issues are addressed, replicable neuromarkers with predictive validity
that can be deployed in clinical settings emerge. We used nicotine use disorder as a model,
but the methodological aspects that we highlighted are relevant to other substance use
disorders and to excessive eating, the ultimate cause of obesity.

Addict Neurosci. Author manuscript; available in PMC 2023 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Versace et al. Page 3

2. Recommendation 1: To identify neuromarkers of drug-related cues’
motivational salience, neuroaffective responses to non-drug-related
motivationally relevant stimuli must be considered.

Neurobiological models of SUDs converge in indicating that attributing high incentive
salience to drug-related cues increases vulnerability to compulsive drug seeking [15]. To
study the neurophysiological underpinnings of the tendency to attribute incentive salience to
drug-related cues in humans, addiction neuroscientists designed the cue-reactivity paradigm.
In one classic cue-reactivity paradigm, neurophysiological responses are measured while
study participants look at a slideshow in which drug-related and neutral images are
presented. The difference in the neurophysiological responses evoked by drug-related and
neutral cues is interpreted as a measure of the incentive salience attributed to cues.

Figure 1 illustrates why comparing brain responses evoked by drug-related cues to those
evoked by neutral stimuli alone does not allow for strong conclusions about the motivational
salience individuals attribute to drug-related cues [25,26]. Panel A shows the hypothetical
brain responses of two smokers during a cue-reactivity task in which cigarette-related and
neutral images are presented. Both smokers respond similarly to the neutral cues, but
Smoker 1 reacts more strongly than Smoker 2 to the drug-related cues. These findings do not
warrant concluding that cigarette-related cues are more salient for Smoker 1 than for Smoker
2 because while the brain responses evoked by the neutral stimuli provide the starting

point of the hypothetical scale measuring motivational salience, the responses evoked by
cigarette cues do not necessarily represent the top of that hypothetical reactivity scale.

To more accurately determine the full range of the scale, responses to non-drug-related
motivationally relevant pleasant (and unpleasant) stimuli) must also be measured. Panel

B shows that Smoker 1 reacts more strongly to non-drug-related pleasant stimuli than to
cigarette cues while Smoker 2 has the opposite reactivity profile, higher responses to drug-
related cues than to pleasant stimuli, a condition we refer to as “increased substance cue
reactivity” (SCR+). Observing these results would indicate that Smoker 2 attributes higher
salience to drug-related cues than Smoker 1, who exhibits “reduced substance cue reactivity”
(SCR-). This approach allows us to gauge the motivational relevance of drug-related cues
by measuring neuroaffective responses to non-drug-related stimuli varying in both valence
and motivational relevance while providing multiple active control conditions to estimate the
reliability of the results.

2.1. Example: Individual differences in reactivity to drug-related and pleasant cues
predict vulnerability to drug use.

While Figure 1 illustrates hypothetical outcomes, Figure 2B shows the results of a study

in which we used the amplitude of the late positive potential (LPP, an ERP component

that, as shown in Figure 2A, reflects the motivational relevance of stimuli, irrespective of
their hedonic value [27,28]) to measure neuroaffective responses to a wide array of cigarette-
related and non-drug related stimuli in 180 smokers interested in quitting [29]. Applying
multivariate analyses to the LPP responses (a key step to account for reactivity across all
stimulus categories), we identified two neuroaffective reactivity profiles: one is characterized
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by larger LPP responses to cigarette-related cues than to pleasant images (SCR+) and the
other is characterized by larger LPP responses to pleasant images than cigarette-related cues
(SCR-). In line with the hypothesis that these profiles capture individual differences in

the tendency to attribute motivational relevance to drug-related cues, a trait that should be
associated with vulnerability to cue-induced drug seeking behavior, smokers characterized
by the SCR+ profile relapsed significantly more often that smokers with the SCR- profile
[29]. Since the publication of these findings, we replicated the presence of the two profiles
in two studies involving smokers interested in quitting (Figure 2C-D, [30,31]), two studies
involving smokers not interested in quitting (Figure 2E, [31], and, not shown in the figure,
[32]), one study involving smokers that also abused alcohol [34], and in one study involving
individuals with cocaine use disorder (Figure 2F,[35]). Furthermore, in line with animal
models indicating that the tendency to attribute high incentive salience to cues predicting
rewards might be a trait that also increases vulnerability to maladaptive cue-induced
compulsive eating [36,37], we showed that the two profiles are present in nonsmokers when
food-related cues instead of drug-related cues are used (Figure 2 G-H, [38,39] and, not
shown in the figure [40]). Importantly, in all the studies presented in Figure 2, we validated
the potential clinical relevance of the two profiles using behavioral measures rather than
self-reports: biologically verified smoking relapse and nicotine self-administration (Figure
2 B-E), saccades directed towards drug-related cues (a behavioral measure of attention,
Figure 2 F), eating (Figure 2 G—H). In all but one study in preparation [34], individuals
characterized by the SCR+ profile showed higher vulnerability to cue-induced behaviors
than individuals characterized by the SCR- profile.

The results outlined above support our first recommendation to always include non-drug-
related motivationally relevant pleasant and unpleasant stimuli when trying to determine
the extent to which individuals attribute high incentive salience to drug-related cues and to
use clinically relevant behaviors (i.e., drug self-administration) rather than self-reports to
validate any potential neuromarker identified using this procedure.

2.2. Methodological caveats

The motivational relevance of the non-drug-related images included in the “enhanced” cue
reactivity paradigm is likely to influence its outcomes. Pre-clinical studies in monkeys
showed that the neural representation of the value assigned to a stimulus adapts to the
range of values available in a given situation [41]. Hence, restricting the motivational range
of the non-drug-related images included in the enhanced cue reactivity paradigm (e.g., by
including only low arousing non-drug related stimuli) might not yield an unbiased and
reliable measure of the drug-related stimuli’s incentive salience. It is also important to note
that most available standardized picture sets that include non-drug-related motivationally
relevant images provide normative values of motivational relevance that are based on
self-reports, but previous studies showed that self-reports of motivational relevance do

not always correlate with physiological responses [42,43]. To help scientists select the
appropriate visual stimuli for studies where neuroaffective responses are the main outcome
of interest, we recently published electrophysiological normative responses to emotional,
neutral, and cigarette-related images [44]. Relying on these neurophysiological normative
responses when selecting the images to include in psychophysiology experiments should
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increase the rigor and reproducibility of the results obtained with the enhanced cue reactivity
paradigm.

2.3. Open questions

Before concluding that the electrophysiological profiles described above can be considered
a biomarker of the motivational relevance individuals attribute to cues predicting rewards,
several questions must still be answered. For example, while preliminary data indicate

that the two profiles are associated with genetic differences [45], these findings are being
replicated in a larger sample in an on-going study from our lab. Furthermore, the stability
over time of the two profiles and their malleability to pharmacological and other treatments
also needs to be established. Finally, as mentioned in Section 2, measuring brain responses
to a wide array of motivationally relevant stimuli allows to also assess reactivity to
intrinsically pleasant and unpleasant stimuli. This is relevant because reward deficits have
also been proposed as a hallmark characteristic of substance use disorders [46]. It is possible
that both enhanced reactivity to drug-related cues and blunted reactivity to non-drug-related
pleasant stimuli contribute to the SCR+ profile. In fact we initially attributed the SCR+
profile to blunted reactivity to non-drug-related rewards [29,31,45,47]. However, because
LPP responses to pleasant stimuli are significantly larger than those evoked by neutral
stimuli also in the SCR+, our neurophysiological data do not warrant the conclusion that
this profile is associated with reduced reward sensitivity. Furthermore, neither self-reports
not behavioral indices of hedonic capacity correlate with the SCR+ profile. We are currently
investigating the extent to which the two neuroaffective profiles outlined above map onto
other behavioral and physiological indices of hedonic capacity as answering this question is
not only theoretically relevant, but also has clinical implications.

3. Recommendation 2: Identifying neuromarkers of the ability to control

drug-related decisions, requires measuring brain activity during drug-

related decision.

In addition of being vulnerable to cue-induced compulsive drug seeking, individuals with
SUD:s also have difficulties in controlling drug urges, drug-related decisions, and drug taking
[14]. Accordingly, individuals with SUDs show reduced activity in the prefrontal cortical
areas that are primarily involved in cognitive control and decision making [17]. However,
due to the complexity of the decision-making systems, dysregulated activity in different
regions of these networks can generate different deficits and maladaptive behaviors [48] and
several tasks have been developed to assess these deficits. In most of these tasks, however,
participants do not make drug-related decisions. We thought that identifying neuromarkers
of cognitive control during drug related decisions required monitoring brain activity while
participants decided whether or not to self-administer nicotine. Drug self-administration
procedures have been already used to study human drug-related behaviors [49,50], but
usually these paradigms did not include brain imaging recordings. Another advantage of
measuring brain activity during a drug self-administration procedure in humans is that the
same procedures are commonly used in animal models to study addiction’s neurobehavioral
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correlates [51], hence adopting it is likely to improve the efficiency of the translational
pipeline in addiction research [52,53].

3.1. Example: Phasic EEG theta responses during drug-related decisions predict
substance self-administration.

The self-administration procedure that we developed to identify neuromarkers of cognitive
control during drug-related decisions is an extension of the enhanced cue reactivity task
described above: participants look at a slide show that, per Recommendation 1, includes a
wide array of non-drug-related images, and also includes images indicating the impending
availability of a reward. In some experiments we used a palatable food option (i.e., candies
[38,54]), and in another we used nicotine that was made available to the participant
through an electronic nicotine delivery system that could be used during the study [32].
Because EEG is recorded continuously throughout the task, this methodology allows for
the collection of brain activity both during the presentation of the cues (e.g., see the results
shown in Figure 2 panels E, G, H) and when the actual reward is delivered (see Figure 3
A), to capture when participants, as in real life situations, decide whether to consume the
reward or not. To monitor brain activity during the decision-making process, we measured
power in the EEG theta frequency band (6, 4-8 Hz) over midfrontal scalp sites. Previous
studies showed that power in the theta band increases over midfrontal sites when participants
engage cognitive control mechanisms to inhibit prepotent responses, and monitor and
resolve response conflicts during difficult tasks [55-57]. Figure 3 A shows that, in line
with this literature, midfrontal theta power increases when a reward becomes available and
individuals must decide whether to consume it. Because both rewards and non-reward tokens
can be delivered during the task [39], we computed theta power changes for each person
under 3 conditions: reward-related decisions, non-reward-related decisions, and passive
viewing (i.e., when no decisions are required). Then, using cluster analysis, we grouped
participants based on individual theta response patterns: some individuals showed larger
theta responses during the reward condition than during the non-reward conditions (6+),
while others had the opposite reactivity profile (6—, Figure 3 B) [39]. In two studies, we
found that these neurocognitive profiles were associated with individual differences in food
consumption and (Figure 3 C) nicotine self-administration [58]. While these results should
still be considered preliminary, the similarity of the results obtained using two different
rewards is in line with theoretical models indicating that substance of abuse hijack brain
mechanisms underlying reward responses [59] and suggest that this experimental paradigm
should lead to robust and replicable neuromarkers of the ability to control drug-related
decisions.

3.2. Open questions

Because we have analyzed theta responses during self-administration procedures only in

two experiments, the potential validity of the neurophysiological profiles described above
still needs extensive replication. Once its predictive validity and association with individual
differences in cognitive control during drug-related decisions are further replicated, it will be
possible to determine the extent to which the LPP-based neuroaffective and the theta-based
neurocognitive biomarkers correlate. However, our preliminary analyses [39] indicate that
information about one biomarker does not provide information about the other, indicating
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that they are influenced by different affective and cognitive processes. Future studies should
be conducted to determine the extent to which this neuromarker is stable over time, is
associated with genetic differences, and how treatments designed to improve cognitive
control influence it.

4. Conclusions and Final Recommendations.

In summary, we highlighted two methodological issues that have prevented neuroscientists
from accurately assessing the neurobiological underpinnings of the tendency to attribute
high incentive salience to drug-related cues and the reduced ability to exert cognitive

control over drug-related decisions, two main psychological vulnerabilities to SUDs. Our
recommendations to overcome these limitations are: 1) Measure the incentive salience
attributed to drug-related cues within the motivational context provided by non-drug-related
pleasant and unpleasant images varying in motivational relevance; and 2) measure executive
control when individuals can immediately self-administer the drug. A third, more general
recommendation is to always validate potential neuromarkers against drug-related behaviors
(e.g., drug self-administration, biochemically verified long-term abstinence) rather than
self-reports of craving [60]. Even though craving is now part of the DSM criteria to diagnose
SUDs [61], it can only be self-reported and not objectively assessed. The biases associated
with self-report measures are likely to increase uncertainty of outcomes and reduce the
predictive value of potential biomarker.

Our data show that following these recommendations, yield replicable neuromarkers that
predict vulnerability to nicotine self-administration and smoking relapse during a quit
attempt. We showed that these EEG-based neuromarkers can be translated into classifiers
deployable in clinical setting to prospectively predict vulnerability to relapse [30] and
match patients to treatments [47,62]. Because disorders characterized by poor impulse
control share similar psychophysiological mechanisms, we think that the neuroaffective
and neurocognitive biomarkers that we identified are likely to be clinically relevant across
multiple disorders (e.g., tobacco use disorder, alcohol use disorders, cocaine use disorders,
excessive eating). We also think that adapting the cued self-administration procedure
described above to the MRI environment will be both scientifically and clinically relevant.
The better spatial resolution afforded by fMRI will allow neuroscientists to better understand
the interactions between cortical and subcortical networks when individuals are exposed to
cues with high incentive salience and make drug-related decisions and could accelerate the
development of personalized treatments targets for SUDs.
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Figure 1: Cuereactivity can be miseading
Without measuring responses to non-drug-related motivationally relevant stimuli,

reactivity to drug-related cues cannot be interpreted. Panel A shows the hypothetical
neurophysiological responses evoked by drug-related and neutral stimuli in two smokers.

If we calculate “cue reactivity” as the difference cue minus neutral, it seems that “Smoker 1”
has stronger responses to drug cues than “Smoker 2”. However, Panel B shows that Smoker
1 reacts more to non-drug-related motivationally relevant stimuli than to drug-related cues,
while Smoker 2 reacts more to drug-related cues than to pleasant stimuli. Thus, non-drug-
related motivationally relevant stimuli should be considered a more appropriate comparison
for determining drug cue reactivity.
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Figure 2: Individual L PP-based neuroaffective profiles arereplicable, generalizable, and
predictive of vulnerability to maladaptive cue-induced behaviors.

A) During passive picture viewing, motivationally relevant images, including cigarette-
related cues, increase the amplitude o fthe late positive potential (LPP) over central and
parietal sites; B-H) There are large individual differences in LPP responses to non-drug-
related pleasant stimuli and cues predicting rewards (B-E nicotine, F cocaine, G-H food):
individuals that react more to cues than to pleasant stimuli (SCR+) are more vulnerable

to cue-induced maladaptive behaviors than individuals with the opposite neuroaffective
profile (i.e., larger LPP responses to pleasant stimuli than cues predicting rewards,

SCR-). Note: LPP=Late Positive Potential, ROI=Region of Interest, CIG=Cigarette-
related cues, PLE=Pleasant, NEU=Neutral, UNP=Unpleasant, COC= Cocaine-related cues,
FOOD=Food-related cues.
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Figure 3: Individual theta-based neurocognitive profiles are associated with vulner ability to

nicotine self-administration.

A) Theta power increases over midfrontal sensors when smokers decide whether to self-
administer nicotine. B) Cluster analysis yields 2 groups with opposite 6 response profiles.
C) Smokers showing higher 6 responses during nicotine-related decisions (6+) are more
vulnerable to nicotine self-administration than smokers with the opposite neurocognitive

profile.
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