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Abstract

Purpose of Review: This review provides an overview of the neurobiological mechanisms 

underlying opioid use disorder (OUD) drawing from genetic, functional and structural magnetic 

resonance imaging (MRI) research.

Recent findings: Preliminary evidence suggests an association between OUD and specific 

variants of the DRD2, δ-opioid receptor 1 (OPRD1) and μ-opioid receptor 1 (OPRM1) 

genes. Additionally, MRI research indicates functional and structural alterations in striatal and 

corticolimbic brain regions and pathways underlying reward, emotion/stress and cognitive control 

processes among individuals with OUD.

Summary: Individual differences in genetic and functional and structural brain-based features 

are correlated with differences in OUD severity and treatment outcomes, and therefore may 

potentially one day be used to inform OUD treatment selection. However, given the heterogeneous 

findings reported, further longitudinal research across different stages of opioid addiction is 

needed to yield a convergent characterization of OUD and improve treatment and prevention.
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Introduction

Non-medical opioid use is a serious global public health problem and is associated 

with adverse physical and psychosocial consequences for the individual. Regular and 

prolonged opioid use may result in opioid use disorder (OUD), a chronic relapsing 

disorder characterized by diminished control over drug use, and impaired behavioral and 

psychosocial functioning (1). Recent estimates indicate that nearly three million individuals 
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in the United States were diagnosed with OUD in 2015, thereby placing enormous 

economic burden on the healthcare system. Furthermore, one-third of individuals with OUD 

undergoing treatment report using opioids before the age of 18 (2), and mortality rates 

attributed to opioid overdose have quadrupled since 1999 (3). Thus, improved prevention 

and treatment strategies are urgently needed.

Both pharmacological and behavioral interventions show promise in treating OUD. 

Medication-assisted treatments (MATs) with opioidergic agents such as methadone 

(agonist), buprenorphine (partial agonist) and naltrexone (antagonist) are widely used as 

first-line OUD treatment (4, 5). In addition, empirical evidence for cognitive behavioral 

therapy as an effective adjunct to MAT for OUD has grown (6–8). However, these evidence­

based interventions still yield variable outcomes across individuals and the clinical course 

of OUD is often marred by multiple unsuccessful treatment attempts (9–13). Hence, further 

research is required to identify individual difference factors that confer risk and resilience 

for OUD acquisition and relapse in order to improve existing interventions and develop 

novel ones.

Factors underlying the onset, maintenance and relapse of OUD are multifold. Addiction 

research is starting to gain a deeper understanding of how psychological processes including 

emotions, cognitions and behaviors are neurally mapped and, in turn, how genetic and 

socioenvironmental factors influence neural development and functioning. Genetics research 

holds promise in identifying genetic variants that confer OUD risk and resilience and 

inter-individual differences in treatment response. Additionally, neuroimaging studies have 

demonstrated functional and structural neural alterations among OUD individuals, which 

may play a role in treatment outcomes.

Extant data suggest that the capacity to resist drug craving and remain abstinent depends 

on dynamic interactions between cognitive and inhibitory control systems including the 

prefrontal cortex (PFC) and subcortical limbic systems underlying reward, emotion/stress 

regulation and motivational processes relevant to drug-seeking and taking (14). Such insight 

has advanced neurobiological theories of OUD and substance use disorders (SUDs) more 

generally and may facilitate the search for reliable neural biomarkers that underlie OUD 

pathophysiology, track disorder severity and predict treatment response (15).

The focus of this present review is to highlight recent and notable findings in addictions 

neuroscience that afford greater understanding of OUD pathophysiology, and to discuss 

the clinical implications of these findings for improving prevention and treatment efforts. 

We specifically focus on genetic contributions to OUD and studies using functional and 

structural MRI to examine task-based neural activations, resting-state functional connectivity 

(RSFC), brain morphometry or white matter microstructural features.

Endogenous opioid system

The endogenous opioid system is composed of a group of receptors and peptides that are 

broadly distributed throughout the peripheral and central nervous systems (16). There are 

three main classes of G protein-coupled opioid receptors (mu(μ), MOR; delta(δ), DOR; 
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and kappa(κ), KOR) (17, 18) which are stimulated by three families of endogenous opioid 

peptides (β-endorphins, enkephalins and dynorphins) (19). Although one gene encodes 

for each receptor (OPRM1, OPRD1 and OPRK1), there is greater than 60% overlap in 

their amino acid composition (20, 21). These receptors are highly expressed in brain areas 

responsible for reward, stress and analgesic processes (e.g. ventral tegmental area, VTA; 

nucleus accumbens, NAcc; prefrontal cortex, PFC; thalamus; hypothalamus and extended 

amygdala) and are implicated in the modulation of these circuits (22, 23). Opioid receptors 

can also be activated by exogenous alkaloid opiates such as morphine, heroin and other 

synthetic opioids (e.g., fentanyl).

MORs have been the most extensively studied because of their role in mediating the 

actions of clinically relevant analgesic agents and drugs of abuse (24). Activation of MORs 

stimulates VTA dopaminergic release in the ventral striatum and MPFC by inhibiting 

local γ-aminobutyric acid (GABA) interneurons (25). Additionally, MORs are found in 

pain-modulating descending pathways (e.g. periaqueductal gray area and medulla locus 

coeruleus) and, when activated, MORs in these sites directly inhibit neurons which block 

spinal cord pain transmission (20). Hence, MORs in two distinct pathways underpin 

euphoric and analgesic effects of opioids, which highlights both their therapeutic value in 

alleviating chronic pain and also their liability for abuse.

MORs are critically involved in encoding for rewarding and reinforcing drug effects, as 

demonstrated by the absence of physiological and rewarding effects of morphine in MOR 

knockout mice (16, 26). In contrast, self-administration of morphine is intact in DOR 

knockout mice, indicating that DORs are not essential for morphine reward (16). In addition, 

whereas DOR agonism in humans produces anxiolytic effects, KOR agonism produces 

dysphoria (16, 27) Thus, current neurobiological models of addictions emphasize the role of 

MORs during the consummatory phase of addiction (e.g., binge/intoxication), but the role of 

KORs and DORs during withdrawal and negative affective states (16). For a recent review, 

see (16).

Pharmacotherapy for OUD

Methadone, buprenorphine and naltrexone are FDA-approved opioidergic medications 

for long-term OUD treatment, but there are pharmacological differences among these 

medications (5). Methadone is a long-acting, synthetic full MOR agonist with a long 

half-life, which allows it to act as an opioid substitute while reducing the euphoria and 

withdrawal associated with opioids of abuse (28, 29). Buprenorphine, on the other hand, is a 

partial MOR agonist and a KOR antagonist, which diminishes euphoria in the presence 

of other MOR agonists (5). Buprenorphine may also be combined with naloxone, an 

opioid antagonist, in order to prevent abuse (i.e., Suboxone). Finally, naltrexone is a full 

competitive opioid receptor antagonist that blocks the rewarding effects of opioids and 

precipitates marked withdrawal if administered to active opioid users (28). Common forms 

of naltrexone for OUD include oral (daily) naltrexone and injectable (monthly) extended­

release naltrexone (XR-NTX).
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Among the three MATs, methadone is the most extensively studied. A Cochrane meta­

analysis demonstrated that methadone yielded greater treatment retention and reduction 

in heroin use than no MAT for heroin-dependent individuals (30). Another Cochrane meta­

analysis found that buprenorphine had to be administered at higher doses (>16mg) to yield 

significantly better treatment outcomes than placebo and achieve comparable efficacy to 

methadone (31). Whereas methadone treatment requires daily visits to a methadone clinic, 

recent findings suggest that buprenorphine can be effectively prescribed on an outpatient 

basis, and may represent a promising approach for encouraging treatment engagement and 

reducing opioid use among individuals with OUD presenting to the emergency department 

(32). Research support for naltrexone’s efficacy is mixed (33). Although a Cochrane meta­

analysis did not demonstrate its efficacy in treatment retention or reduction in opioid use 

relative to placebo (34), extended-release naltrexone (XRNTX) has shown some promise 

in sustaining abstinence (35), with a recent randomized clinical trial finding XRNTX to 

be as effective as buprenorphine for treatment retention and short term abstinence from 

opioids (36). However, there are substantial barriers to successful XRNTX induction and 

many patients discontinue treatment prematurely, suggesting that further research is needed 

to improve the clinical utility of XRNTX in real-world settings (33). To date, no study 

has directly compared all three MATs. While the current evidence base suggests successful 

OUD management with methadone and buprenorphine, a meta-analysis of MAT treatment 

outcomes suggests that a substantial percentage of opioid-maintained individuals fail to 

sustain opioid abstinence (31). Additional research is needed to identify and address barriers 

to successful MAT treatment (37, 38). Moreover, there are currently no biomarkers to predict 

which pharmacotherapy or dose may be most effective at the individual level (39). For a 

comprehensive review of pharmacotherapies for OUD, see (28).

Pharmacotherapy research incorporating genetic and neuroimaging assessments may provide 

key insights into the neurobiology of OUD via identification of individual difference factors 

contributing to variability in treatment responses. In the following sections, we review recent 

findings from translational studies using these approaches.

Genetic research

Genetic variability may influence the complex phenotype of OUD vulnerability and 

treatment response. For instance, a single nucleotide polymorphism (SNP) at rs1076560 

in the DRD2 gene, which is involved in the dopaminergic signaling pathway, has been 

associated with OUD in a sample of more than 1,300 European and African Americans (40). 

Additionally, specific variants in genes within the endogenous opioid system, particularly 

in the OPRM1 gene (e.g. rs1799971, A118G), have been associated with OUD (41, 42). 

In contrast, meta-analyses have not found significant associations between the OPRM1 

rs1799971 genetic marker and initial risk for OUD (43, 44). Recently, Woodcock and 

colleagues proposed that, while genetic factors may contribute to OUD vulnerability, they 

are also likely to be implicated in different stages of opioid dependence (45). Consistent 

with this, they demonstrated that 118G allele carriers reported significantly greater heroin use 

consequences and multiple quit-attempts compared to 118A/A homozygotes in a sample of 

Caucasian male chronic heroin users.
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Several studies have also identified genetic variants associated with better MAT outcomes, 

which may represent candidate markers of treatment response (46–48). For example, an 

intronic OPRD1 SNP, rs678849, differentially predicted methadone and buprenorphine 

treatment outcomes in African-American, but not European-American, participants such 

that methadone-maintained individuals with CC (vs. CT or TT) genotype had increased 

likelihoods of opioid-positive urine screens whereas buprenorphine-maintained individuals 

showed the opposite pattern (46). In a different study, sex-specific analyses revealed 

that two intronic OPRD1 SNPs predicted treatment outcome in buprenorphine-maintained 

individuals, such that females with CC (vs. A/A) genotype at rs529520 and G/G (vs. A/A 

or A/G) genotype at rs581111 had significantly lower opioid-positive urine tests (47). Other 

recent research demonstrated that methadone-maintained European-Americans with the A/A 

(vs. A/G and G/G) genotype at rs10485058 of the OPRM1 gene were less likely to have 

opioid-positive urine tests and that the A allele was also associated with lower self-reported 

relapse rates in an independent sample (48). Additionally, a genome-wide association study 

yielded a significant association between methadone dose and one SNP, located slightly 

upstream of the OPRM1 (49).

Collectively, the above data indicate that individual differences in genes encoding for aspects 

of dopaminergic and opioidergic functioning contribute to vulnerabilities for OUD. They 

further raise the possibility that inter-individual and sex-specific genotypic differences may 

one day be used to inform MAT selection and dosing requirements, thereby improving 

individualized OUD treatment efforts. However, prospective replications of these findings 

along with further testing in independent samples are warranted.

Current neurobiological theories of addiction and relevance to OUD

Prevailing neurobiological theories conceptualize addiction as a chronic, relapsing brain 

disorder in which initial, voluntary drug use progresses into compulsive, uncontrolled 

drug-seeking and taking (50). This process has been conceptualized as a three-stage cycle 

of binging/intoxication, negative emotionality and craving during withdrawal (14), and is 

associated with lasting neuroadaptations with prolonged drug use. During intoxication, 

drug-taking activates the endogenous opioid system and elicits large, rapid dopaminergic 

increases in mesocorticolimbic regions including midbrain (e.g., VTA), striatum (e.g., NAcc, 

dorsal striatum) and PFC (e.g., anterior cingulate and orbitofrontal cortices; ACC and OFC), 

which positively reinforces further drug-taking and strengthens conditioned associations 

between drug-related stimuli and the expectation of reward (51). With prolonged drug use, 

lasting neuroadaptations such as an overvaluation of drug-related stimuli and a decreased 

sensitivity to natural and non-drug-related rewards are thought to occur (14, 52).

Within the above framework, during an opioid-deprived state, the emergence of negative 

emotionality or dysphoria may perpetuate drug-seeking through negative reinforcement 

mechanisms (14). Similarly, during withdrawal, brain stress systems (e.g. corticotropin 

releasing factor, norepinephrine) and neural circuits (e.g. the extended amygdala) are 

implicated, producing aversive or stress-like states. Moreover, enhanced sensitivity to 

drug-related cues and negative emotional states characterizes increased drug cravings that 

may motivate further drug-seeking behavior and increase the likelihood of relapse (14). 
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Continued drug-taking is likely mediated by dysfunctions in prefrontal cortical regions, 

which underpin executive functioning processes including cognitive and inhibitory control. 

Prolonged drug use likely contributes to impairments in decision-making and behavioral 

inhibition that diminish the ability to resist drug craving and maintain abstinence.

Current SUD diagnostic criteria and prevailing neurobiological theories of addiction 

emphasize shared neurobiological markers and psychological processes across different 

SUDs (1, 14). However, distinct neurobiological mechanisms have also been demonstrated 

across SUDs (53). Preclinical studies indicate that specific lesions to NAcc dopamine 

terminals inhibits cocaine, but not heroin self-administration (54). This suggests that 

independent neural systems may mediate the reinforcing effects of cocaine and heroin. 

Moreover, relapse propensity appears to be substance-specific and depends on the 

environmental setting. Preclinical and clinical studies indicate that heroin is preferentially 

used at home whereas the opposite pattern is true for cocaine (55, 56). Such 

contextualization of substance-specific affect was linked to a double dissociation of neural 

activity in the left PFC, left dorsal caudate and bilateral cerebellum (56). Greater increases 

in fronto-striatal-cerebellar activations were found when individuals imagined using heroin 

outside the home and cocaine at home (less preferred) compared to heroin at home and 

cocaine outside home (preferred).

Studies have also identified motivational differences underlying different substance-use 

behaviors. Individuals with OUD identify pain and physical discomfort as primary motives 

for drug use, whereas cocaine users describe their motivations for use as stemming from 

tempting urges (57). Consistent with this, ecological momentary assessment data indicate 

that decisions to use cocaine are preceded by drug exposure and by positive affective 

states but that opioid craving is preceded by negative affective states (58). A recent machine­

learning study identified substance-specific behavioral markers for OUD and cocaine use 

disorder, in which the personality trait of impulsivity was a predictor of cocaine use 

disorder, but not OUD (59, 60). It is important to take into account such neural, behavioral, 

environmental and motivational factors that may distinguish OUD from other SUDs, as they 

could shed additional light on OUD pathophysiology and guide development of tailored, 

substance-specific treatments.

Neuroimaging research: Task-based fMRI

Reward processing and learning.

Task-based fMRI studies have demonstrated heightened corticolimbic neural responses to 

opioid-related stimuli among individuals with OUD, which may decrease following MATs 

and with extended abstinence (Figure 1) (61). Compared to controls, methadone-maintained 

individuals show greater neural responses in reward areas (e.g., NAcc) when viewing heroin­

related (vs. neutral) cues, which were sustained in subsequent relapsers relative to non­

relapsers at three month follow-up (62). Moreover, two cross-sectional studies demonstrated 

that, compared to long-term OUD abstainers, short-term abstainers exhibited increased 

neural activations in the ACC, MPFC and caudate (63) and in the hippocampus, insula, 

thalamus and dorsal striatum (64) when presented with heroin (vs. neutral) stimuli.
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According to Volkow and colleagues (2016), addiction involves the desensitization of reward 

systems, which diminishes the pleasure derived from natural, non-drug-related rewards (65). 

Two fMRI studies evaluating neural responses to affectively positive stimuli relative to 

opioid-related stimuli in recently detoxified and abstinent OUD individuals found attenuated 

activations in amygdalar and posterior cortical regions (66) along with the anterior cortical 

regions (67). However, no fMRI study has directly compared neural responses during 

exposure to opioid-related cues and naturally appetitive reinforcers (e.g. food, sex and social 

interactions). Studies investigating non-drug-related reward-based learning processes (e.g. 

anticipation vs. outcome of rewards vs. loss) also found diminished neural responses in the 

insula and inferior frontal gyrus in methadone-maintained individuals compared to controls 

(68, 69).

Two recent pharmacotherapy studies suggest that XRNTX treatment may modulate neural 

responses to drug- and non-drug-related stimuli in individuals with OUD. During XRNTX 

treatment, individuals with OUD exhibited reduced NAcc and mOFC cue-reactivity to 

opioid-related (vs. control) stimuli, which was correlated with reductions in withdrawal 

severity (70). However, this study was not placebo-controlled. The second study showed that 

after two weeks of XRNTX, ventral striatal activations to baby-related schema increased, 

which was correlated with reduced opioid-craving (71). This may suggest a return of 

non-drug-related rewards associated with caregiving, which may be otherwise dampened 

when addicted to opioids. Hence, taken together, these task-based findings suggest that OUD 

individuals may demonstrate heightened neural responses towards opioid-related (vs. non­

drug-related) stimuli, which may normalize after sustained abstinence or pharmacotherapy.

Emotion processing/regulation.

Individuals with OUD show dampened amygdala and insula activation relative to controls 

when viewing negative images (66). Similarly, when exposed to neutral distractor images 

during an emotional oddball task, individuals with comorbid borderline personality and 

OUD demonstrated less amygdala activation relative to individuals without either disorder 

(72). However, in contrast, more recent studies of OUD individuals undergoing heroin 

maintenance therapy reported heightened amygdala responses to negative emotional faces 

compared to controls, which were attenuated following heroin administration (73). These 

results converge with predominant neurobiological theories of addiction that propose 

emotional dysregulation as a key component of the addiction cycle. However, the precise 

nature of emotion regulation difficulties and their neural underpinnings in OUD remain to be 

fully elucidated.

Cognitive and inhibitory control.

Task-based fMRI studies indicate that individuals with OUD exhibit greater activations 

to heroin-related cues in neural regions underpinning executive functioning, which are 

correlated with subjective reports of craving (62). Moreover, altered PFC activations have 

been reported in individuals with OUD during inhibitory control tasks (e.g., Go/No-Go, 

Stroop) (74–76), which may relate to difficulties in exerting control over drug cravings. 

Nevertheless, the directionality of these findings is inconsistent: two studies reported 

decreased lateral PFC recruitment following heroin administration (74, 76) whereas one 
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reported the reverse pattern (75). Such inconsistencies could arise from methodological 

differences or participant characteristics including variability in abstinence duration. Further 

longitudinal studies are needed to obtain reliable neural characterization of cognitive control 

in OUD after extended abstinence.

It should be noted that a large proportion of the above mentioned task-based fMRI studies 

were conducted approximately a decade ago. In light of this, further research investigating 

task-related neural responses underlying reward, emotion and cognitive control processes 

along with their relation to treatment outcomes is warranted. For a systematic review of 

fMRI studies in OUD, see (61).

Neuroimaging research: Resting-state functional connectivity (RSFC)

As described above, studies assessing neural activity during task performance have 

facilitated the identification of brain regions and complex processes related to OUD. 

Complimentary insights may be yielded by investigating the dynamics of system-level 

neural circuits while the brain is ‘at-rest’, as in RSFC analyses (77). RSFC reflects the 

degree to which intrinsic fluctuations of hemodynamic signals in different neural regions are 

temporally correlated in the absence of an explicit task (78), thereby providing a measure 

of the brain’s intrinsic functional organization (79). Similar to task-based fMRI studies, 

RSFC research has identified alterations in reward circuits (e.g., the MCL system), emotion 

and stress circuits (e.g., the extended amygdala) and cognitive control circuits in OUD 

individuals. Moreover, alterations in large-scale ICN interactions, especially among the 

DMN, SN and FPN have been reported in SUDs and are implicated in OUD as well (77, 80).

RSFC studies have reported enhanced connectivity within MCL circuitry and between MCL 

and other subcortical and cortical areas in OUD individuals. For instance, Ma et al. (2010) 

reported increased RSFC in the MCL system between the NAcc and ventromedial PFC 

in a sample of abstinent, methadone-maintained individuals (81). In contrast, decreased 

RSFC between the MCL system and other subcortical and cortical areas have also been 

reported. For example, prescription-opioid-dependent individuals exhibited RSFC reductions 

between the NAcc and right anterior insula and ventromedial PFC, which were associated 

with longer periods of opioid dependence (82). Similarly, another study reported widespread 

RSFC reductions between the insula and inferior OFC, putamen and caudate areas (83). 

Given between-study differences in clinical populations and analysis methods, further 

work directly comparing OUD subgroups (e.g., methadone maintained individuals versus 

prescription opioid users) is needed.

Some research suggests that individuals with addictions also exhibit RSFC alterations within 

large-scale, ‘canonical’ ICNs. These include the 1) DMN, comprising the posterior cingulate 

cortex, MPFC, and precuneus; 2) SN, comprising the dorsal ACC and the insula (84) and 

3) frontoparietal network (FPN), comprising lateral prefrontal and posterior parietal cortical 

areas (85). The DMN is implicated in task-independent processing including self-referential 

thinking (86), whereas the FPN supports a range of cognitive functions (e.g. working 

memory and attention) (87). Evidence indicates that the DMN and FPN are ‘anticorrelated’, 

such that the DMN tends to deactivate when the FPN is activated, for instance, during 
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cognitive tasks (88). The SN is implicated in salience detection and processing and is 

posited to mediate interactions between DMN and FPN (89).

Sutherland et al. (2012) proposed a triple-network model of SUDs in which the SN induces 

aberrant salience towards rewarding drug effects and internal withdrawal symptoms during 

abstinence, thereby biasing processing towards the DMN instead of the ECN. This model 

is thus consistent with the binge-intoxication and negative emotionality stages of Koob 

and Volkow’s three-stage model (2010). This shift in network dynamics is exemplified by 

findings of increased DMN-SN and decreased FPN-SN RSFC in acutely abstinent smokers, 

which was correlated with subjective craving reports and working-memory task performance 

(90).

Nevertheless, few studies have investigated the functioning of these large-scale networks 

in OUD individuals. Among the RSFC studies conducted, DMN alterations have been 

consistently reported across different stages of opioid dependency. For instance, reduced 

anterior DMN RSFC has been demonstrated in recently detoxified OUD individuals 

compared to controls (91), in OUD relapsers relative to abstainers (92), and in active 

heroin users compared to controls (93). Moreover, reduced DMN RSFC has been associated 

with longer lifetime heroin use (94). Findings for other resting-state networks have 

been more mixed. Decreased RSFC within the SN (insula) and FPN (dorsolateral PFC 

and parietal areas) have been reported in methadone-maintained heroin users relative to 

controls (83, 94, 95), with the former finding being associated with a lower risk of an 

opiate-positive urine test (83). Nevertheless, other studies have also reported the reverse 

finding of increased insula and ACC RSFC (96, 97). Finally, one recent prospective 

study has investigated between-network interactions among these three large-scale ICNs 

specifically in methadone-maintained individuals (80). Findings suggest that relative to 

controls, methadone-maintained individuals showed increased DMN-SN RSFC, which was 

associated with a greater likelihood of relapse (80).

Taken together, these findings lend support to the triple-network model’s hypothesis of 

network alterations among the DMN, SN and FPN, albeit the directionality of findings 

is inconsistent. Moreover, existing findings raise the possibility that altered network 

interactions may confer risk of future relapse in OUD. Therefore, these studies suggest 

that OUD is characterized by systems-level alterations, extending beyond a single brain 

region or network. However, more studies need to be conducted to further ascertain these 

systems-level predictors of OUD treatment outcome and whether these networks could serve 

as potential treatment targets.

Neuroimaging research: Structural MRI

Studies using voxel-based morphometry indicate that, compared to healthy controls, 

individuals with OUD exhibit significant reductions in gray matter within the PFC, ACC, 

insular and temporal regions (95, 98–100). These reductions have further been associated 

with duration of heroin use (95, 99, 100) and impulsivity (100). Reduced gray matter 

volumes for other regions involved in reward and emotion processing (e.g. NAcc and 

amygdala) have also been noted (82, 101). In addition, a recent meta-analysis concluded that 

Moningka et al. Page 9

Curr Behav Neurosci Rep. Author manuscript; available in PMC 2021 September 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



OUD involves structural alterations within two separate, but largely overlapping, circuits: (i) 

a fronto-cerebellar system underlying impulsivity, compulsivity and emotion processing and 

(ii) a fronto-insular system implicated in cognitive and decision-making processes (102).

Preliminary data raise the possibility of some structural recovery with sustained abstinence. 

Wang et al. (2012) found significantly reduced gray matter densities in frontal cortical, 

cingulate and occipital regions in heroin-dependent individuals following three days of 

abstinence compared to controls. However, the differences in some regions (i.e., superior 

frontal gyrus) no longer reached significance following 30 days of abstinence (103). 

Moreover, another study found that currently methadone-maintained individuals exhibit 

more widespread decreases in corticostriatal gray matter compared to an abstinent group, 

which only had midbrain-thalamic gray matter reductions (104). Longitudinal studies, 

however, are needed to determine whether sustained abstinence reduces abnormalities or 

whether fewer structural abnormalities precede successful abstinence.

Diffusion-weighted MRI (dMRI) has also been used to assess white matter microstructures 

in OUD individuals. A number of dMRI studies have yielded findings of altered white 

matter ‘integrity’ in frontal, temporal and parietal areas in OUD individuals relative to 

controls (105–107). Disruptions in specific tracts connecting fronto-parietal, occipital and 

temporal regions (e.g., superior longitudinal fasciculus) (105, 108, 109) and amygdala 

connections with subocortical and limbic areas (e.g. stria terminalis, ventral amygdalofugal, 

uncinate fasciculus) have also been reported (82). Consistent with neurobiological theories 

of SUDs, these findings reveal microstructural white matter alterations in regions implicated 

in cognitive control and emotional processing. However, between-group differences have not 

been consistently reported across studies (110). The heterogeneity in dMRI findings could 

be attributed to different methodologies (e.g. whole-brain voxel-based vs. region-of-interest 

vs. tract-based spatial statistic analyses) (105) or differences in clinical characteristics 

(e.g., abstinence durations) between studies. As dMRI is particularly sensitive to motion, 

seemingly contrasting findings may also be related to uncontrolled motion effects within and 

across studies.

Notably, white matter alterations have also been linked to opioid use duration (105, 107) 

and shown to decrease following prolonged abstinence (109). Furthermore, a recent study 

demonstrated an association between reduced white matter and rates of opioid-positive urine 

tests at follow-up (111). These data raise the possibility that white matter disruptions may be 

associated with OUD relapse. As white matter and RSFC alterations may be linked (112), 

future work combining these modalities might inform understanding of OUD vulnerability, 

disease progression and treatment-related changes.

Conclusion

The evidence presented above suggests that genetic as well as functional and structural 

neural features are implicated in OUD. These neurobiological alterations, together with 

other psychological and socioenvironmental factors, may contribute to the multifaceted 

phenotype of opioid addiction. Prior studies have shown that dopaminergic and endogenous 

opioidergic systems are implicated in the potent euphoric and analgesic effects of opioids. 

Genetics research has identified several candidate genes (e.g., DRD2 and OPRM1) as 
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implicated in OUD vulnerability and treatment response. FMRI evidence from both task­

based (i.e., drug cue reactivity, emotional processing, Stroop and Go/No-Go tasks) and 

resting-state studies suggest alterations in brain regions and networks (e.g., MCL, DMN, 

SN and FPN circuitry) subserving reward, emotion/stress and cognitive control processes. 

This lends support to neurobiological theories of addiction (e.g., three-stage and triple­

network models) in which prolonged substance use is theorized to result in neuroadaptations 

including heightened salience of drug cues, difficulties in emotion/stress regulation and 

impairments in cognitive control (14, 77). Finally, widespread structural alterations in gray 

and white matter in prefrontal, parietal, temporal, occipital, insular, and amygdalar regions 

have been reported in OUD. These neurobiological alterations have also been associated 

with neurocognitive and behavioral indices as well as measures of treatment outcome.

However, it should be noted that the studies presented above report heterogeneous findings 

and possess a number of limitations. For instance, the above genetics studies reported 

either inconsistent or little to no associations between specific SNPs in candidate genes 

(e.g., OPRM1) and OUD, highlighting the need for further large studies in independent 

samples. Similarly, the functional and structural neuroimaging studies report inconsistencies 

in relation to the anatomical specificity and directionality of findings. Such heterogeneity 

could be attributed to differences including (but not limited to) the stage of OUD (e.g., 

recently detoxified vs. abstinent), medication status (e.g., methadone- vs. buprenorphine) 

and abstinence durations. Moreover, there is a lack of neuroimaging studies including 

women and those that conduct sex-specific analyses, which should be addressed in future 

studies. Most of the genetic and neuroimaging studies also focus on heroin-dependent 

individuals. Given the changing face of the opioid epidemic in which prescription opioid 

misuse has increased substantially (113), further studies should examine this population and 

examine whether shared versus specific neurobiological mechanisms underlie different OUD 

subgroups.

It is still unclear whether identified neurobiological alterations confer risk for OUD or 

manifest as a result of chronic opioid use. Prospectively investigating these putative 

neurobiological markers in opioid naïve and occasional users versus those who transition 

to dependency may provide valuable insights as to why some individuals are conferred 

with resilience (114). Similarly, investigating OUD individuals as they progress through 

early remission and longer term abstinence may provide insight into the neurobiological 

mechanisms underlying different stages of recovery.

Finally, it is important to keep in mind that genetics and neuroimaging represent only a 

small part of a larger effort to understand the etiology and treatment of opioid addiction. 

Addiction is a complex multifaceted construct that warrants investigation from different 

perspectives and multiple levels of analyses. Integrating socioenvironmental factors into 

addictions neuroscience research (115) and employing a multi-modal, longitudinal approach 

may further yield a superior characterization of OUD across different stages of addiction and 

recovery. Moreover, further research identifying reliable neurobiological markers underlying 

successful MAT outcomes may one day provide a basis to tailor treatments at the individual 

level (i.e., precision medicine). Recently, there has been increasing interest in employing 

data-driven approaches (e.g., machine-learning) to probe the neural basis of addictive 
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behavior and treatment response using a wide range of measures including whole-brain 

functional connectivity data, genetics, psychosocial, and behavioral data (60, 116, 117). 

Such studies have promise for comprehensively mapping the developmental trajectory of 

OUD, identifying clinically relevant markers to improve prevention and treatment efforts 

and for informing the development of individualized, optimized interventions.
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Figure 1 - 
Summary of fMRI findings from drug cue reactivity studies in opioid-use disorder

Individuals with opioid-use disorder exhibit heightened brain responses to drug cues. These 

are reduced with medication assisted treatments and following prolonged abstinence. Based 

on data reviewed in: Moningka H, Lichenstein S, Worhunsky PD, DeVito EE, Scheinost 

D, & Yip SW. Can neuroimaging help combat the opioid epidemic? A systematic review 

of clinical and pharmacological challenge fMRI studies with recommendations for future 

research. Neuropsychopharmacology, 2018.

Abbreviations: OFC, orbitofrontal cortex; THA, thalamus; ACC, anterior cingulate cortex; 

HIP, hippocampus; MBN, midbrain; AMY, amygdala; INS, insula; STR, striatum; IFG, 

inferior frontal gyrus.
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