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Abstract. There is growing evidence that there are functional changes in the 
brains of individuals with substance use disorders. Numerous studies utilizing 
functional magnetic resonance imaging (fMRI) have shown that drug cues elicit 
increased regional blood flow in reward-related brain areas among addicted 
participants that is not found among normal controls. This finding has prompted 
leading investigators to suggest fMRI might be useful as a diagnostic or 
prognostic biomarker of addiction severity. However, fMRI is too costly for 
routine use in most treatment facilities. Functional near-infrared spectroscopy 
(fNIRs) offers an alternative neuroimaging modality that is safe, affordable, and 
patient-friendly. This manuscript reviews evidence that fNIRs can be used to 
differentiate prefrontal cortical responses of current alcohol dependent 
participants from alcohol dependent patients in treatment for 90-180 days. 
Differential responses to both alcohol and natural reward cues in both groups 
suggests fNIRs might serve as a clinic-friendly neuroimaging technology to 
inform clinical practice.  
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1 Introduction 

A variety of techniques have been used to elucidate the pathophysiology of addiction, 
which includes abnormalities in brain structure, function, connectivity, and receptor 
pharmacology [1-3]. Recent neuroimaging studies have provided increasing evidence 
that there are indeed functional changes in the brains of individuals with substance 
use disorders (e.g., [2-4]). These functional changes have significant deleterious 
effects on people’s behavior, and leave them at risk for continued substance abuse and 
its consequences.  
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Functional magnetic resonance imaging (fMRI) has been an important tool in the 
effort to understand the neurocircuitry underlying various aspects of addiction [1-3]. 
Numerous fMRI studies have now demonstrated that drug addicted individuals show 
increased regional blood flow in reward-related brain areas in response to drug cues 
that do not occur among normal controls. However, these studies have yet to be 
translated into clinically useful information that can be used to directly inform 
diagnosis or treatment. The consistency of fMRI-based studies on the functional 
differences between addicted participants and healthy controls, however, has led 
several prominent investigators to suggest that fMRI could be used as a biomarker of 
addiction severity [1, 4, 5] or treatment outcome [5]. Although fMRI is the current 
gold standard for non-invasive neuroimaging, and holds promise as a biomarker of 
addiction severity, the size, cost, and infrastructure required to operate an MRI system 
makes it untenable for use in a large majority of substance abuse treatment clinics. 

Functional near-infrared spectroscopy (fNIRs), on the other hand, offers an 
affordable neuroimaging technology that could be readily implemented in a many 
clinical settings. fNIRs is a noninvasive optical imaging technique that can be used to 
monitor changes in the concentration of oxygenated hemoglobin (oxy-Hb) and 
deoxygenated hemoglobin (deoxy-Hb) during functional brain studies [6-10]. 
Analogous to fMRI, fNIRs provides information on local changes in blood 
oxygenation concentrations during neural activity, largely from the capillary beds. 
fNIRs can also be safely used for repeated measures on the same individual. In 
contrast to fMRI, however, fNIRs can be engineered to provide neuroimaging systems 
that are relatively inexpensive, portable, boast rapid application time (5-10 minutes), 
and near-zero run-time costs. fNIRs is also relatively robust to movement artifacts in 
comparison to fMRI, allowing more ecologically valid experimental paradigms. 
Participants can be sitting and working at a computer, standing, even walking on a 
treadmill while being monitored with fNIRs. Algorithms have been developed to 
remove motion artifacts should they occur during desktop as well as ambulatory use 
[11-13]. Having an affordable neuroimaging technology that can be implemented in a 
typical clinical office makes it feasible for routine clinical use at drug and alcohol 
treatment centers.  

fNIRs does have two important limitations relative to fMRI. First, with greater 
depth of penetration, there is an exponential decrease in the amount of light that 
scatters back to the surface of the scalp. Given the magnitude of oxygenation changes 
associated with cognitive/emotional activity, this limits current fNIRs neuroimaging 
to the outer cortex (2-3 cm) of the brain [14]. Second, due to the scattering properties 
of light interacting with biological tissue, spatial localization is on the order of 1 cm2, 
versus the 1-2mm2 of fMRI. Despite these limitations, if a given phenomenon of 
interest is located in accessible cortex, fNIRs provides the potential for safe, 
comfortable, affordable, and portable neuroimaging.  

The utility of fNIRs in addiction medicine derives from two emerging themes in 
the addiction literature; first, that the dorsolateral/ventrolateral prefrontal cortex plays 
an important role in the individual’s response to both drug cues and natural rewards, 
and second, that anhedonia, or failure to respond to natural rewards, plays a critical 
role in relapse among patients in treatment for addiction. It is well-established that the 
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reinforcing effects of drugs of abuse are mediated by the meso-corticolimbic 
dopaminergic system [15,16]. A large number of neuroimaging studies of cue 
reactivity have identified a distributed neural network that is activated by drug- and 
alcohol-related stimuli among participants with drug addiction [1, 17-21]. Until 
recently, theories of addiction focused primarily on reward processes mediated by 
mesolimbic dopaminergic circuits (e.g., [22]). However, recent studies suggest that 
dorsolateral pre-frontal cortex (DLPFC), orbitofrontal cortex (OFC) and anterior 
cingulate cortices, comprise a mesocortical dopamine circuit involved in behavioral 
control mechanisms as well as in the conscious experience of drug intoxication [1, 
23]. Drug cues are known to be perceived as highly appetitive by non-treatment 
seeking opiate addicts [24, 25]. Drug users selectively attend to drug-related cues at 
the expense of other stimuli (e.g., [26]), and attention is largely supported by 
dorsolateral prefrontal areas [27]. Furthermore, in their 2004 review of the cued 
response literature, Wilson et al. [18] suggested that differential activation in areas of 
DLPFC and OFC in response to drug cues may be related to treatment status. Among 
neuroimaging studies that examined non-treatment seeking individuals, 8 of 10 found 
activation in DLPFC, whereas only 1 of 9 studies that examined treatment-seeking 
individuals found activation in either DLPFC or OFC. 

In contrast, non-addicted individuals preferentially respond to natural reward cues 
rather than drug cues. Whereas drug users are inclined to perceive drug-related cues 
as positively valenced, non-users are not [28-30]. Neuroimaging studies have shown 
that the long-term use of drugs of abuse decreases dopamine (DA) striatal D2 
receptors and DA release [17], resulting in diminished responses to natural rewards. 
Because the large and long-lasting increases in DA induced by drugs of abuse are still 
able to activate the compromised reward circuits, whereas natural reinforcers are not, 
the salience of drug cues over natural reinforcers is thought to fuel relapse [17,31]. 
These attentional and evaluative biases are posited to operate automatically, outside 
awareness, and to exert a controlling influence over drug-taking behavior [32]. As 
such, anhedonia, or the inability to experience natural rewards as reinforcing, is 
gaining as a central construct in our understanding of relapse.  

Theoretically, the prefrontal cortex plays a critical role in the integration of 
motivational and cognitive information, and in mediating the neural basis for adaptive 
processing of incentive stimuli [18]. It is also involved in the assignment of emotional 
significance to a stimulus and producing an affective state in response [33]. These 
observations parallel developing models of DA that view it not only as a 
neurotransmitter of reward, but also as playing a role in signaling the salience of 
events (including aversive, rewarding, novel, and unexpected stimuli), in driving 
motivation, in predicting reward - or failure to receive it, and in facilitating memory 
consolidation of salient events [1, 17, 23]. In light of this research, recent theories 
have begun to emphasize the critical role of cortical function in drug abuse (e.g., [1]). 
Goldstein & Volkow [1, 23] have proposed a model that conceptualizes drug 
addiction as a syndrome of impaired response inhibition and salience attribution. In 
their model, the core of drug addiction is a loss of self-directed, volitional behaviors 
to automatic processes driven by the primary need for drug in lieu of other rewarding 
stimuli. Disruption of prefrontal top-down processes (mediated by dopaminergic 
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processes) releases behaviors that are typically tightly monitored and regulated. If 
human drug addiction, indeed, down-regulates the frontal cortex and its supervisory 
functions, the role of higher cognitive and self-monitoring processes in addiction are 
critical to our understanding of relapse prevention. Growing evidence for the role of 
prefrontal cortex in addiction, coupled with research suggesting that neuroimaging 
can be used to predict relapse [34-37], makes fNIRs a viable neuroimaging 
technology that could readily be used in the clinical office, or even in a bar setting, to 
provide an objective measure of diagnostic or prognostic utility.  

2 Functional Near-Infrared Spectroscopy in Addiction 
Research 

Bunce et al [38] utilized fNIRs to evaluate the hypothesis generated by Wilson et al. 
[18], i.e., that current alcohol-dependent participants with no motivation to stop 
drinking would show increased activation in DLPFC/OFC to alcohol cues relative to 
patients who had been in treatment for 90-180 days and social drinkers. They also 
evaluated the participants’ responses to natural reward cues, predicting reduced 
response to reward cues among current drinkers relative to patients in treatment and 
social drinkers.  

2.1 Prefrontal Responses to an Alcohol Cued Response Task  

The methods for the study are presented in detail elsewhere [38]. In brief, participants 
in the study were 14 right-handed non-smokers recruited into three groups; 4 
nontreatment-seeking adult alcoholics (1 female), 6 alcoholic patients currently in 
recovery (2 females), and 4 healthy social drinkers (2 females). Diagnoses were 
assigned using the Structured Clinical Interview for DSM–IV for Axis I (Ver. 2.0), 
and daily alcohol use for the 180 days prior to intake were gathered using the Form-
90 A interview [39]. NTSA met DSM-IV criteria for Alcohol Dependence, expressed 
no interest in treatment, and had not sought treatment in the past year. RA met DSM-
IV criteria for Alcohol Dependence in early full remission, lived in a non-restricted 
environment, and reported no alcohol use for 90-180 days. This pattern of sobriety 
was the behavioral operationalization of early commitment to sobriety, as they 
reported having remained sober past the critical early (90 day) phase of relapse [40-
42], while having had the opportunity to drink. Social drinkers reported consuming 
fewer than 7 drinks per week. All participants registered a Blood Alcohol Content 
(BAC) of .000 (Alco-Sensor IV), prior to imaging, and scored 1 or less on the Clinical 
Institute Withdrawal Assessment for Alcohol-revised (CIWA-Ar; [43]).  

Participants were asked to complete a cued response task. Visual stimuli were 
presented in a block design, with each block consisting of either: a) alcoholic 
beverages, b) nonalcoholic beverages, c) visual control pictures, d) a crosshair, or e) 
natural rewards (highly palatable food). The alcohol blocks were specific to a 
beverage type (wine, beer, or liquor), with two blocks per type. After each block, 
participants rated their craving and resistance to craving in real time on 100-point 
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visual analog scales. fNIRs sensors were located over bilateral dorsolateral and 
inferior frontal gyri [44].  

The results showed that, as predicted, current drinkers had increased activation to 
alcohol cues over right middle/inferior frontal gyrus relative to participants in 
treatment as well as social drinkers (see Fig 1; F (2,11) = 7.62, p = .008; partial eta2 = 
.58). Patients in treatment showed marginally less activation to the alcohol cues than 
the social drinkers. The results were reversed in response to the natural reward cues.  

Current drinkers had significantly less neural activation in response to the natural 
reward cues than either participants in recovery or the social drinkers, whereas social 
drinkers and patients in recovery did not differ (Fig. 2). This effect was also found in 
the right hemisphere, slightly more posterior, towards inferior frontal gyrus relative to 
the area activated by the alcohol cues (Fig. 3). 

 

               

Fig. 1. Mean changes in OxyHb in response to        Fig. 2. Mean changes in OxyHb in response  
to Alcohol stimuli                                                      natural reward stimuli 

 

Fig. 3. Location of Neural Response to Alcohol Cues and Natural Rewards. Yellow = 
activation to alcohol – beverage cues; Blue = activation to natural rewards – beverage cues; 
Green = overlap in activation to both alcohol and natural reward cues (Optode 14). 
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Similar results using fNIRs imaging have been reported for patients who are in 
treatment for prescription opiate dependence. In a preliminary report, Bunce et al. 
[45] suggested that patients who had just completed detoxification for prescription 
opiates (n=7) showed increased activation to prescription pill cues in right lateral 
prefrontal cortex relative to patients who had been in extended supervised residential 
treatment for 60-90 days (n=7). The area of activation in response to the pill cues had 
substantial overlap with the results from the Bunce et al. study in alcoholics, although 
the effect size was not as large. The smaller effect size may have been due to the fact 
that the latter study looked at patients at two different stages of early treatment, rather 
than current users versus patients in extended sobriety. Both studies, however, require 
larger sample sizes and further elaboration.  

3 Conclusions 

The findings in these fNIRs studies are consistent with growing evidence from 
research employing fMRI [1, 2, 23] indicating that prefrontal cortices are involved in 
the cycle of addiction. Bunce et al. [38] found that current drinkers showed a heighted 
response to alcohol cues in lateral prefrontal cortex relative to patients in sustained 
recovery from alcohol dependence and normal controls. In contrast, natural reward 
cues elicited greater responses in right lateral prefrontal cortex from participants in 
recovery, and decreased responses from non-treatment seeking participants. Although 
the exact interpretation of these cortical responses still remains to be determined, 
increased activation among current users and patients in early recovery in this area of 
the cortex make it likely that it is related to attentional processes. Attentional biases 
towards drug-related stimuli, and a lack of attention to natural reinforcers, have been 
well documented in addiction [1,2]. These findings are consistent with Goldstein and 
Volkow’s [1, 23] impaired response inhibition and salience attribution (iRISA) model 
of addiction, which argues that disrupted prefrontal cortical function leads to a 
syndrome in which addicted individuals attribute excessive salience to the drug and 
drug-related cues, coupled with decreased sensitivity to non-drug reinforcers, and a 
decreased capacity to inhibit disadvantageous or maladaptive behaviors.  

The differential response to alcohol and natural reward cues in both current 
alcoholics and patients in extended sobriety is important for two reasons. First, 
although this was a cross-sectional study, rather than a longitudinal study, it suggests 
that the hedonic response to natural rewards, if compromised in addiction, may return 
with extended sobriety. Deficient response to non-drug related rewards is a known 
problem in treatment, and a critical factor in the addiction cycle [e.g., 1, 21], as drugs 
of abuse remain the primary source of gratification among patients in early recovery. 
An objective, brain-based measure of a patient’s hedonic capacity would be helpful to 
improve treatment planning. Second, this finding answers an important potential 
criticism of the Bunce et al. study, i.e., that the current drinkers had imbibed alcohol 
much more recently than the patients in recovery. The differential cortical responses 
to alcohol and natural reward cues suggest that the results cannot be attributed to a 
general hypometabolism in cortical response among either group. Both current and 
recovering alcoholics had cortical responses to relevant stimuli, but to psychologically 
different stimuli.  
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There are other limitations to these studies. First, given the small sample sizes, 
these results must be interpreted with caution until larger studies can be completed. 
Second, the cortical area that was assessed in these studies was limited, which in turn 
limits the capacity to fully understand the implications of the data. More research is 
necessary, including studies that integrate the results of fNIRs and fMRI, to fully 
explicate the meaning and clinical utility of these preliminary results.  

In conclusion, the research reviewed in this manuscript suggests that, like fMRI, 
fNIRs may have utility as a biomarker of addiction severity, or as a prognostic 
indicator of relapse vulnerability in addition treatment. fNIRs has the added potential 
to provide affordable and patient-friendly neuroimaging for routine clinical use in 
treatment facilities that do not have access to an fMRI magnet, and for research in 
ecologically valid environments such as a bar setting. If, indeed, fNIRs can provide an 
objective index of predilection to relapse, clinicians could use it to develop better 
treatments through the use of an objective biomarker, and provide better care through 
individualized medicine.  
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